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A novel acetylcholinesterase (AChE)/choline oxidase (ChOx) bienzyme amperometric acetylcholine
biosensor based on gold nanoparticles (AuNPs) and multi-walled carbon nanotubes (MWCNTSs) has been
successfully developed by self-assembly process in combination of sol-gel technique. A thiolated aque-
ous silica sol containing MWCNTSs and ChOx was first dropped on the surface of a cleaned Pt electrode,
and then AuNPs were assembled with the thiolated sol-gel network. Finally, the alternate deposition of
poly (diallyldimethylammonium chloride) (PDDA) and AChE was repeated to assemble different layers of

If:;’ :"r‘_’tr)‘;s_l ayer PDDA-AChE on the electrode for optimizing AChE loading. Among the resulting biosensors, the biosensor
Sol-gel based on two layers of PDDA-AChE multilayer films showed the best performance. It exhibited a wide

linear range, high sensitivity and fast amperometric response, which were 0.005-0.4 mM, 3.395 pwA/mM,
and within 15, respectively. The biosensor showed long-term stability and acceptable reproducibility.
More importantly, this study could provide a simple and effective multienzyme immobilization platform

Carbon nanotubes
Gold nanoparticles
Acetylcholine biosensor

for meeting the demand of the effective immobilization enzyme on the electrode surface.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The development of the acetylcholinesterase (AChE)-based
biosensor is of crucial importance for healthy inspection and
environment protection. Firstly, acetylcholine is one of the first
neurotransmitters discovered in the brain and the peripheral
nervous system and it plays numerous roles (Liu et al., 2005).
Determination of acetylcholine is important for the character-
ization of cholinergic transmission in normal and pathological
physiology (Mitchell, 2004), which is of major importance in
biotechnology as well as in clinical applications (Ozturk et al.,
2007). In addition, AChE is the most important target molecule
of organophosphates compounds which are known as inhibitors
of AChE. Therefore, many AChE-based biosensors have been pro-
posed via electrochemiluminescence (Wang et al.,, 2009; Deng
et al., 2011), fluorescence (Ozturk et al., 2007; Chen et al,
2011), and amperometric methods (Pchelintsev and Millner,
2008; Vamvakaki et al., 2008; Shimomura et al., 2009; Zhu
et al, 2009). Among AChE-based biosensors, the amperomet-
ric AChE/choline oxidase (ChOx) bienzyme-based biosensor is
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especially promising because of its potential high sensitivity,
good selectivity and reproducibility. The working mechanism of
AChE/ChOx bienzyme biosensor for acetylcholine is based on the
following sequential biochemical reactions (Chen et al., 1998):

. AChE .
acetylcholine + H20i> choline + acetate

choline + H,0 + 20201—03(betaine +2H50,

In the presence of oxygen, AChE and ChOx catalyze the succes-
sive reactions of acetylcholine to form hydrogen peroxide (H,0,)
which can be easily oxidized at an electrode. The oxidation current
of hydrogen peroxide can be used as a measure of acetylcholine,
choline and AChE activity.

The key aspect in developing any enzyme-based biosensors
is the effective immobilization of enzyme on the solid electrode
surface (Yang et al., 2005; Wu et al., 2007a). One another impor-
tant criterion for the performance of this bienzyme biosensor is
the ratio of the two enzymes present on the electrode surface
(Mackey et al., 2007). Compared to one enzyme, bienzyme immo-
bilization is more complex. It is highly desired to develop a simple
and effective AChE/ChOx bienzyme immobilization matrix for
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fabricating the high biological activity and stability of acetylcholine
biosensor.

Since Wang et al. (1998b) firstly proposed a simple and attrac-
tive procedure for the design of three-dimensional silica gel
network based on the coupling of self-assembled monolayer and
sol-gel process, this procedure has attracted much attention. It has
been demonstrated that the coupling of sol-gel and self-assembly
process is an effective and versatile method for immobilization
of a variety of biomolecules (Shen et al., 2005). One of the qual-
ity examples was the fabrication of a third-generation horseradish
peroxidase amperometric biosensor developed by self-assembling
gold nanoparticles (AuNPs) to a thiol-containing sol-gel network
(Jiaetal.,2002).Inview of the fact that AuNPs can assist the electron
transfer, the resulting biosensor exhibited high sensitivity, good
reproducibility, and long-term stability. AuNPs are the promising
nanomaterials explored for chemical and biological sensing appli-
cation, because AuNPs are suitable for binding of biomolecules due
to facilitation of direct and fast electron transfer (Andreescu and
Luck, 2008; Huang et al., 2011). Therefore, the combination of this
procedure and AuNPs has attracted wide attention for use in differ-
ent types of biosensors. For example, Deng et al. (2009) provided a
new biocompatible platform for constructing the dehydrogenase-
based electrochemiluminescence biosensor based on sol-gel and
AuNPs. Recently, Kannan and Abraham John (2010) reported
a hydroxylamine amperometric biosensor using self-assembled
AuNPs on sol-gel film, which showed good electrocatalytic
properties.

