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A sensitive amperometric acetylcholinesterase (AChE) biosensor based on NiO nanoparticles (NiO NPs),
carboxylic graphene (CGR) and nafion (NF) modified glassy carbon electrode (GCE) has been developed.
NiO NPs-CGR-NF nanocomposites with excellent conductivity, catalysis and biocompatibility offered an
extremely hydrophilic surface for AChE adhesion. The AChE biosensor showed favorable affinity to
acetylthiocholine chloride (ATCl) and could catalyze the hydrolysis of ATCl with an apparent Michaelis–
Menten constant value of 135 μM. Under optimum conditions, the biosensor detected methyl parathion
and chlorpyrifos in the linear range from 1.0�10−13 to 1�10−10 M and from 1.0�10−10 to 1�10−8 M
with the detection limits 5�10−14 M. The biosensor detected carbofuran in the linear range from
1.0�10−12 to 1�10−10 M and from 1.0�10−10 to 1�10−8 M with the detection limit of 5�10−13 M. The
developed biosensor exhibited good sensitivity, stability and reproducibility, thus providing a promising
tool for analysis of enzyme inhibitors.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Over the last decade, biosensors based on AChE have emerged
as a promising technique for toxicity analysis, environmental
monitoring, food quality control and military investigations [1,2].
The main application of AChE biosensors is for the detection of
organophosphate and carbamate pesticides based on enzyme
inhibition. These devices are designed to complement or replace
the existing reference analytical methods such as chromatographic
and coupled chromatographic–spectrometric procedures by sim-
plifying or eliminating sample preparation, thus decreasing the
analysis time and cost.

Graphene, a two-dimensional sheet of sp2-bonded carbon
atoms arranged in a honeycomb lattice, has attracted increasing
attention since it was first isolated from three-dimensional gra-
phite by mechanical exfoliation [3]. Due to its extraordinary
thermal, mechanical, and electrical properties, graphene is usually
considered as a competitive candidate for next-generation elec-
tronic applications such as electronic and energy storage devices
super-capacitors [4,5], batteries [6,7], fuel cells [8,9], solar cells
[10,11], sensors [12,13], biosensors [14,15], catalysts [16,17], etc.
However, many researches have reported that the pure graphene
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actually exhibit unsatisfactory electrical conductivity because of
the inevitable aggregation [18,19]. Some of the useful and unique
properties of graphene can only be realized after it is functiona-
lized with organic groups such as hydroxyl, carboxyl, amino and
the like [20,21]. A useful method to prepare functionalized
graphene is incorporated into chemical functional groups by
covalent bonding on the graphene sheets. Functionalized gra-
phene sheets are easier to disperse in organic solvents, which
can improve the dispersion and homogeneity [18,19].

Nanostructured metal oxide semiconductors possess high sur-
face area, nontoxicity, good biocompatibility, catalytic activity and
chemical stability. Among the metal oxide semiconductors, nickel
oxide (NiO), a p-type semiconductor with a wide band gap of
3.7 eV in room temperature, has been investigated for various
applications such as solar cells, lithium-ion batteries, resistive
random access memory (RRAM), light-emitting diodes (LEDs),
electrochemical sensors and biosensor [22–27]. In recent years,
the nanocomposite of NiO NPs and graphene was synthesized and
applied in the investigation fields of electrochemistry such as dye
sensitized solar cell, lithium-ion batteries, super-capacitors and
non-enzymatic glucose sensor [28–32]. However, many of the
interesting and unique properties of the nanocomposite can only
be realized after it is integrated into more complex assemblies
[18,19]. NiO NPs can be separated and formed uniform NiO NPs on
functionalized graphene sheets. Based on these existing
researches, we developed the AChE biosensor based on NiO NPs-
CGR-NF nanocomposite.
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In this work, the CGR and NiO NPs-CGR nanocpmposites
have been synthesized by chemical method and characterized by
scanning electron microscopy (SEM), fourier transforms infrared
spectra (FTIR) and X-ray diffractometer (XRD). The synthesized
NiO NPs-CGR nanocomposites are easily dispersed in NF solution.
Chitosan (CS) was used to immobilize the AChE on NiO NPs-CGR-
NF modified GCE. NF was used as a protective membrane of the
AChE biosensors. The NF/AChE-CS/NiO NPs-CGR-NF/GCE biosensor
might be an effective device for detection of pesticides.
2. Experimental

