
INTRODUCTION

Carbaryl insecticide, one of the carbamate pesticides, has

been extensively used in agriculture owing to its high insecti-

cidal activity1,2. However, it presents a serious risk to human

health due to its inhibitory effect on acetylcholinesterase3-5, a

key enzyme for the nerve transmission. Thus, a fast and sensi-

tive detection of pesticide residues in food has become more

and more important. Traditional analytical methods6, such as

gas chromatography or high-performance liquid chromato-

graphy often coupled with mass-selective detectors, are obvi-

ously time-consuming and expensive. These methods are still

performed in laboratory, but they are not suitable for a fast

home-detection.

Enzymatic method7-9, the most effective method has been

used as an alternative to traditional methods for carbaryl

detection. Among these, amperometric acetylcholinesterase

(AChE) biosensor10,11 based on the inhibition of acetylcho-

linesterase  by carbaryl pesticide12 has shown good result for

carbaryl analysis. The acetylcholinesterase  immobilized on

an electrode surface can catalyze the hydrolysis of acetyl-

thiocholine (ATCl) to produce an electro-active product of

thiocholine, which shows an irreversible oxidation peak at

about 0.68 V13,14 as a marker for carbaryl detection. The inhi-

bition of carbaryl on acetylcholinesterase  results in decrease

of produced thiocholine and accordingly the oxidation current
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decreases. The carbaryl can be detected by measuring the

decline of oxidation current of thiocholine. The reactions

involved with the detection process are shown as followed13,14.

(CH3)3N
+CH2CH2SC(O)CH3

H2O, AChE

Acetylthiocholine

(CH3)3N+CH2CH2SH + CH3COOH

Thiocholine

(CH3)3N+CH2CH2SSCH2CH2N+(CH3)3 + 2H+

2(CH3)3N+CH2CH2SH- 2e-
(1)

The sensor's sensitivity depended strongly on the distri-

bution and immobilization of acetylcholinesterase  on electrode

and the property of materials used to immobilize acetylcho-

linesterase.

Graphene, a single layer of carbon atoms in a closely

packed honeycomb two-dimensional lattice, has attracted

tremendous attention because of its excellent electrical prop-

erties and the high specific surface area of 400 m2/g up to

1500 m2/g for enzyme adsorption on electrodes15-19, especially

graphene oxide (GO) or chemically derived graphene owing

to its abundant groups, such as epoxide, hydroxyl and carbo-

xylic groups and the high water solubility20-26. The remarkable

surface area and its well electrocatalytic and electrochemical

properties have led to an explosion of research in the field of
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electrochemical sensors. Chitosan (CHIT) contains a large

number of -NH2 and -OH and is preferable to maintain the

high biological activity of the immobilized biomolecules27,28.

Chitosan has been widely used as a modifying reagent to

functionalize graphene or graphene oxide for sensing application

due to its excellent biocompatibility, nontoxicity, cheapness,

easy-handling and high mechanical strength29,30.

In this work, a novel acetylcholinesterase  biosensor was

constructed based on the CHIT-GO hybrid film deposited on

a glassy carbon electrode (GCE). The CHIT-GO film shows a

large surface area and good biocompatibility. The resulted

AChE/CHIT-GO/GCE showed good electrocatalytic ability to

oxidation of thiocholine and accordingly the sensitivity of the

biosensor was largely improved. The experimental conditions

related to the preparation of CHIT-GO hybrid film and the

performance of the resulted biosensors was investigated in

detail.

EXPERIMENTAL

Acetylcholinesterase (type C3389, 500 U mg-1 from

electric eel, acetylcholinesterase), acetylthiocholine chloride

(ATCl), chitosan (CHIT, 75 % deacetylation) were purchased

from Sigma-Aldrich (St. Louis, USA). Other reagents were

purchased from Beijing Chemical Reagent Factory (Beijing,

China) and were of analytical reagent grade. All solutions were

prepared with ultra-pure water purified by a Millipore-Q

System (18.2 MW cm). The solutions were deoxygenated by

nitrogen before experiments. Phosphate buffer solution (PBS)

was prepared from sodium dihydrogen phosphate and disodium

hydrogen phosphate.

All electrochemical experiment were carried out with CHI

660C electrochemical workstation (CH Instruments, Shanghai,

China), the three-electrode system contained a acetylcholine-

sterase biosensor as the working electrode, a saturated calomel

electrode (SCE) as the reference electrode and a platinum disk

electrode as the counter electrode, respectively.