Meanwhile, carbon nanotubes (CNTs) have also been demon-
strated to provide an ideal platform for biosensing applications,
which could possess advantages including their unique structures,
a large edge/basal plane ratio, enhanced electronic properties,
and rapid electrode kinetics (Zhang et al., 2009; Firdoz et al.,
2010; Lietal., 2011). AuNP-CNTs nanostructures were successfully
used to enhance the sensitivity of biosensors, which has attracted
considerable attention in recent work. Previously, we reported
an amperometric glucose biosensor based on self-assembly of
multilayer films composed of multi-walled carbon nanotubes
(MWCNTSs), AuNPs and glucose oxidase for the specific detection
of glucose. Compared with MWCNTs or AuNPs sensor, the elec-
trochemical characteristics of MWCNTs/AuNPs-based sensor were
much more improved (Wu et al., 2007b). Xiao et al. (2008) devel-
oped a biosensor for highly sensitive electrochemical detection of
arsenic using AuNPs modified CNTs via anodic stripping voltamme-
try. More recently, Pundir et al. (2011) developed an amperometric
oxalate biosensor using nanohybrid film of CNTs and AuNPs via
carbodiimide chemistry, and found that the modified electrode
exhibited a variety of good electrochemical characteristics includ-
ing high sensitivity, rapid response and long-term stability. The
hybrid nanostructures may improve the performances of the sin-
gle component, and even extend the possible uses for these new
composites (Tello et al., 2008; Minati et al., 2010).

Based on the above consideration, here we utilized the coupling
of sol-gel and self-assembly process to fabricate a novel bien-
zyme amperometric acetylcholine biosensor based on MWCNTSs
and AuNPs in order to develop a simple and effective bien-
zyme immobilization matrix for meeting the demand of the
effective immobilization enzyme on the electrode surface. To
the best of our knowledge, self-assembly of AuNPs and AChE
on the MWCNTs/ChOx/sol-gel modified electrode for construct-
ing the bienzyme acetylcholine biosensor has not yet been
reported.

The resulting biosensor should not only exhibit the ben-
efits of the advantages of sol-gel, self-assembly, MWCNTs
and AuNPs, but also can provide a universal and effective
immobilization platform for constructing the multienzyme-based
biosensor.

2. Experimental
2.1. Reagents

Acetylcholinesterase (AChE, EC3.1.1.7, 1100 units/mg protein,
from electric eel), choline oxidase (EC1.1.3.17, 17 units/mg protein,
from alcaligenes species), acetylcholine chloride, choline chloride,
and (3-mercaptopropyl)trimethoxy silane (MPTMOS) were pur-
chased from Sigma-Aldrich. MWCNTs (>50 nm diameter, length
0.5-2 pm, and >95% purity) were obtained from Chengdu Insti-
tute of Organic Chemistry, Chinese Academy of Science (China).
Chloroauric acid hydrated (HAuCly-4H,0) was purchased from
Sinopharm Chemical Reagent Co. (China). All the reagents were
of analytical grade and used without further purification. The
high-purity deionized water (resistance, 18 M€2cm) was used
throughout this work. Phosphate-buffered saline (PBS, pH 8.0)
buffer was employed as supporting electrolyte. All experiments
were performed in PBS at room temperature, approximately 25 °C.

2.2. Apparatus and measurements

Electrochemical measurements were carried out by a
Potentiostat-Galvanostat (EG&G PARC Model 283 with a soft-
ware M270). A three-electrode system was employed with the
enzyme modified Pt electrode as the working electrode, a Pt wire
as the auxiliary electrode and Ag/AgCl (saturated KCl) as the refer-
ence electrode in an electrochemical cell filled with 20 ml of PBS at
room temperature. The electrochemical impedance spectroscopy
(EIS) experiment was performed with a CHI660c electrochemical
working station in 0.1 M KCl containing 5 mM [Fe(CN)g]3~/4- (1:1)
with a frequency range from 100kHz to 1Hz with an amplitude
of 5mV. The absorption spectrum of AuNPs was obtained using a
UV/VIS spectrometer (Lambda 35, Perkin-Elmer, USA). To examine
the size of AuNPs, the sample was observed by a JEM-2100HR
transmission electron microscopy (TEM) at 200 kV.