2.1. Chemicals

ATCl, AChE (Type C3389, 500 U/mg from electric eel), CS (85%
deacetylation), NF (5% in lower aliphatic alcohols and water) were
purchased from Sigma-Aldrich (St. Louis, USA). Methyl parathion,
chlorpyrifos and carbofuran (99.99%) were obtained from Institu-
tion of environmental protection of China's Agriculture Ministry
(Beijing China). The graphite powder, bovine serum albumin (BSA)
and Ni(NO3)2 were purchased Shanghai Chemical Reagent Co. Ltd.
(China). All other reagents were of analytical grade. Aqueous
solutions were prepared with deionized (DI) water (18 MΩ/cm).

2.2. Preparation of CGR

Graphite oxide prepared by Hummer's method [33] was sus-
pended in water and exfoliated through ultrasonication (2 h) to
obtain graphene oxide (GO) solution. GO solution was centrifuged
at 3000 rpm to remove unexfoliated graphite oxide. CGR was
prepared by a chemical method. Briefly, GO aqueous suspension
(5 ml) was diluted as to give a concentration of 2.0 mg/ml, and
then sonicated for 1 h to give a clear solution. 1.2 g of NaOH and
1.0 g chloroacetic acid (Cl–CH2–COOH) were added to the suspen-
sion and sonicated for 3 h to convert the –OH groups to –COOH via
conjugation of acetic acid moieties. Sequentially the suspension
was separated by centrifuging at a speed of 15,000 rpm, washed
with DI water for several cycles, dried in an oven at 60 1C to gain
CGR [34].

2.3. Preparation of NiO NPs-CGR nanocomposites

NiO NPs-CGR nanocomposites were prepared as follows:
briefly, 2.0 mg CGR were suspended in 100 μl of 0.01 M Ni(NO3)2
by sonicating for 10 min to disperse CGR equably. Then 100 μl of
0.01 M sodium citrate, 10.0 ml ethanol and 20.0 ml DI water were
added to the above suspension. Ice-cold, freshly prepared 120 μl of
0.05 M NaBH4 solution were added to the above mixture while
stirring until the color of the solution did not change. After stirring
for an additional 10 h, the black suspending liquid was separated
by centrifuging at a speed of 12,000 rpm, washed with DI water for
several cycles, dried in an oven at 60 1C. Then, Ni NPs were
oxidized to NiO NPs by heating at 120 1C in atmosphere. To
improve the crystallinity of NiO NPs in CGR, the product was
annealed at 300 1C for 2 h.

2.4. Materials characterization

GO, CGR and NiO NPs-CGR were measured by scanning electron
microscopy (SEM, QUNT200 USA), by using a 20 kV accelerated
voltage. GO and CGR were measured by Fourier transform infrared
spectrometry (FTIR, Thermo Fisher SCIENTIFIC Nicolet IS10 USA).
CGR and NiO NPs-CGR were measured by X-ray diffractometer
(XRD, Rigaku TTRIII, Japan).
2.5. Preparation of AChE biosensor

NF solution (0.125%, Wt/V) was prepared by diluting 5% of the
NF with ethanol and DI water (V/V, 1/1). The NiO NPs-CGR
(0.5 mg) were added to 1.0 ml of NF solution and sonicated
thoroughly until a homogeneous suspension of NiO NPs-CGR-NF
was obtained. Similarly 0.5 mg/ml CGR-NF and GO-NF homoge-
neous suspensions were obtained. The suspensions were stored at
4 1C. The NiO NPs-CGR-NF/GCE was prepared by casting 5 μl of the
0.5 mg/ml NiO NPs-CGR-NF suspension onto the GCE and drying at
room temperature. A similar method was used to prepare GO-NF/
GCE and CGR-NF/GCE. The enzyme solution was mixed as 0.05U
AChE and 0.2% CS (Wt/V, 50 mM acetic acids). The modified
electrodes were each coated 4.5 μl of AChE-CS (V/V, 2/1) and dried
at 4 1C. The AChE-CS/GO-NF/GCE, AChE-CS/CGR-NF/GCE and AChE-
CS/NiO NPs-CGR/GCE biosensors were obtained and washed with
0.1 M PBS to remove the unbound AChE. Finally, three types of
biosensor were each covered with 3 μl 0.1% (Wt/V) NF as the
protective membrane. Thus, three types of biosensor structure
were NF/AChE-CS/GO-NF/GCE, NF/AChE-CS/CGR-NF/GCE and NF/
AChE-CS/NiO NPs-CGR/GCE. Similarly, NF/AChE-CS/GCE was pro-
duced as a control.
2.6. Analytical procedures

