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A sensitive amperometric acetylcholinesterase (AChE) biosensor, based on SnO, nanoparticles (SnO,
NPs), carboxylic graphene (CGR) and nafion (NF) modified glassy carbon electrode (GCE) for the detection
of methyl parathion and carbofuran has been developed. The nanocomposites of SnO, NPs and CGR was
synthesized and characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR), respectively. Chitosan (CS) was used to immobilize AChE
on Sn0O;, NPs-CGR-NF/GCE and to improve electronic transmission between AChE and SnO, NPs—-CGR-NF/
GCE. NF was used as the protective membrane for the AChE biosensor. The SnO, 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 (ATCI) and could catalyze the hydrolysis of ATCl with an apparent Michaelis-Menten constant
value of 131 pM. The biosensor detected methyl parathion in the linear range from 1073 to 10 M and
from 107° to 108 M. The biosensor detected carbofuran in the linear range from 107'2 to 1071 M
and from 107'° to 1078 M. The detection limits of methyl parathion and carbofuran were 5 x 107* M and
5 x 1073 M, respectively. The biosensor exhibited low applied potential, high sensitivity and acceptable
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stability, thus providing a promising tool for analysis of pesticides.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Pesticides have played an important role in increasing agricul-
tural productivity. They are still extensively used up to now.
Because of their high toxicity and widespread use in agriculture,
the residue could be left in the environment. Owing to their
bioaccumulation effect, they can cause long-term damage to both
the environment and lives even though their concentration is very
low (Videira et al., 2001). Therefore, the quantitative detection of
pesticides is quite significant. Biosensors based on AChE have
emerged as a promising technique for toxicity analysis, environ-
mental monitoring, food quality control and military investiga-
tions in recent years (Hosea et al., 1995; Andreescu and Marty,
2006). The main application of AChE biosensors is for the detec-
tion of organophosphate and carbamate pesticides based on
enzyme inhibition. These devices are designed to complement or
replace the existing reference analytical methods such as HPLC,
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GC, GC/MS etc. by simplifying or eliminating sample preparation,
thus decreasing the analysis time and cost. However, so far, the
detection limits of AChE biosensors cannot reach the same level of
those analysis instruments. In addition, in order to immobilize
enzyme, large amounts of chemical reagents were used, resulting
in the loss of enzyme activity. Our research purpose is to develop a
sensitive and stable AChE biosensor in a simple and green way for
detection of pesticides.

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 (Novoselov et al., 2004). Due to its
extraordinary thermal, mechanical, and electrical properties, gra-
phene is usually considered as a competitive candidate for next-
generation electronic application devices such as supercapacitors
(Stoller et al., 2008; Mishra and Ramaprabhu, 2011), batteries (Yoo
et al., 2008; Xiao et al., 2011), fuel cells (Seger and Kamat, 2009;
Kou et al.,, 2009), solar cells (Wang et al., 2008; Wu et al., 2008),
sensors (Guo and Dong, 2011; Yang et al., 2009), biosensors (Wang
et al,, 2011a; Qiu et al,, 2011), energy storage (Chen et al., 2010)
and catalysts (Han et al.,, 2011; Nie et al., 2012), etc. However, many
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researches have reported that the pure graphene actually exhibit
unsatisfactory electrical conductivity because of the inevitable
aggregation (Stankovich et al., 2006; Li and Kaner, 2008). On the
contrary, functionalized graphene sheets are easier to disperse in
organic solvents, which can improve the dispersion and homo-
geneity of the graphene within the polymer and yield novel types
of electrically conductive nanocomposites (Stankovich et al., 2006;
Li and Kaner, 2008; Wang et al., 2011b). Besides, some of the useful
and unique properties of graphene can only be realized after it is
functionalized with organic groups such as hydroxyl, carboxyl,
amino and the like (Sheng et al,, 2011; Zheng et al.,, 2012; Chen
et al,, 2012).

Nanostructural metal oxide semiconductors possess high sur-
face area, nontoxicity, good biocompatibility, catalytic activity and
chemical stability. Among the metal oxide semiconductors, tin
oxide (SnO,), an n-type semiconductor with a wide band gap of
3.6 eV at 300 K, has been investigated for various applications such
as solar cells, electrochemistry sensors and biosensor (Chappel and
Zaban, 2002; Fuchs et al., 2011; Patil et al., 2007; Korotcenkov
et al.,, 2009; Chu et al., 2011; Mahadeva and Kim, 2011; Li et al.,
2010).