2.3. Preparation of biosensor

2.3.1. Preparation of AuNPs and PDDA-MW(CNTs

All glassware used in the following procedure was cleaned in
a bath of freshly prepared solution (3:1 HNO3-HCl), thoroughly
washed with water, and dried prior to use. AuNPs were prepared
according to the literature (Hill and Mikin, 2006) by adding sodium
citrate to a boiling HAuCl4 aqueous solution. The solution was kept
boiling for 15 min under vigorous stirring, then allowed to cool
down to room temperature, and stored at 4°C.

MWCNTs were sonicated in PDDA solution (2g/l), and cen-
trifuged at 10,000 rpm for 10 min. The sediment comprising of
impurities, aggregates, and bundles of nanotubes at the bottom of
the centrifuge tube was discarded, and the supernatant containing
PDDA-MWCNTSs was collected.

2.3.2. Preparation of thiolated aqueous silica sol

Aqueous silica sol was prepared according to the literatures
(Wanget al., 1998a; Jia et al., 2002). Briefly, MPTMOS with water at
a 1:4ratio, 10% of ethanol, and 3.3% of 0.1 M hydrochloric acid were
mixed and sonicated for 30 min until a clear and homogenous solu-
tion resulted and was subsequently stored at room temperature for
2-3h.

2.3.3. Configuration of the acetylcholine biosensor
The acetylcholine biosensor was prepared according to the fol-
lowing steps:

Step 1: the bare Pt electrode was polished with chamois leather
containing 0.05 pm alumina slurry, rinsed thoroughly with water,
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Fig. 1. Scheme of preparation of the AChE/ChOx bienzyme amperometric biosensor for acetylcholine based on MWCNTs and AuNPs using the coupling of sol-gel and

self-assembly process.

successively sonicated in water and absolute ethanol, and dried at
room temperature.

Step 2: a homogeneous stock sol-gel/ MWCNTs/ChOx solution was
prepared by carefully mixing sol-gel with ChOx (5 g/1) and PDDA-
MW(CNTSs at a 1:4:2 volume ratio. Then the freshly mixture was
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Fig. 2. Electrochemical impedance spectroscopy of the bare electrode (a), sol-
MW(CNTSs/Pt (b), sol-MWCNT-AuNPs/Pt (c), and MWCNT-AuNP-PDDA-AChE/Pt (d) in
0.1 MKCl containing 5 mM [Fe(CN)s]>~/4- (1:1) with a frequency range from 100 kHz
to 1Hz with an amplitude of 5mV.

dropped on the surface of Pt electrode, and allowed to dry at 4°C,
which was regarded as MWCNT-ChOx/Pt electrode.

Step 3: MWCNT-ChOXx/Pt electrode was immersed in AuNPs solu-
tion for 5h at 4°C, and thoroughly rinsed with PBS which was
applied at the end of each assembly deposition for dissociating the
weak adsorption, which was regarded as MWCNT-AuNP-ChOx/Pt
electrode.

Step 4: MWCNT-AuNP-ChOx/Pt electrode was alternately
immersed in AChE (0.2 g/l) and PDDA solution according to the
reported procedure (Shi et al.,, 2005). Briefly, MWCNT-AuNP-
ChOx/Pt electrode was firstly immersed in AChE solution for
30min to immobilize AChE, and then transferred to PDDA
solution for 30min. The alternate deposition of PDDA and
AChE was repeated to assemble different layers of PDDA-
AChE for optimizing AChE loading, which was regarded as
MWCNT-AuNP-(PDDA-AChE)n/Pt electrode.