Atomic force microscopy measurements were carried out

with an AJ-III (Shanghai Aijian Nanotechnology) in tapping

mode. Standard silicon (Si) cantilevers (spring constant, 0.6-

6 nN/m) were used under its resonance frequency (typically,

60-150 kHz). All atomic force microscopy images were

acquired at room temperature under ambient conditions.

Synthesis of CHIT-GO nanocomposites: Graphene

oxide (GO) was synthesized according to previous methods31.

Briefly, graphite powder (1.0 g) was dispersed into 23 mL

concentrated H2SO4 (18.0 M) in ice bath. Then, KMnO4 (3.0

g) was gradually added into above solution under continuous

vigorous stirring below 20 ºC. After that, the ice bath was

replaced by an oil bath and the mixture was heated to 35 ºC

for 0.5 h under continuous stirring. Then, ultra-pure water was

slowly added into above solution, which produced a rapid

increase in solution temperature up to a maximum of 100 ºC.

The reaction was maintained at 98 ºC for a further 15 min and

terminated by sequential addition of more distilled water

(140 mL in total) and H2O2 (30 %, 10 mL). The solid product

was separated by centrifugation at 5000 rpm and washed

initially with 5 % HCl until SO4
2- ions were no longer detect-

able with BaCl2. Finally, the solid product was washed three

times with acetone and dried overnight at 65 ºC. CHIT-GO

nanocomposites were prepared as followed. Graphene oxide

was dissolved in 20 mL of ultra-pure water and treated with

ultrasound for 45 min. Chitosan solution of 0.005 g mL-1 was

prepared by dissolving chitosan in aqueous solution of 2 M

acetic acid. Then graphene oxide solution was added into the

chitosan solution and stirred for 24 h to produce a homo-

geneous CHIT-GO solution. The solution was stored at 4 ºC

when not in use.

Preparation of biosensor: The glassy carbon electrode

was polished with 1, 0.3 and 0.05 µm alumina slurry and then

it was washed successively with 2 M NaOH, 1 M H2SO4, 95 %

ethanol and ultra-pure water by ultrasonic for 5 min. The

polished glassy carbon electrode was coated with CHIT-GO

solution. After the water was evaporated, it was coated with

5 µL acetylcholinesterase  solution with different concen-

tration to obtain the acetylcholinesterase /CHIT-GO/GCE. The

obtained biosensor was stored at 4 ºC when not in use.

Measurement procedure: The prepared AChE/CHIT-

GO/GCE was first activated in 0.2 M phosphate buffer solution

solution (containing 0.4 mM ATCl) by cyclic voltammetric

sweeping from 0 V to 1.0 V until stable curve were obtained.

Then, the pretreated AChE/CHIT-GO/GCE was immersed into

0.2 M phosphate buffer solution containing carbaryl for 10

min for the inhibition of carbaryl on acetylcholinesterase.

Finally, the AChE/CHIT-GO/GCE was transferred into the

electrochemical cell of 10 mL 0.2 M phosphate buffer solution

(containing 0.4 mM ATCl) to study the electrochemical

response by cyclic voltammograms (CVs). The inhibition of

carbaryl was calculated as followed32:

100
i

ii
(%)Inhibition

control,p

exp,pcontrolp,
×

−
=

where ip, control is the peak current at the AChE/CHIT-GO/GCE

and ip, exp is the peak current at the AChE/CHIT-GO/GCE with

carbaryl inhibition.

RESULTS AND DISCUSSION

Atomic force microscopy is an effective tool to observe

surface topography. Fig. 1a was the atomic force microscopy

image of the bare glassy carbon electrode, showing a smooth

and homogeneous surface and its root mean square roughness

(RMs) was about 2.09 nm. After the CHIT-GO sheets were formed

on the glassy carbon electrode and they uniformly dispersed

on this surface (Fig. 1b). The root mean square roughness of

the CHIT-GO hybrid film modified glassy carbon electrode

became 2.67 nm, which could provide a significant increase

of effective electrode surface for immobilization of biomole-

cules. As shown in Fig. 1d, some dots appeared after acetylcho-

linesterase  assembled on CHIT-GO/GCE. The root mean square

roughness  of AChE/CHIT-GO/GCE was 3.22 nm, suggesting

that the small acetylcholinesterase  was well immobilized on

the surface of CHIT-GO/GCE. For comparison, the acetylcho-

linesterase  was directly immobilized on polished glassy carbon

electrode surface. As shown in Fig. 1c, acetylcholinesterase

molecules aggregated on bare glassy carbon electrode surface.