In recent years, the nanocomposites of SnO, NPs and carbon
nanomaterials showed better electrochemical performance than
the pure SnO, (Wen et al., 2007; Kim et al., 2010). They have been
applied in the investigation fields of electrochemistry such as
lithium-ion battery and supercapacitor with finer catalysis and
electrical conductivity characteristics (Han et al., 2010; Yao et al.,
2009; Lu et al, 2010). However, many of the interesting and
unique properties of the nanocomposite can only be realized after
it is integrated into more complex assemblies (Stankovich et al.,
2006; Li and Kaner, 2008).

CS is an abundant natural biopolymer with excellent film
forming ability, biocompatibility, and nontoxicity. It provides
natural microenvironment to the enzyme and also gives sufficient
accessibility to electrons to shuttle between the enzyme and the
electrode. AChE immobilized by CS can keep high enzyme activity
and improves electrons transmission between the enzyme and
modified electrode. NF polymer is chemically inert, ideal conduc-
tivity, hydrophilic, and insoluble in water, and thus possesses
almost ideal properties for preparation of modified electrodes
(Hu et al., 1998). Incorporation of some nanomaterials with high
conductivity and catalytic activity, NF seems to be a possible
approach to improve the sensitivity, selectivity and stability of
modified electrodes. The NF-graphene nanocomposite film mod-
ified electrode for determination of cadmium presented high
sensitivity (Li et al., 2009). Nanosilver-NF modified electrode for
electrochemical detection of methyl parathion showed strong elec-
trocatalytic activity, good stability and reproducibility (Kumaravel
and Chandrasekaran, 2010). Horseradish peroxidase biosensor based
on NF-graphene modified electrode for determination of H,O,
exhibited both good operational storage and storage stability
(Li et al,, 2011).

Motivated by these reports, herein, we developed a sensitive
amperometric AChE biosensor based on SnO, NPs, CGR and NF
modified GCE for the detection of methyl parathion and carbo-
furan. The SnO, NPs-CGR nanocomposite was homogeneously
dispersed in NF. The nanocomposite film of SnO, NPs-CGR-NF
was effectively fastened on the modified electrode. CS was used to
immobilize the AChE on SnO, NPs—-CGR-NF/GCE and to improve
electronic transmission between AChE and SnO, NPs-CGR-NF/
GCE. NF was used as the protective membrane for the AChE
biosensor. The high sensitivity and stability of the modified
electrode were attributed to the synergistic effects of their
excellent electric conductivity, large surface area and electrocata-
lytic activity of SnO, NPs, CGR and NF. The AChE biosensor
displayed high enzyme activity and favorable affinity to ATCI, high

catalytic activity to the hydrolysis of ATCl and high electrochem-
istry response. The stable and sensitive biosensor might be an
effective device for detection of pesticides.

This study provided a universal and effective enzyme immobi-
lization platform for meeting the demand of the effective immo-
bilization enzyme on the electrode surface. The biosensor showed
high sensitivity, acceptable stability and reproducibility for the
analysis of acetylcholine and pesticides.

2. Material and methods
2.1. Reagents

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
and carbofuran were obtained from China's Agriculture Ministry
(Beijing China). Graphite powder was purchased from Sinopharm
Chemical Reageat Company. (China). SnCl,-2H,0 was obtained
from Shanghai Chemical Reagent Co. Ltd. (China). All other
reagents were of analytical grade. Aqueous solutions were pre-
pared with deionized (DI) water (18 MQ cm).

2.2. Apparatus

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 (diameter=3 mm) as the working electrodes. Cyclic voltam-
metry (CV) measurements were performed in 0.1 M of phosphate
buffer solution (PBS, pH 7.4). All experiments were performed at
room temperature (25 4+ 1°C). CGR and SnO, NPs-CGR nanocom-
posites were characterized by scanning electron microscopy (SEM,
QUNT200 USA), Fourier transform infrared spectrometry (FTIR,
Thermo Fisher SCIENTIFIC Nicolet IS10 USA) and X-ray diffract-
ometer (XRD, Rigaku TTR III, Japan).

