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a b s t r a c t

A simple method to immobilize acetylcholinesterase (AChE) on polypyrrole (PPy) and polyaniline (PANI)
copolymer doped with multi-walled carbon nanotubes (MWCNTs) was proposed. The synthesized PAn-
PPy-MWCNTs copolymer presented a porous and homogeneous morphology which provided an ideal size
to entrap enzyme molecules. Due to the biocompatible microenvironment provided by the copolymer
eywords:
olypyrrole-polyaniline copolymer
arbon nanotubes
rganophosphates
cetylcholinesterase

network, the obtained composite was devised for AChE attachment, resulting in a stable AChE biosensor
for screening of organophosphates (OPs) exposure. MWCNTs promoted electron-transfer reactions at a
lower potential and catalyzed the electro-oxidation of thiocholine, thus increasing detection sensitivity.
Based on the inhibition of OPs on the AChE activity, using malathion as a model compound, the inhibi-
tion of malathion was proportional to its concentration ranging from 0.01 to 0.5 �g/mL and from 1 to
25 �g/mL, with a detection limit of 1.0 ng/mL. The developed biosensor exhibited good reproducibility

hus p
iosensor and acceptable stability, t

. Introduction

Organophosphates (OPs) have been widely used as pesticides
n modern agriculture due to their low persistence and high
nsecticidal activity (Young et al., 2004; Wang and Lin, 2008).
owever, long-term accumulations in environment, OPs contami-
ations have raised serious public concern regarding the food safety
nd human health (Wang et al., 2009; Scott et al., 1999). Numer-
us analysis methods including gas chromatography (Frenich et al.,
005), liquid chromatography (Cappielo et al., 2002), ultraviolet
pectroscopy (Ganzera et al., 2006), gas-mass spectroscopy (Wong
t al., 2007), fluorimetry (Dams et al., 2002) and surface plasmon
esonance (SPR) (Chand and Gupta, 2007) have been developed
o assess OPs exposures. Although these methods could quantita-
ively provide an accurate evaluation of the health risk of integrated
Ps exposure, they still suffer from some intrinsic disadvantages of
ither low detection specificity and sensitivity, or expensive anal-
sis settings entailing well-trained personnel and inconvenience

or field applications. Hence, simple, sensitive, selective, and field-
eployable tools are still highly desired for biomonitoring and
iagnostic evaluation of OP exposures.

∗ Corresponding author. Tel.: +86 27 67867958.
E-mail address: dudan@mail.ccnu.edu.cn (D. Du).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.04.018
roviding a new promising tool for analysis of enzyme inhibitors.
© 2010 Elsevier B.V. All rights reserved.

Amperometric acetylcholinesterase (AChE) biosensors present
a promising alternative to the traditional methods due to their good
selectivity, sensitivity, rapid response, and miniature size. AChE
biosensors have shown satisfactory results for pesticides analy-
sis (Du et al., 2007a, 2010), in which the enzymatic activity is
employed as an indicator of quantitative measurement of insec-
ticides. In this regard, immobilization of enzyme to an electrode
surface without its bioactivity being sacrificed is a crucial step
for the design of the biosensors (Gill and Ballesteros, 2000). Usual
methods of immobilization include direct physical adsorption onto
a solid support (Sotiropoulou and Chaniotakis, 2005), encapsula-
tion into a hydrogel (Yadavalli et al., 2004), cross-linking (Solna et
al., 2005), and covalent binding (Lin et al., 2004). The conducting
polymers have attracted much attention due to their interest-
ing electrical and electrochemical properties (Mu et al., 1997).
Among them, polyaniline (PAn) and polypyrrole (PPy) gain their
popularities by exhibiting relatively high conductivity, easy prepa-
ration, and excellent environmental stability (Hong and Park, 2005;
Zhong et al., 2006). Their most promising applications are elec-
trochemical biosensing, as they can provide suitable environment
for immobilization of biomolecules and act as mediator (Luo et

al., 2006; Kim et al., 2000). Recently, copolymers composites were
also prepared successfully (Kojima et al., 1995; Cho et al., 2004).
The syntheses can be achieved either by electrolyzing the solution
including two monomers or by two-step electropolymerization
(Cakmak et al., 2005). In the second method, the first monomer is