The electrochemical measurements were carried out on an
IM6ex electrochemical workstation (Zahner Elektrik Instruments,
Germany). A conventional three-electrode system was employed
with a saturated calomel electrode (SCE) as the reference elec-
trode, a platinum foil as the counter electrode, and the modified
GCE (diameter¼3 mm) as the working electrodes. Cyclic voltam-
metry (CV) measurements were performed in 0.1 M phosphate
buffer solution (PBS, pH 7.4). The typical current-time plot for the
biosensor was gained at 0.47 V after the successive addition of
ATCl to PBS with stirring. The apparent Michaelis–Menten con-
stant Kapp

m of the biosensor was calculated from the Line weaver–
Burk equation:
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where iss is the steady-state current after the addition of substrate,
imax is the maximum current measured under saturated substrate
condition and C is the concentration of the substrate. The Kapp

m
value, which gives an indication of the enzyme substrate kinetics
for the biosensor, was determined by analysis of the slope and
intercept of the plot of the reciprocals of steady-state current
versus ATCl concentration. The obtained NF/AChE-CS/NiO NPs-
CGR-NF/GCE was first immersed in pH7.4 PBS solution containing
different concentrations of standard pesticide at room tempera-
ture (2571 1C) for 6-min and then transferred to the electro-
chemical cell of pH7.4 PBS containing 0.5 mM ATCl to study
the amperometric response by CV between 0.0 and 1.0 V. The
inhibition of pesticide was calculated as follows:

inhibitionð%Þ ¼ iP,control−iP,exp
iP,control

� 100% ð2Þ

where ip,control is the peak current of ATCl on NF/AChE-CS/NiO NPs-
CGR/GCE, ip,exp is the amperometric response of ATCl on NF/AChE-
CS/NiO NPs-CGR/GCE with pesticide inhibition.

The detection limit (LD) was calculated by using the equation
given below [35]:

LD¼ 3S=b ð3Þ

where S is the standard deviation of the blank solution, b is the
slope of the analytical curve.
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2.7. Preparation and determination of real samples

The apple and cabbage samples were obtained from local
market in Kunming City. Briefly, the apple and cabbage were
cleaned and mashed to pulp with a blender, then two sorts of
25.0 g pulp were, respectively, mixed with 50 ml acetonitrile and
proper amount of 0.1 M NaCl, and the organic phases were
collected and evaporated on a steam bath. The final volume was
adjusted to 5.0 ml by adding appropriate amount of dichloro-
methane. Part of the sample solution was transferred to 0.1 M PBS
(pH 7.4) for determination. Two water samples (tap water sample
and lake water sample) were filtered through a 0.22 μm mem-
brane and the pH was adjusted to 7.4. After simple pretreatment,
different concentrations of chlorpyrifos and carbofuran were
added to study the recovery under the optimal conditions.
3. Results and discussion

3.1. Characterizations

The SEM image of Fig. 1(a) showed many layers, wavy and
crumpled shapes of GO. Fig. 1(b) indicated few layers crumpled
sheets of CGR morphology with the thickness of 3 to 4 nm. The
general morphology of the NiO NPs-CGR nanocomposites was
observed by SEM in Fig. 1(c). It showed that small NiO NPs were
uniformly embedded in the curly CGR nanosheets.