2.3. Preparation of CGR

Graphite oxide prepared by Hummers' method (Hummers and
Offeman, 1958) was suspended 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 concentra-
tion of 2.0 mg/ml, and then sonicated for 1h to give a clear
solution. 1.2 g of NaOH and 1.0 g of chloroacetic acid (CI-CHy—
COOH) were added to the suspension and sonicated for 3 h to
convert the —-OH groups to —-COOH via conjugation of acetic acid
moieties. Sequentially the suspension was separated by centrifu-
ging at a speed of 15,000 rpm, washed with DI water for several
cycles, dried in an oven at 60 °C to gain CGR (Sun et al., 2008).

2.4. Synthesis SnO, NPs—-CGR nanocomposites

The SnO, NPs—CGR was prepared as follows: 2.0 mg of CGR
were suspended in 100 pl of 0.01 M SnCl, - 2H,0 by sonicating for
10 min to disperse CGR equably in SnCl,-2H,0 solution. After
100 pl of 0.01 M of sodium citrate, 10.0 ml of ethanol and 20.0 ml
of DI water were added to the suspension; ice-cold, freshly
prepared 120 pul of 0.05 M NaBH,4 solution was then added to the
above mixture and until the color of the solution did not change.
The suspension was separated by centrifuging at a speed of
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12,000 rpm, washed with DI water for several cycles, dried in an
oven at 60 °C. Then Sn NPs were oxidized to SnO, NPs by heating
at 300 °C in atmosphere.

2.5. Preparation of AChE biosensor

NF solution (0.125%, Wt/V) was prepared by diluting 5% of NF
with ethanol and DI water (V/V, 1/1). The SnO, NPs—CGR (0.5 mg)
were added to 1.0 ml of NF solution and sonicated thoroughly until
a homogeneous suspension of SnO, NPs-CGR-NF was obtained.
Similarly 0.5 mg/ml CGR-NF and 0.5 mg/ml GO-NF homogeneous
suspension was obtained. The suspension was stored under
refrigeration 4 °C.

A GCE was polished carefully to a mirror-like with 0.3 and
0.05 pm alumina slurry and sequentially sonicated for 3 min in
ethanol and water. Before the experiment, the electrode was
scanned from -0.1 to+ 1.1 V until a steady-state current-voltage
curve was obtained in PBS (pH7.4). The SnO, NPs-CGR-NF/GCE
was prepared by casting 5 pl of the 0.5 mg/ml SnO, NPs-CGR-NF
suspension onto the GCE and drying at room temperature.
A similar casting procedure was used to prepare CGR-NF/GCE
and GO-NF/GCE.

The enzyme solution was mixed as 0.05 U AChE and 0.2% CS (W/V,
50 mM acetic acids). The modified electrodes were each coated
45 ul of AChE-CS (V/V, 2/1) and dried overnight at 4 °C. The
modified electrodes were washed with PBS (pH 7.4) to remove the
unbound AChE. Finally, these biosensors were each covered with
3 pl of 0.1% (W,/V) NF as the protective membrane and then stored
at 4 °C. Thus, the three structures of biosensor were: NF/AChE-CS/
GO-NF/GCE, NF/AChE-CS/CGR-NF/GCE and NF/AChE-CS/SnO,
NPs-CGR-NF/GCE. As a control, NF/AChE-CS/GCE was also
produced.

2.6. Detection of ATCI

The typical current-time CV plot for the biosensor was gained
at 0.47 V after the successive addition of ATCI to PBS with stirring.
The apparent Michaelis-Menten constant (K7?) of the biosensor
was calculated from the Lineweaver-Burk equation

1 (K% /1 1
i (i) (@) () o

where ig is the steady-state current after the addition of substrate,
imax 1S the maximum current measured under saturated substrate
condition and C is the concentration of the substrate. The K{F”
value, which gives an indication of the enzyme substrate kinetics
for the biosensor, was determined by analysis of the slope and
intercept for the plot of the reciprocals of the steady-state current
versus ATCl concentration.

2.7. Effect of incubation time

Inhibition of methyl parathion and carbofuran were tested by
CV in terms of their effect on AChE activity at different incubation
times (2-20 min) in a pesticide solution (1071 M).