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:dudan@mail.ccnu.edu.cn
dx.doi.org/10.1016/j.bios.2010.04.018
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lectrochemically polymerized on the electrode surface and it is
sed as an electrode for the polymerization of second monomer.
he main motivation for preparing copolymer composites lies in
he possibility that the resulting product will not only display bet-
er properties than that of homopolymers and also overcome the
imitation of the rareness of new conjugated �-bond-containing

onomers (Choi and Park, 2000). In the recent years, copolymers
ncorporated with nanomaterials such as carbon nanotubes (CNTs)
ave been largely prepared. The resulting nanocomposites not
nly embodied the merits of the different components, which can
iden the application fields than the neat ones but also exhibited

nhancement of electrical ability as well as mechanical properties
ompared with pure conducting polymer or nanomaterials (Star et
l., 2001; Chen et al., 1998; Arduini et al., 2006; Li et al., 2007).

In this paper, electrochemically formed copolymers were syn-
hesized by subsequent electropolymerization of PPy and PAn
n CNTs modified electrode for immobilization of AChE, leading
o a stable AChE sensor for rapid determination of malathion,

model compound of OPs pesticides, quantitatively. The sur-
ace hydrophilicity was improved greatly after forming a complex
tructure instead of a separate layer. It provided an excellent envi-
onmental and chemical stability around the enzyme molecule to
tabilize its biological activity to a large extent. The presence of
anoparticles not only promoted electron-transfer reactions and
atalyzed the electro-oxidation of thiocholine, but also increased
he surface area to capture a large amount of enzymes, thus increas-
ng detection sensitivity.

. Experimental

.1. Reagents

AChE (Type C3389, 500 U/mg from electric eel), Acetylthio-
holine chloride (ATCl) and pralidoxime iodide were purchased
rom Sigma–Aldrich (St. Louis, USA) and used as received.

alathion was obtained from AccuStandard (USA). Multi-walled
arbon nanotubes (MWCNTs, Shenzhen Nanotech Port Co. Ltd.,
hina) were used with further purification. Pyrrole and aniline were
btained from Aldrich and purified twice by distillation under the
rotection of high purity nitrogen and then kept in refrigerator
efore use. Other reagents, including sodium dodecyl sulfate (SDS)
nd phosphate buffer saline (PBS, pH 7.0) were of analytical reagent
rade.

.2. Instruments

Electrochemical measurements were performed on CHI-660C
orkstation (Shanghai Chenhua Instrument Corporation, China)
ith a conventional three-electrode system comprising platinum
ire as auxiliary electrode, saturated calomel electrode (SCE) as ref-

rence and PAn-PPy-MWCNTs composite attaching AChE modified
lassy carbon electrode (AChE/PAn-PPy-MWCNTs/GCE) as working
lectrode. Electrochemical impedance measurements were carried
ut in 5 mM Fe(CN)6

4−/3− with frequencies from 0.01 Hz to 100 kHz
t open-circuit potential with an amplitude of 5 mV. Attenuated
otal reflection Fourier-transform infrared spectra (ATR-FTIR) were
ecorded on a Nexus 470 FTIR (Nicolet, USA) equipped with an
mni sampler over 32 scans. Scanning electron microscopy (SEM)
mages were performed on a LEO 1450VP (Japan) scanning electron

icroscope.
.3. Preparation of AChE/PAn-PPy-MWCNTs/GCE

A GCE was carefully polished carefully to a mirrorlike with 0.3-
nd 0.05-�m Al2O3 paste and washed sonication with ethanol and
ater. Before modification, a potential of +1.75 V was applied to
tronics 25 (2010) 2503–2508

the electrode, with stirring in pH 5.0 acetate buffer for 300 s and
then scanned from +0.3 to +1.25 V and from +0.3 to −1.3 V until
a steady curve was obtained. After this treatment, a large amount
of oxygen-containing functional groups were formed on the sur-
face of glass carbon electrode during the electrochemical activation.
Some change in color was observed and a hydrophilic surface of the
electrode was obtained (Du et al., 2007c).