The results showed that the CHIT-GO not only immobilized

acetylcholinesterase  but also resulted in uniform distribution.
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Fig. 1. AFM images of bare GCE (a), CHIT-GO/GCE (b), AChE/GCE (c)

and AChE/CHIT-GO/GCE (d)

Electrochemical behaviours of AChE/CHIT-GO/GCE:

Fig. 2 showed the cyclic voltammograms of different electrodes

in absence and presence of acetylthiocholine in 0.2 M phos-

phate buffer solution (pH 7.0) at a scan rate of 40 mV s-1. No

obvious peak was observed at bare glassy carbon electrode

(curve c) and CHIT-GO/GCE (curve d) in 0.2 M phosphate

buffer solution (pH 7.0) containing 0.4 mM acetylthiocholine.

In the absence of acetylthiocholine (curve e), there was no

obvious peak on AChE/CHIT-GO/GCE. When 0.4 mM

acetylthiocholine was added into 0.2 M phosphate buffer

solution (pH 7.0), the irreversible oxidation peak at 0.7 V was

observed (curve a). Obviously, this peak might result from the

oxidation of thiocholine, hydrolysis product of acetylthio-

choline catalyzed by immobilized acetylcholinesterase13,14.

Compared with AChE/GCE (curve b), the oxidation current

of thiocholine at AChE/CHIT-GO/GCE was larger, suggesting

that CHIT-GO was a good matrix for acetylcholinesterase

immobilization.
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Fig. 2. Cyclic voltammograms of the AChE/CHIT-GO/GCE (a, e), AChE/

GCE (b), GCE (c) and CHIT-GO/GCE (d) in 0.2 M PBS solution

(pH 7.0) in the presence (a, b, c, d) and absence (e) of 0.4 mM

ATCl. Scan rates: 40 mV s-1

Parameters optimizing for the biosensor performance:

The carbaryl could be accurately determined by measuring

the decline of catalytic current of thiocholine at the AChE/

CHIT-GO/GCE after the inhibition of carbaryl on acetylcho-

linesterase  resulted in decrease of produced thiocholine. Some

factors involved with the formation of CHIT-GO sheets and

the activity of acetylcholinesterase  might affect the perfor-

mance of the biosensor. These factors were investigated in the

following discussion.

The thickness of the CHIT-GO hybrid film deposited on

glassy carbon electrode depended strongly on the volume of

CHIT-GO. Thus, the concentration of CHIT-GO on the perfor-

mance of biosensor in the absence of carbaryl was firstly

investigated and the result was shown in Fig. 3a. There was a

noticeable increase in the current response with the increase

of concentration of CHIT-GO and reached the maximal value

at 0.4 g mL-1. After that, the current decreased gradually as

the concentration of CHIT-GO further increased. This

phenomenon might be ascribed to the following reason. With

the increase of CHIT-GO concentration, it's better to immo-

bilize acetylcholinesterase , but excess CHIT-GO might result

in a compact film on glassy carbon electrode surface to block

the electron transfer in reverse.

The amount of acetylcholinesterase  immobilized on the

electrode surface was another important factor relating to the

performance of the biosensor. Fig. 3b displayed the plot

of the concentration of acetylcholinesterase versus the

amperometric response of the biosensor. With the increasing

of the concentration of acetylcholinesterase , the peak current

increased gradually and reached the maximal value at 20.0 U

mL-1. After that, the amperometric response decreased

gradually as the concentration of acetylcholinesterase  further

increased. This turning point might be ascribed to the fact that

a large number of acetylcholinesterase  would block the

electron transfer.

The bioactivity of the immobilized acetylcholinesterase

depended greatly on the pH of electrolyte solution. Fig. 3c

showed the plot of amperometric response of the biosensor

versus different pH in 0.2 M phosphate buffer solution (6.0-

8.0) in the presence of 0.4 mM acetylthiocholine. The AChE/

CHIT-GO/GCE showed the optimal electrocatalytic activity

in buffer solution of pH 7, which was close to that reported

for soluble enzyme, suggesting the immobilization did not

change the fundamental microenvironment of acetylcholine-

sterase  in a solution. Thus, the optimum pH of 7 was selected

in this work for the determination of carbaryl.