2.8. Detection of pesticides

The NF/AChE-CS/SnO, NPs—CGR-NF/GCE was first immersed in
PBS (pH7.4) containing different concentrations of standard pesti-
cide at room temperature (25 + 1 °C) for 6 min and then trans-
ferred to the electrochemical cell of PBS containing 0.5 mM ATCI to
study the amperometric response by CV between 0.0V and 1.0 V.

The inhibition of pesticide was calculated as follows:

inhibition (%) = Pcontrol P> 1000, @)
lP,control

where ip contror i the peak current of ATCl on NF/AChE-CS/SnO,

NPs—CGR/GCE, ipexp is the amperometric response of ATCl on NF/

AChE-CS/Sn0O, NPs-CGR/GCE with pesticide inhibition.

2.9. Interference study

The interfering species of glucose (0.5 mM), citric acid (0.5 mM),
oxalic acid (0.5mM), PO, (0.5mM), SO, (0.5mM), NO5~
(0.5 mM), Cu(Il) (0.5 mM), Pb(II) (0.5 mM), Hg(1l) (0.5 mM), 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 were studied. The signal for a 0.5 mM ATCl was
compared with the signal obtained in the presence of the interfering
species after incubated by 107'° M methyl parathion.

2.10. Repeatability, reproducibility and stability studies

The intra-assay precision of the biosensor was evaluated by
testing one NF/AChE-CS/SnO, NPs—CGR-CS/GCE for six times in
0.5mM ATCl after being immersed in the 1.0 x 107'° M methyl
parathion for 6 min. The inter-assay precision was estimated with
six different biosensors in the same way.

Stability was evaluated by testing the amperometric response
of the NF/AChE-CS/SnO, NPs-CGR-CS/GCE biosensor in 0.1 M PBS
containing 0.5 mM ATCI by CV every five days.

2.11. 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
mixed with 50 ml acetonitrile and proper amount of 0.1 M NaCl,
respectively, 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 dichloromethane. Part of the sample solu-
tion was transferred to 0.1 M PBS (pH 7.4) for determination. The
water sample (lake water) was filtered through a 0.22 ym mem-
brane and the pH was adjusted to 7.4. After simple pretreatment,
different concentrations of methyl parathion and carbofuran were
added to study the recovery under the optimal conditions.

3. Results and discussion
3.1. Characterization of SnO; NPs-CGR

FTIR result for the CGR was shown in Fig. 1A. The appearance of
strong peaks at 3424 cm™! and 1727 cm™! confirmed the presence
of the carboxylic group. The X-ray diffraction pattern of the SnO,
NPs-CGR nanocomposites was showed in Fig. 1B. The major
diffraction lines were indexed to the tetragonal rutile SnO, phase.
The broad diffraction peaks of the SnO, indicated small crystal
size. The general morphology of the SnO, NPs—CGR nanocompo-
sites was observed by SEM in Fig. 1C. It showed that SnO, NPs
were embedded in the curly CGR nanosheets.

3.2. Electrochemical behavior of the biosensors

CV of ATCl and enzymatic product thiocholine were investigated
on four different biosensors: NF/AChE-CS/GCE; NF/AChE-CS/GO-NF/
GCE; NF/AChE-CS/CGR-NF/GCE and NF/AChE-CS/SnO, NPs—CGR-NF/
GCE. As shown in Fig. 2, no amperometric response was observed
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Fig. 1. (A) FTIR spectrum of CGR; (B) XRD patterns of CGR and SnO, NPs-CGR and
(C) SEM image of SnO, NPs—CGR.

for all biosensors in only PBS (curve a-d). However, when 0.5 mM
ATCl was added into the PBS, obvious amperometric responses were
observed for all of them (curves e-h). The oxidation peak currents
increased and the oxidation peak potentials shifted negatively in
sequence. At the NF/AChE-CS/SnO, NPs-CGR-NF/GCE biosensor, the
oxidation peak current was the highest and peak potential was the
lowest of four biosensors (curve h). It indicated that SnO, NPs—CGR
could greatly improve electron transfer and catalysis which increased
peak current and decreased the potential, which was beneficial for
avoiding interference from other electroactive species in biological

35

30
25 +
20
15 4
10 +

Current / pA

54

'5 T * T T T * T g T g T
0.0 0.2 0.4 0.6 0.8 1.0

Potential / V

Fig. 2. CV of NF/AChE-CS/GCE (a), NF/AChE-CS/GO-NF/GCE (b), NF/AChE-CS/CGR-
NF/ GCE (c), NF/AChE-CS/SnO, NPs—-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 °C.

matrix. Obviously, SnO, NPs—-CGR-NF/GCE with excellent conductiv-
ity 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. 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.