The MWCNTs were refluxed in HNO3 for 10 h. The resulting
suspension was diluted with 500 mL water and centrifuged. The
functional MWCNTs were washed for several times and dried
at 60 ◦C overnight. For electrochemical deposition, the functional
MWCNTs were added into 0.1 M SDS solution for ultrasonica-
tion about 1 h to form a uniform solution (Islam et al., 2003).
Then, 0.1 M pyrrole was dissolved in this emulsion solution under
ultrasonic stirring for 15 min at room temperature and electro-
chemically deposited on the GCE by CV from −0.2 to 0.8 V for
eight circles. The obtained modified electrode, denoted as PPy-
MWCNTs/GCE, was gently washed with distilled water to remove
any non-adsorbed species. The PAn film was subsequently grown
on the PPy-MWCNTs/GCE surface from 0.5 M aniline in 1.0 M H2SO4
by electropolymerization in the potential range from −0.2 to 0.8 V
for eight cycles. The resulting PAn-PPy-MWCNTs nanocomposite
modified electrode was rinsed carefully with water and dried at
room temperature for 1 h. After evaporation of water, it was coated
with 3.0 �L AChE and incubated at 25 ◦C for 30 min to obtain the
AChE/PAn-PPy-MWCNTs/GCE. The biosensor was stored at 4 ◦C
when not in use.

2.4. Measurement procedure

For detection of malathion, the obtained AChE/PAn-PPy-
MWCNTs/GCE was first immersed in PBS containing different
concentrations of standard malathion for 15 min, and then trans-
ferred to the electrochemical cell of 1.0 mL pH 7.0 PBS containing
0.3 mM ATCl to study the electrochemical response by cyclic
voltammetry (CV). The inhibition of malathion was calculated as
follows:

I% = iP,control − iP,exp

iP,control
× 100%

where iP,control and iP,exp were peak currents of ATCl on AChE/PAn-
PPy-MWCNTs/GCE before and after exposure to malathion,
respectively.

Enzyme reactivation: after the AChE/PAn-PPy-MWCNTs/GCE
was inhibited by malathion, it was washed with PBS and reacti-
vated with 4.0 mM pralidoxime iodide for 8 min, then transferred
to electrochemical cell of 1.0 mL pH 7.0 PBS containing 0.3 mM ATCl
to study the electrochemical response. The reactivation efficiency
(R%) was estimated as follows:

R% =
(

ir − iP,exp

iP,control − iP,exp

)
× 100%

where ir was the peak current of ATCl on AChE/PAn-PPy-
MWCNTs/GCE after pralidoxime iodide reactivation.

3. Results and discussion

3.1. FTIR analysis

Fig. 1 showed the FTIR spectra of pure PAn (a), PPy-MWCNTs

(b) and PAn-PPy-MWCNTs copolymer (c). In the spectrum of PAn,
the characteristic peaks at 1570, 1540 and 1496 cm−1 (curve a)
are attributed to the C C stretching of quinoid and benzene ring,
respectively (Su et al., 2007). Those at 1142 and 1082 cm−1 belong
to C N stretching of the secondary aromatic amine. From the spec-
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ig. 1. FTIR spectra of pure PAn (a), PPy-MWCNTs (b) and PAn-PPy-MWCNTs copoly-
er (c).

rum of PPy-MWCNTs presented in curve b, the peaks at 1557
nd 1232 cm−1 are due to C C and C N stretching, respectively
Mohammadi et al., 1986; Watanabe et al., 1981). The peaks at
713 cm−1 is associated with the C O stretching of the –COOH
roup present in MWCNTs (Kuznetsova et al., 2000). Other promi-
ent feature for PPy-MWCNTs film was observed between 2840 and
925 cm−1, which can be assigned to the alkyl from SDS. The FIIR
pectrum of PAn-PPy-MWCNTs copolymer (curve c) presents all the
rominent features of PAn and PPy, which reveals the existence of
oth PAn and PPy in the copolymer film.