Highly ordered graphite has only a couple of Raman-active
bands visible in the spectra (Fig. 2A), the in-phase vibration of the
graphite lattice (G band) at 1576 cm−1 as well as the (weak)
disorder band caused by the graphite edges (D band) at approxi-
mately 1355 cm−1. GO of Raman-active bands visible in the spectra
(Fig. 2A) as universal is observed that higher disorder in graphite
leads to a broader G band, as well as to a broad D band of higher
relative intensity compared to that of the G band. The G band
broadens of GO significantly and displays a shift to higher
Fig. 1. SEM images of GO (a),

Fig. 2. (A) Raman spectra of graphite, GO and CGR; (B) FTIR sp
frequencies 1357 and1601 cm−1 (blue-shift), and the D band grows
in intensity. CGR of Raman-active bands visible in the spectra
(Fig. 2A) shows the G band shifts back to the position of the G band
in graphite, which is attributed to a graphitic “self-healing” similar
to what was observed from the sharpening of the G peak and the
intensity decrease of the D peak in heat-treated graphite [36].
Raman-active bands are visible in the spectra accord with refer-
ence literature [37].

In Fig. 2B, the FTIR spectrum of GO (curve a) displayed the
presence of –OH (3413 cm−1), C¼O (1731 cm−1), C¼C (1621 cm−1)
and C–O (1047 cm−1), ascribed to the stretching vibrations of GO.
FTIR results for the CGR were shown in Fig. 2B (curve b). The
appearance of strong peaks at 3424 and 1727 cm−1 confirmed the
presence of the carboxylic group.

Fig. 2C showed the X-ray diffraction patterns of CGR and NiO
NPs-CGR nanocomposites. X-ray powder diffraction patterns well
defined peaks at 37.2, 43.5, and 62.51 (2θ) indicating the formation
of the cubic phase of NiO NPs. The broad diffraction peaks of the
NiO NPs indicated small crystal size. Furthermore, the character-
istic diffraction peak of the CGR confirmed the presence of CGR in
the NiO NPs-CGR nanocomposites.
3.2. Electrochemical behavior of the biosensors

CV of ATCl and enzymatic product thiocholine was investigated
on four different biosensors as shown in Fig. 3. No amperometric
response could be observed at NF/AChE-CS/GCE (curve a), NF/
AChE-CS/GO-NF/GCE (curve b), NF/AChE-CS/CGR-NF/GCE (curve c),
and NF/AChE-CS/NiO NPs-CGR-NF/GCE (curve d) in PBS (pH 7.4).
However, when 0.5 mM ATCl was added into the PBS (pH 7.4), an
obvious amperometric response was observed at NF/AChE-CS/GCE
(curve e), NF/AChE-CS/GO-NF/GCE (curve f) NF/AChE-CS/CGR-NF/
GCE (curve g) and NF/AChE-CS/NiO NPs-CGR-NF/GCE (curve h).
Obviously, these amperometric responses were attributed to the
oxidation of thiocholine produced by the hydrolysis of ATCl, which
CGR (b) and NiO-CGR (c).

ectra of GO (a) and CGR (b); (C) XRD of CGR and NiO-CGR.



Fig. 3. CV of NF/AChE-CS/GCE (a), NF/AChE-CS/GO-NF/GCE (b), NF/AChE-CS/CGR-
NF/GCE (c), NF/AChE-CS/NiO-CGR-NF/GCE (d) in 0.1 M PBS and in 0.1 M PBS
containning 0.5 mM ATCl ((e)–(h)), Scan rate: 0.10 V/s in 25 1C.

Fig. 4. (A) Typical current-time plot for the sensor on successive addition of stock
ATCl to 0.1 M PBS, insets show the calibration curves for ATCl determination;
(B) Lineweaver–Burk plot of 1/iss vs. 1/C.
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were catalyzed by immobilized AChE. Fig. 3 showed the oxidation
peak currents increased and the oxidation peak potentials shifted
to lower potentials in sequence. At NF/AChE-CS/NiO NPs-CGR-NF/
GCE, the oxidation peak current was the highest and peak
potential was the lowest in four biosensors (curve h). It indicated
NiO NPs-CGR could greatly improve electron transfer and catalysis
which increased peak current and decrease the potential, which
was beneficial for avoiding interference from other electroactive
species in biological matrix. Obviously, NiO NPs-CGR-NF/GCE with
excellent conductivity and catalytic activity provided an extremely
hydrophilic surface for AChE adhesion. Besides, NF protective
membrane was used to prevent the loss of the enzyme molecules,
improve the anti-interference ability of the biosensor and provide
a biocompatible microenvironment to maintain enzymatic
activity.