In order to enhance the stability of the biosensor, CS was used to
immobilize the AChE on SnO, NPs-CGR-NF/GCE and to improve
electronic transmission between AChE and SnO, NPs-CGR-NF/GCE.
NF was used as the protective membrane for the AChE biosensor. The
NF/AChE-CS/SnO,NPs—CGR-NF/GCE (a), AChE-CS/SnO,NPs—CGR-NF/
GCE (b) and AChE/SnO,NPs-CGR-NF/GCE (c) biosensors were con-
tinuously tested six times in PBS (pH 7.4) containing 0.5 mM ATCl
(Fig. S4). The RSD of amperometric response of theirs was 2.58% (a),
6.85% (b), 12.57% (c), respectively. The results showed that the CS
immobilized AChE and NF protective membrane effectively improved
stability of the AChE biosensor.

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 ATCI solution was showed in Fig. S5. 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 in
the pH of solution led to an obvious decrease of the amperometric
response. Therefore, pH 7.4 was used in the detection solution.

The effect of the PBS concentration was also studied as shown
in Fig. S6. The experimental results showed that the amperometric
response was not enough stable with the PBS concentration at the
range of 0.01-0.1 M PBS (7.4) and the amperometric response
decreased with the increasing of the PBS concentration at the
range of 0.1-0.5 M. The decrease of the signal was probably
attributed to the leaking of AChE from the electrode surface. The
AChE was removed under higher salinity conditions (Liu and Lin,
2006). Therefore, 0.1 M PBS (pH 7.4) was employed in this work.

3.4. Detection of ATCl at NF/AChE-CS/SnO, NPs—-CGR-NF/GCE
biosensor

Under the optimized experimental conditions, the AChE bio-
sensor was explored by CV measurements. Fig. 3A showed the
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Fig. 3. (A) Typical current-time plot for the sensor on successive addition of stock
ATCI to 0.1 M PBS, insets show the calibration curves for ATCl determination and
(B) calibration plot for the ATCI sensor, inset shows the Lineweaver-Burk plot of
1/iss versus 1/C.

amperometric response at the NF/AChE-CS/SnO, NPs—CGR-NF/
GCE at 047V in a stirred solution, to which was added an ATCl
stock solution. With the increasing of ATCl concentration, the
amperometric response of the biosensor increased. The ampero-
metric response of the biosensor was a linear function of ATCI
concentration in two segments. One was from 0.2 uM to 30 uM;
the other was from 30puM to 500 uM. The two linear ranges
indicated that the linear range of AChE biosensors for acetylcho-
line 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 pM. For higher ATCl concentrations the shape of the ampero-
metric response was indicative of a Michaelis-Menten process
(Fig. 3B). The K¥P in the present studies was calculated to be
131 pM according to Lineweaver-Burk equation. This value was
lower than that of 240 uM (Wang K. et al., 2011) and 300 pM (Chu
et al,, 2011) reported by literatures.

3.5. Effect of incubation time

The residual activity of the enzyme is influenced by the incuba-
tion time of the AChE to pesticides. When the incubation time was
longer than 10 min, the curves of inhibitions tended to a stable
value, indicating the binding interaction between pesticides and
active target groups in the enzyme reaches saturation (Fig. S7).
Considering the whole analytical time, sensitivity and stability of
the biosensor, 6 min was selected as the optimum incubation time.