.2. SEM characterization

The morphology of PPy-MWCNTs (A), PAn-MWCNTs (B) and
An-PPy-MWCNTs nanocomposite (C) were characterized by SEM,
s shown in Fig. 2. It can be clearly seen that the PPy-MWCNTs
lm present a rather porous and homogeneous morphology, which
ay be attributed to the incorporation of MWCNTs and SDS into

he PPy film during electropolymerization. According to previous
tudies (Kamat et al., 2004; Kumar et al., 2004), pyrrole monomers
ould enter the interiors of SDS-encapsulated MWCNTs and locate
t the interfaces between surfactants and CNTs. If a positive voltage
as added to GCE, these SDS-encapsulated MWCNTs nanostruc-

ures would orient towards the surface of electrode. PPy located
t the interfaces between SDS and MWCNTs could be electropoly-
erized at GCE and CNTs to form a porous and homogeneous

Py-MWCNTs film (Zhang et al., 2004a,b,c). It was also found that
V scans less than eight circles resulted in thin and unstable film.
owever, longer scans more than eight circles resulted in tight
ttachment of thick pyrrole films, which blocked the electron trans-
er of the substrate. Thus, electrochemical deposition of pyrrole on
he electrode by CV scans for eight circles was selected for prepa-
ation of PPy-MWCNTs/GCE interface. If aniline monomers were
irectly electropolymerized with SDS-encapsulated MWCNTs, the
esulting PAn-MWCNTs displayed a totally different morphology in
hich some uniform spots like structure was observed (B). How-

ver, subsequent electropolymerization of aniline on PPy-MWCNTs
lm resulted in a uniform morphology, indicating a well-packed,
omogeneous PAn-PPy-MWCNTs nanocomposite was formed on
he electrode surface, as shown in Fig. 2C. This produced nanos-
ructure provides an ideal size to entrap enzyme molecules.

.3. Electrochemical impedance measurements
Electrochemical impedance spectroscopy (EIS) is a powerful
ool for mechanistic analysis of interfacial processes and for evalu-
ting impedance changes. In EIS, the semicircle diameter equals
he electron-transfer resistance, Rct. This resistance controls the
Fig. 2. SEM images of PPy-MWCNTs (A), PAn-MWCNTs (B) and PAn-PPy-MWCNTs
composite (C).

electron-transfer kinetics of the redox probe at the electrode inter-
face. Fig. 3A illustrated typical Nyquist plots obtained from bare GCE
(a), PAn-PPy-MWCNTs/GCE (b) and AChE-PAn-PPy-MWCNTs/GCE
(c) at the open-circuit potential using Fe(CN)6

3−/4− as the redox
probe. A very small interfacial resistance on bare GCE was exhib-
ited. When PAn-PPy-MWCNTs nanocomposites were formed on
the electrode, we were surprised to observe an almost straight
line (curve b). The Rct was largely decreased even lower than that

of a bare GCE. It is the characteristic of a mass diffusion limiting
electron-transfer process. This result indicates that the electron
transfer on the PAn-PPy-MWCNTs/GCE was very fast. The use of
MWCNTs makes the electrochemical detection of the products from
enzymatic reactions more feasible and promotes electron transfer
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Fig. 3. (A) Electrochemical impedance spectra of bare GCE (a), PAn-PPy-MWCNTs/GCE (b) and AChE-PAn-PPy-MWCNTs/GCE (c) in 5 mM K3Fe(CN)6 and K4Fe(CN)6. (B) Cyclic
voltammograms of bare GCE (a) and AChE-PAn-PPy-MWCNTs/GCE (b) in pH 7.0 PBS; AChE-PAn-PPy/GCE without MWCNTs (c) and AChE-PAn-PPy-MWCNTs/GCE (d) in pH
7.0 PBS containing 0.3 mM ATCl. Scan rate: 50 mV/s.
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3.5. Optimization parameters of the biosensor performance

The peak current was greatly influenced by the pH of the
detection solution from 5.0 to 9.0 and the maximum response was
observed at pH 7.0 (Fig. 4A). It was close to that previous report for
Fig. 4. Effect of the pH (A) and the volume of im

ue to their excellent and unique electronic properties. However,
fter the immobilization of AChE on the electrode surface, the inter-
acial resistance increased to 637 � (curve c) due to the increase
f the thickness of the interface. The phenomenon was consistent
ith the fact that the protein layer insulated the conductive support

nd blocked the interfacial electron transfer. This was the direct
vidence of successful binding of enzyme on the electrode surface.