3.3. Conductivity, catalysis and biocompatibility of the
nanocomposites

In Fig. 3 (curve from e to h), the oxidation peak currents
increased in sequence that indicated the improved conductivity.
The oxidation peak potentials shifted to lower potentials orderly
that indicated the enhanced catalysis of the nanocomposites.

The biocompatibility was studied by comparing the ampero-
metric response of the NF/AChE-NF/NiO-CGR-NF/GCE (a), NF/
AChE-CS/NiO-CGR-NF/GCE (b) and NF/AChE-BSA/NiO-CGR-NF/
GCE (c) three biosensors as shown in Fig. S1. The result indicated
that the biocompatibility of CS was the best in NF, CS and BSA.
Therefore, CS was selected to immobilize AChE that was good for
maintaining the high AChE activity.

3.4. Optimization of the preparation of the biosensor

Optimization of volume of NiO NPs-CGR-NF, ratio of NiO NPs in
NiO NPs-CGR and amount of immobilized AChE were supplied in
Supplementary Materials.

The bioactivity of the immobilized AChE depends on the pH of
the ATCl solution. The relationship between amperometric
responses of AChE with the pH of the ATCl solution was showed
in Fig. S2. In the pH range from 6.8 to 8.0, the amperometric
response increased with increasing pH and reached a maximum at
7.4. The further increase the pH of solution led to an obvious
decrease of the amperometric response. Therefore, pH 7.4 was
used in the detection solution.
In order to enhance the stability of the biosensor, CS was used
to immobilize the AChE on NiO NPs-CGR-NF/GCE and to improve
electronic transmission between AChE and NiO NPs-CGR-NF/GCE.
NF was used as the protective membrane for the AChE biosensor.
The NF/AChE-CS/NiONPs-CGR-NF/GCE, AChE-CS/NiONPs-CGR-NF/
GCE and AChE/NiONPs-CGR-NF/GCE biosensors were continuously
tested 6 times, respectively, in PBS (pH7.4) containing 0.5 mM ATCl
solution (Fig. S3). The RSD (7%, curve b) of the amperometric
response of the AChE-CS/NiONPs-CGR-NF/GCE biosensor was less
than the RSD (12%, curve c) of the amperometric response of AChE/
NiONPs-CGR-NF/GCE biosensor. The RSD (2%, curve a) of the
amperometric response of NF/AChE-CS/NiONPs-CGR-NF/GCE bio-
sensor was the least in the three biosensors. The results showed
that CS and NF effectively improved the stability of the AChE
biosensor.
3.5. Detection of ATCl

The AChE biosensor was explored by CV measurements accord-
ing to the above optimum conditions. Fig. 4A showed the typical
current-time plot for the NF/AChE-CS/NiO NPs-CGR/GCE biosensor
at 0.47 V on successive addition of stock ATCl to 0.1 M PBS. With
increasing ATCl concentration, the amperometric response of the
biosensor increased. The amperometric response of the biosensor
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was a linear function of ATCl concentration in two segments. One
was from 0.2 to 30 μM; the other was from 30 to 500 μM. The two
linear ranges indicated that the linear range of AChE biosensors for
acetylcholine was approximately two orders of magnitude. When
the concentration of ATCl was saturated, the amperometric
response gradually tended to a constant value. The detection limit
was 0.1 μM. At higher ATCl concentrations the shape of the
amperometric response was indicative of a Michaelis–Menten
process (Fig. 4B). The apparent Michaelis–Menten constant (Kapp

m )
in the present studies was calculated to be 135 μM according to
Lineweaver–Burk equation. This value was lower than that for
AChE adsorbed on reduced graphene oxide–gold nanocomposites
modified electrode (0.16 mM) [38], for AChE immobilized on CdS-
decorated graphene nanocomposite modified electrode (0.24 mM)
[39] and for AChE adsorbed on liposome bioreactors-chitosan
nanocomposite film modified electrode (0.36 mM) [40] indicating
that the AChE biosensor had a great affinity and catalysis to its
substrate ATCl.
3.6. Effect of incubation time