3.6. Detection of pesticides

After incubation with different concentration methyl parathion,
amperometric response of the biosensor was determined by CV as
shown in Fig. 4A. The calibration plots of inhibition percentage
versus pesticides concentration were showed in Fig. 4B. Linear
equations of methyl parathion are I(%)=112.13+6.56 log C from
1073 to 1071 M with a correlation coefficient of 0.9961 and I(%)=
71.21+2.48 log C from 107'° to 1078 M with a correlation coeffi-
cient of 0.9967. Linear equations of carbofuran were I(%)=182.15+
13.59 log C from 107! to 107'° M with a correlation coefficient of
0.9957 and I(%)=78.37+3.17 log C from 107° to 108 M with a
correlation coefficient of 0.9965. The detection limits of methyl
parathion and carbofuran were 5x 107 M and 5x 107 M,
respectively. 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. S8, the response of the biosensor before and after 6 min
incubation in 107'2, 107!, 107'°, 107° and 1078 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
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Fig. 4. (A) Amperometric response of NF/AChE-CS/SnO, NPs-CGR-NF/GCE in 0.1 M
PBS containing 0.5 mM ATCI by CV after incubation with 0 (a), 1072 M (b) and
1078 M (c) methyl parathion for 6 min; and (B) inhibition curves of NF/AChE-CS/

SnO, NPs-CGR-NF/GCE biosensor for methyl parathion (a) and carbofuran
(b) determination by CV.
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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-LDHs?/GCE
AChE-SF°/MWNTs¢/GCE
NF/AChE-CS/SnO,NPs—CGR-NF/GCE
AChE/PAMAM®-Au/CNTs/GCE
AChE-TCNQ®/SPEf
NF/AChE-CS/SnO,NPs—CGR-NF/GCE

Carbofuran

1.9 x107%-1.1 x 10°%; 1.1 x 10°°-1.5 x 107° 23x107° Gong et al. (2013)
3.5x107°-2.0 x 1073 5.0x 1077 Xue et al. (2012)
1073-1071%; 107'°-10% 50x 107" This work
45x107°-9.0x 1078 40x107° Qu et al. (2010)
9.0 x 1071°-7.5 x 1077 9.0x 10710 Nunes et al. (2004)
10712-1071%; 1071108 50x 10713 This work

@ Layered double hydroxides.

b Silk fibroin.

€ Multiwalled carbon nanotubes.

d polyamidoamine.

€ 7,7,8,8-tetracyanoquinodimethane.
f Screen-printed electrode.

concentration was shown in Fig. S9. Linear equations of carbofuran
were [(%)=13.71 log C+180.75 (r=0.997) from 1072 to 107 M
and I(%)=5.23 log C+100.85 (r=0.996) from 107'° to 108 M with
the detection limit of 5.0 x 107"® M. The result indicated that DPV
analysis had high resolution and sensitivity than CV.

3.7. 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 results showed that no noticeable changes in ampero-
metric responses were detected in the presence of glucose
(0.5mM), citric acid (0.5mM), oxalic acid (0.5mM), P04~
(0.5 mM), SO4% (0.5 mM), NO5;~ (0.5 mM), Cu(ll) (0.5mM) and
Pb(II) (0.5 mM) 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, 0.5 mM of p-toluenesulfonic acid and 0.5 mM of Hg(II)
severely interfered with the determination. Besides, equal con-
centration of methyl parathion and carbofuran interfered with
each other for the determination. The interference study results
were showed in Fig. S10.

3.8. Repeatability, reproducibility and stability studies

The RSD of intra-assay and inter-assay were found to be 3.6%
and 5.5% as shown in Table S1 and Table S2, respectively. When
the enzyme electrode was not in use, it was stored at 4 °C 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 biosensor retained 90% of its initial amperometric response,
indicating the acceptable stability of biosensor. The variation of
amperometric response of the biosensor with time was showed in
Fig. S11.

3.9. Analysis of 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 S3 showed the results obtained by analysis of
these spiked samples. The recoveries of apple, cabbage and lake
water samples were observed in the range of 92.0%-107.5%, which
demonstrated low matrix effect on the amperometric response.
The low relative standard deviations for methyl parathion and
carbofuran demonstrated the high precision of analysis.

4. Conclusion

In this paper, combining the advantageous characteristics of
CGR, SnO, NPs and NF, the SnO, NPs-CGR-NF nanocomposites
have been prepared. The SnO, NPs—CGR-NF nanocomposites with
excellent conductivity, catalysis and biocompatibility offered an
extremely hydrophilic surface that was favorable for AChE adhe-
sion, biological activity maintenance and conductivity between
AChE and modified electrode. CS was used as to immobilize the
AChE on SnO, NPs-CGR-NF/GCE. NF was used as the protective
membrane of the AChE biosensor to improve stability. The NF/
AChE-CS/ SnO, 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 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.
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