.4. Electrochemical behavior of AChE-PAn-PPy-MWCNTs/GCE

As shown in Fig. 3B, no peak was observed at bare GCE (curve a)
nd AChE-PAn-PPy-MWCNTs/GCE (curve b) in pH 7.0 PBS. When
.3 mM ATCl was added to the PBS, the cyclic voltammogram
f AChE-PAn-PPy-MWCNTs/GCE showed an irreversible oxida-
ion peak at 797 mV (curve d) whereas no detectable signal was
bserved for PAn-PPy-MWCNTs/GCE (data not shown). Obviously
his peak arose from the oxidation of thiocholine, which is the
ydrolysis product of ATCl catalyzed by the immobilized AChE.
his peak was much higher than that on the AChE-PAn-PPy/GCE
ithout MWCNTs (curve c). This was due to the presence of MWC-
Ts in nanocomposite film, which possessed inherent conductive
roperties and catalytic behavior, thus it can provide a conductive
athway to electron transfer. The improvement in the response
f the electrode could also be attributed to the increased the sur-
ace area in the presence of MWCNTs to capture a large amount
f enzymes, thus amplifying the current response. The peak cur-

ent of thiocholine on the AChE-PAn-PPy-MWCNTs/GCE increased
ith increasing the scan rate and the peak potential shifted slightly.

he peak currents exhibited a linear dependence on the scan
ate ranging from 10 to 200 mV/s (data not shown), indicating a
ypical surface-controlled electrode process. The formed PAn-PPy-
ilized AChE (B) on the amperometric response.

MWCNTs nanocomposite provided an excellent environmental and
chemical stability around the enzyme molecule to stabilize its
biological activity to a large extent. The enzyme molecules were
immobilized successfully on the electrode surface without leakage.
Furthermore, the peak current observed in the simple electronic
voltammetric sensing system reflected the activity of immobilized
enzyme, which could be used as an indicator for quantitative mea-
surement of OPs involved in the inhibition action.
Fig. 5. Effect of inhibition time on inhibition efficiency.
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ig. 6. (A) Cyclic voltammograms of AChE-PAn-PPy-MWCNTs/GCE in pH 7.0 PBS co
.5 �g/mL (b), 2.0 �g/mL (c) and 20 �g/mL (d). (B) Relationship between inhibitions

ow concentrations.

ree AChE, indicating that copolymer film did not alter the optimal
H for catalytic behavior of AChE and the microenvironment sur-
ounding immobilized enzyme was easily accessed by substrate
Bernabei et al., 1993). Thus, pH 7.0 was used in the detection
olution.

The loading amount of AChE on electrode surface was another
mportant parameter affects the amperometric response. With
ncreasing the volume of AChE on the electrode, the signal from sub-
trate increased quickly and maintained this value at the volume
f 3.0 �L (Fig. 4B). It can be explained that as a result of imitation
f electrode area, more than 3.0 �L enzyme adsorbing were not
nough stable, indicating a saturation of enzyme loading. There-
ore, a volume of 3.0 �L of AChE is chosen as the optimal volume
or preparation of the biosensor.

.6. Effect of malathion on response of
ChE/PAn-PPy-MWCNTs/GCE

Upon the constructed AChE-PAn-PPy-MWCNTs/GCE was
mmersed in the standard solution of malathion at a known con-
entration, the produced current decreased drastically. Malathion
isplayed increasing inhibition on AChE with increasing the inhi-
ition time (Fig. 5). The inhibition curve trended to a stable value
hen the incubation time was longer than 15 min. However, the
aximum value of inhibition of malathion was not 100%, which

ndicated that the binding sites between pesticides and enzymes
ould reach saturation and equilibrium.