The activity of the AChE was influenced by the incubation time
of the AChE to Pesticides. The inhibition level of AChE increased
with increasing incubation time (Fig. S4). Considering the whole
analytical time and sensitivity of the amperometric measure-
ments, 6-min exposure time was chosen as the best compromise
between signal and exposure time.
Fig. 5. (A) CV of the NF/AChE-CS/NiO-CGR-NF/GCE in 0.1 M PBS containing 0.5 mM
ATCl after incubation with 0 (a), 10−12 M (b) and 10−8 M (c) methyl parathion for
6-min; (B) Inhibition curves of NF/AChE-CS/NiO-CGR-NF/GCE biosensor for methyl
parathion (a) and chlorpyrifos (b) and carbofuran (c) determination by CV.
3.7. Pesticides detection

The inhibition of pesticide led to the decrease of the activity
and biological functions of AChE. Therefore, detecting the ampero-
metric response from thiocholine on the biosensor was a simple
and effective way to biomonitoring pesticide exposure. As shown
in Fig. 5A, after incubation of NF/AChE-CS/NiO NPs-CGR-NF/GCE
with 10−12 M methyl parathion for 6-min, the amperometric
response (curve b) decreased comparing with the intact AChE
(curve a). After incubation of NF/AChE-CS/NiO NPs-CGR-NF/GCE
with 10−8 M methyl parathion for 6-min, the amperometric
response (curve c) greatly decreased comparing with the intact
AChE (curve a). Inhibition effects were investigated by measuring
the biosensor response towards 0.5 mM ATCl after inhibited by
different concentrations of methyl parathion, chlorpyrifos and
carbofuran, respectively. The calibration plots of inhibition per-
centage versus pesticides concentration were showed in Fig. 5B.
Linear relationships between inhibition percentage and the con-
centration of pesticides were showed in Table S1. The two linear
ranges indicated that the biosensor was more sensitive for
detecting low concentration of pesticides than high concentration
of pesticides. The performances of the biosensor were compared
with other AChE biosensors reported by literatures (Table 1).

Inhibition effects were also investigated by DPV. As shown in
Fig. S5, the response of the biosensor before and after 6 min
incubation in 10−12, 10−11, 10−10, 10−9 and 10−8 M carbofuran, the
peak currents (curves b–f) dramatically decreased compared with
that on the control (curve a), and the decrease in peak current
increased with the increasing concentration of carbofuran. The
calibration plot of inhibition percentage versus carbofuran con-
centration was showed in Fig. S6. Linear equations of carbofuran
were I(%)¼12.61lgCþ174.90 (r¼0.998) from 10−12 to 10−10 M and
I(%)¼5.35lgCþ101.87 (r¼0.997) from 10−10 to 10−8 M with the
detection limit of 5.0�10−13 M. The result indicated that DPV
analysis had high resolution and sensitivity than CV.
3.8. Interference study

The interfering signal due to the most common electroactive
species was studied. The signal for a 0.5 mM ATCl was compared
with the signal obtained in the presence of the interfering species.
The test result showed no noticeable changes in amperometric
response were detected in the presence of glucose (0.5 mM), citric
acid (0.5 mM), oxalic acid (0.5 mM), PO4

3− (0.5 mM), SO4
2−

(0.5 mM), NO3
− (0.5 mM), Cu(II) (0.5 mM) and Pb(II) (0.5 mM),

respectively, at the present operating potential in this system.
However, 0.5 mM of p-nitrophenol, 0.5 mM of nitrobenzene,
0.5 mM of p-nitroaniline, 0.5 mM of trinitrotoluene, 0.5 mM of
toluene and 0.5 mM of p-toluenesulfonic acid severely interfered
with the determination. Besides, equal concentration of methyl
parathion, chlorpyrifos and carbofuran severely interfered with
each other for the determination. The interference study results
were showed in Fig. S7.