Effect of carbaryl concentration on activity of immo-

bilized acetylcholinesterase: As shown in Fig. 4, with the

increasing of the carbaryl concentration in the immersing

solution, a noticeable decrease in voltammetric signal at AChE/

CHIT-GO/GCE was observed. The decrease of peak current

mainly resulted from a decrease of the activity of immobilized

acetylcholinesterase  and accordingly resulted in the decrease

of produced thiocholine. The carbaryl as one of the carbamate

pesticides exhibited high toxicity to inhibit irreversibly the

activity of acetylcholinesterase . Thus, the thiocholine from

the hydrolysis of acetylthiocholine catalyzed by acetylcho-

linesterase  also decreased. When the concentration of carbaryl
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was over 5 mM, the inhibition of carbaryl on the activity of

acetylcholinesterase  trended to a maintained constant value,

indicating its binding interaction with active target group in

acetylcholinesterase  could reach saturation, at which the

maximum inhibition occurred.
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Fig. 3. Effects of concentration of CHIT-GO (a), concentration of AChE

(b) and pH of PBS (c) on carbaryl detection
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Fig. 4. Cyclic voltammograms of AChE/CHIT-GO/GCE in 0.2 M PBS

solution (pH 7.0) containing 0.4 mM ATCl after adding different

concentration of carbaryl: 0 (a), 0.2 (b), 0.3 (c), 1.0 (d) and 4.0 (e)

µM. Scan rate: 40 mV s-1

Calibration curve: Fig. 5 showed the inhibition of AChE/

CHIT-GO/GCE in 0.2 M phosphate buffer solution (pH 7.0)

containing 0.4 mM acetylthiocholine after the modified

electrode was immersed in a solution containing different

concentration of carbaryl for 10 min. As the concentration of

carbaryl in the immersing solution increased, the peak current

at the AChE/CHIT-GO/GCE decreased gradually. Under the

optimal experimental condition, the carbaryl inhibition to

AChE/CHIT-GO/GCE was proportional to its concentration

in two ranges from 0.005 to 0.4 µM (the inset a in Fig. 5) and

1.0 to 5.0 µM (the inset b in Fig. 5) with the correlation coeffi-

cients of 0.9990 and 0.9994, respectively. The detection limit

was calculated to be about 4.0 nM.
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Fig. 5. Inhibition of AChE/CHIT-GO/GCE in 0.2 M PBS (pH 7.0)

containing 0.4 mM ATCl after adding different concentration of

carbaryl. Inset: calibration curves in the range of 0.005-0.4 µM (A)

and 1.0-5.0 µM (B), respectively

To further demonstrate the practicality of the proposed

method, the recovery test was studied by adding different
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amounts of carbaryl into water samples. Results are summa-

rized in Table-1. The recoveries were from 96.3 to 106 %. The

results indicated that the proposed method was highly accurate,

precise and reproducible. It could be used for direct analysis

of relevant samples.

TABLE-1 
RECOVERY STUDIES OF CARBARYL IN WATER SAMPLES 

Sample Taken (µmol L-1) Found (µmol L-1) Recovery (%) 

1 0.050 0.0048   98 

2 0.100 0.1080 108 

3 0.400 0.3800   95 

4 1.000 0.9600   96 

5 5.000 5.3500 107 

 
Selectivity and stability: The interferences from the other

electroactive nitrophenyl derivative such as nitrophenol and

other oxygen containing inorganic ions (SO4
2-, NO3

–) were

investigated. No obvious inhibition behaviour could be

observed. Thus, the electrode was selective and the electrode

could be applied to the determination of carbaryl in practical

samples.

When the enzyme electrode was not in use, it was stored

in a refrigerator in N2-saturated desiccator at 4 ºC for 10 days,

no obvious decrease in the current response of AChE/CHIT-

GO/GCE was observed. After 30-day storage period, the

biosensor retained 82.2 % of its initial current response. It

indicated that CHIT-GO hybrid interface provided a

biocompatible microenvironment around the acetylcholine-

sterase  to stabilize its biological activity to a large extent.

Conclusion

In summary, a simple method to immobilize acetylcho-

linesterase  on CHIT-GO sheets modified glassy carbon electrode

was proposed and a sensitive amperometric biosensor for fast

determination of carbaryl pesticide was developed. Under the

optimal parameters, the AChE/CHIT-GO/GCE exhibited a

good electrochemical response for carbaryl owing to its good

biocompatibility with acetylcholinesterase  toward oxidation

of thiocholine, which was a product from the hydrolysis of

acetylthiocholine catalyzed by acetylcholinesterase. The

inhibition of carbaryl on the activity of acetylcholinesterase

was proportional to carbaryl pesticide concentration in the

range from 0.005 to 0.4 µM and from 1.0 to 5.0 µM with the

correlation coefficients of 0.9990 and 0.9994, respectively.

The detection limit was estimated to be about 4.0 nM. The

developed biosensor provides a new promising tool for pesticide

analysis.
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