.7. Calibration curve

Upon construction AChE-PAn-PPy-MWCNTs/GCE was
mmersed in the standard solution of malathion at a known
oncentration for 15 min, the produced current decreased dras-
ically (Fig. 6A). This was because malathion as one of the OPs
esticides exhibited fairly high acute toxicity and involved in
he irreversible inhibition action on AChE, thus reduced the
nzymatic activity to its substrate. Due to the notable change in
oltammetric signal of the AChE-PAn-PPy-MWCNTs/GCE, a simple
ethod for determination of malathion was established. With

n increase concentration of malathion concentration, the peak
urrent decreased. Under the optimal experimental conditions, the
nhibitions of malathion on AChE-PAn-PPy-MWCNTs/GCE were

roportional to its concentrations in two ranges, from 0.01 to
.5 �g/mL and from 1 to 25 �g/mL. The regression equation was

% = 27.65c + 4.07 and I% = 1.28c + 38.84, with the correlation coef-
cients of 0.9927 and 0.9994, respectively (Fig. 6B). The detection

imit was 1.0 ng/mL, which is comparable to our previous studies
ng 0.3 mM ATCl (a) and after inhibition by malathion of different concentrations of
oncentrations of malathion. Inset: linear relationship between low inhibitions and

(Du et al., 2007b). Furthermore, the inhibition rate of malathion
decreased when increasing the concentration of malathion, indi-
cating that the binding sites between pesticides and enzymes
could reach saturation and equilibrium.

3.8. Reactivation

A crucial problem for practical applications is the strong inhi-
bition on AChE, which limits the reuse of biosensor. In order to
settle this problem, reactivation of the enzyme by oximes has been
investigated (Du et al., 2009; Chen et al., 2005). The AChE/PAn-PPy-
MWCNTs/GCE inhibited by OPs can be completely reactivated when
using nucleophilic compounds such as pralidoxime iodide. With
increasing reactivation time, the reactivation efficiency increased
and reached a constant value after 8 min. The inhibited AChE
could be regenerated more than 90% of its original activity after
immerging in 4.0 mM pralidoxime iodide. Based on this reactiva-
tion procedure, the proposed biosensor can be used repeatedly with
an acceptable reproducibility.

3.9. Precision of measurements and stability of biosensor

The inter-assay precision was estimated through determining
the response of 0.3 mM ATCl at five different electrodes, which were
immersed in 0.1 and 5.0 �g/mL malathion for 15 min, respectively.
Similarly, the intra-assay precision of the biosensors was evaluated
by assaying one enzyme electrode for five replicate determina-
tions. The RSD of inter-assay and intra-assay were found to be 2.3%
and 7.8%, respectively, indicating acceptable precision and repro-
ducibility. When the enzyme electrode was not in use, it was stored
in a refrigerator at 4 ◦C in dry condition for 2 weeks, no obvious
decrease in the response of ATCl was observed. After a 30-day stor-
age period, the sensor retained 85% of its initial current response.
It indicated that copolymer interface provided a biocompatible
microenvironment around the enzyme to stabilize its biological
activity to a large extent.

4. Conclusions

In this work, well-packed, homogeneous PAn-PPy-MWCNTs
copolymers were synthesized by subsequent electropolymeriza-
tion strategy for immobilization of AChE, leading to a stable AChE

biosensor for rapid determination of OPs quantitatively. The con-
structed copolymer network incorporating MWCNTs provided a
biocompatible microenvironment around the enzyme molecules to
stabilize their biological activity and prevented them from leaking
out of the interface. Due to the fast electron transfer of MWCNTs,
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he resulting AChE biosensor exhibited high affinity to its substrate
nd produced a detectable and fast response. Based on the notable
hange in voltammetric signal, the simple method for screening of
Ps exposure was established. The resulting AChE biosensor exhib-

ted high sensitivity, good reproducibility, long-term stability and
ow-cost processes, which provided a new promising tool for the
haracterization of enzyme inhibitors and pesticide analysis. This
ethod for preparation of biosensor was “green”, “low-cost”, and
ore importantly, did not involve the use of any cytotoxic agent.

he most difficult problem should focus on improving selectivity
f AChE biosensor for pesticide detection. We are also currently
acing the challenges of semi-automated procedures, which could
e achieved through further improvement in miniaturization of
lectrochemical system.
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