3.9. Precision of measurements and stability of biosensor

The intra-assay precision of the biosensor was evaluated by
testing one NF/AChE-CS/NiO NPs-CGR-NF/GCE for six times in
0.5 mM ATCl after being immersed in the 1.0�10−10 M methyl
parathion for 6-min. The inter-assay precision was estimated with



Table 1
Comparisons of the response of the biosensor for detection of pesticides with other biosensor based on AChE.

Sample Electrode Liner range (M) Detection limit (M) References

Methyl parathion AChE-LDHsa/GCE 1.9�10−8–1.1�10−6; 1.1�10−6–1.5�10−5 2.3�10−9 [41]
AChE-SFb/MWNTsc/GCE 3.5�10−6–2.0�10−3 5.0�10−7 [42]
NF/AChE-CS/NiO-CGR-NF/GCE 10−13–10−10; 10−10–10−8 5.0�10−14 This work

Chlorpyrifos AChE/CPBAd/GRe-AuNPs/GCE 1.4�10−9–2.9�10−8; 2.9�10−8–2.9�10−7 2.9�10−10 [38]
PATPf membranes/AuNPs 5.0�10−7–1.0�10−5 3.3�10−7 [43]
NF/AChE-CS/NiO-CGR-NF/GCE 10−12–10−10; 10−10–10−8 5.0�10−13 This work

Carbofuran AChE/PAMAMg-Au/CNTs/GCE 4.5�10−9–9.0�10−8 4.0�10−9 [44]
AChE-TCNQh/SPEi 9.0�10−10–7.5�10−7 9.0�10−10 [45]
NF/AChE-CS/NiO-CGR-NF/GCE 10−12–10−10; 10−10–10−8 5.0�10−13 This work

a Layered double hydroxides.
b Silk fibroin.
c Multiwalled carbon nanotube.
d 3-Carboxyphenylboronic acid.
e Graphene.
f Polyaminothiophenol.
g Polyamidoamine.
h 7,7,8,8-Tetracyanoquinodimethane.
i Screen-printed electrode.
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six different biosensors in the same way. The two RSD of intra-
assay and inter-assay were found to be 3.4 and 6.5%, respectively,
indicating an acceptable reproducibility. When the enzyme elec-
trode was not in use, it was stored at 4 1C in dry condition. No
obvious decrease in the response of ATCl was observed in the first
10-day storage. After a 30-day storage period, the sensor retained
91% of its initial amperometric response, indicating the acceptable
stability of biosensor.
3.10. Analytical real samples

To investigate the accuracy of an analytical method, spike
recovery is a useful tool. The variability was low if there were no
interferences or matrix effects, so a recovery close to 100% was
expected. Table S2 showed the results obtained by analysis of
these spiked samples. The recoveries of apple, cabbage, tap
water and lake water samples were observed in the ran
ge of 93.0–105.2%, which demonstrated low matrix effect on the
amperometric response. The low relative standard deviations for
chlorpyrifos and carbofuran demonstrated the high precision of
analysis.
4. Conclusion

In this paper, combining the advantageous characteristics of
CGR, NiO NPs and NF, the NiO NPs-CGR-NF nanocomposites have
been prepared. The NiO NPs-CGR-NF nanocomposites with excel-
lent conductivity, catalysis and biocompatibility offered an extre-
mely hydrophilic surface that was favorable for AChE adhesion,
biological activity maintenance and conductivity between AChE
and modified electrode. CS was used as to immobilize the AChE on
NiO NPs-CGR-NF/GCE. NF was used as the protective membrane of
the AChE biosensor to improve stability. The NF/AChE-CS/NiO NPs-
CGR-NF biosensor has been developed. The constructed biosensor
exhibited many advantages such as low applied potential, good
fabrication reproducibility, acceptable stability, fast response and
low detection limit. The biosensor has potential application in
biomonitoring of methyl parathion, chlorpyrifos and carbofuran
pesticides and other organophosphate and carbamate pesticides.
The method not only can be used to immobilize other enzymes to
construct a range of biosensors but also may be extended to
assemble other biological molecules, such as antibody, antigen and
DNA for wide bioassay applications.
Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2013.03.
025.
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