3. Results and discussion

3.1. Preparation and characterization of
MWCNT-AuNP-(PDDA-AChE )n/Pt electrode

Experiments were carried out with the aim of developing a
simple and effective AChE/ChOx bienzyme immobilization matrix.
Fig. 1 shows the stepwise fabrication process of the AChE/ChOx
bienzyme amperometric acetylcholine biosensor. First, a thiolated
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MPTMOS sol containing MWCNTs and ChOx was dropped on the
surface of a cleaned Pt electrode as the base electrode. MPTMOS
is a good conjunction reagent with two reactive functional groups,
the trimethoxysilane head group and the thiol tail (Wu et al., 2008).
Trimethoxysilane head group can undergo hydrolysis and conden-
sation reaction to form a covalently linked siloxane network which
can be used for immobilization of ChOx and MWCNTSs. The thiol
tail can be used to assemble AuNPs via the Au—S bond. Mean-
while, PDDA-MWCNTs can provide an interface for the assembly
of AuNPs and AChE through electrostatic interaction between pos-
itively charged PDDA and negatively charged AuNPs and AChE.
Second, AuNPs were immobilized on the base electrode through
chemisorption and electrostatic attraction. Third, the alternate
deposition of PDDA and AChE was on the AuNPs modified base
electrode to obtain MWCNT-AuNP-(PDDA-AChE)n/Pt electrode for
optimizing AChE loading. Here AChE is used as a negatively charged
material for preparing the multilayer films of PDDA-AChE around
pH 8.0, because the isoelectric point (pI) of AChE lies around pH 5.0
(Vamvakaki et al., 2008), which can adsorb the polycationic PDDA
by electrostatic adsorption.

The typical scanning electron microscope (SEM) images of sol-
MWCNTs, sol-MWCNT-AuNPs, and MWCNT-AuNP-PDDA-AChE
were characterized by SEM studies (see Supplementary Material
Fig.S1). The bare substrate surface is relatively compact and smooth
(Fig. S1a). Fig. S1b and c display a stepwise layering of sol-MWCNT
and immobilization of AuNPs (the small bright dots) onto the sur-
face, respectively. After the immobilization of AChE, the surface
of sol-MWCNT-AuNPs undergoes a drastic change, confirming the
successfully self-assembly of AChE onto the sol-MWCNT-AuNPs
surface (Fig. S1d). This is further supported by the EIS measure-
ments, as shown in Fig. 2. The EIS includes a semicircular part and a
linear part. The semicircular part at higher frequencies corresponds
to the electron transfer limited process, while the linear part at
lower frequencies corresponds to the diffusion process. The diam-
eter of the semicircle is equivalent to the charge transfer resistance,
Rct (Zhu et al.,, 2010). It is noted that the bare Pt electrode shows
a very small Rct (Fig. 2a), indicating a very fast electron-transfer
process of [Fe(CN)g]>~/4~. At sol-MWCNTs/pt electrode, an obvi-
ous increase in the semicircle diameter is observed (Fig. 2b). This
can be explained by the fact that MWCNTs are immobilized in the
sol-gel which acts as the inert electron and mass transfer blocking
layer (Jia et al., 2002), so sol-bound MWCNTs decrease the ability
for MWCNTs to transfer electron. When AuNPs are chemisorbed on
the sol-MWCNTs/pt electrode, the semicircle diameter decreases
obviously (Fig. 2c), implying that AuNPs are acting as good electron
conducting materials. Compared to the sol-MWCNT-AuNPs/pt elec-
trode, the semicircle diameter increases with the self-assembly of
AChE (Fig. 2d), confirming the immobilization of enzyme. It may be
due to the negatively charged AChE and the increase of the thick-
ness of the interface, which reduced the electron transfer between
anionic [Fe(CN)g]3~/4~ and Pt electrode (Du et al., 2008; Yin et al.,
2009; Chauhan and Pundir, 2011). Taken together, the SEM images
and EIS data showed that AuNPs and AChE were successfully assem-
bled on the thiolated sol-modified electrode surface.

Ithas been demonstrated that AuNPs with the diameter of 20 nm
can be both diffused into and on the surface of the sol-gel net-
work (Bharathi et al., 2001), and the small-sized AuNPs, 25 nm, can
form continuous AuNPs film on the surface of the (mercaptopropyl)
siloxane monolayer-modified electrode which was more densely
packed than the monolayer bound to the large-sized AuNPs (Doron
et al,, 1995). To further examine the size of AuNPs, the prepared
AuNPs sample was observed by TEM and optical spectra measure-
ments, as shown in Fig. 3. The SPR peak of AuNPs was located at
about 520 nm (Fig. 3A), the characteristic absorbance of AuNPs,
which was confirmed by TEM image of AuNPs (Fig. 3B). The TEM
image indicated that AuNPs were almost spherical in shape with
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Fig. 3. The UV-Vis absorption spectrum (A) and TEM image (B) of AuNPs.

an average size of about 15 nm. Therefore, both AuNPs and MWC-
NTs used in this work could be distributed throughout the sol-gel
network. They can form a continuous array of AuNPs and MWCNTSs
on the electrode, providing necessary conduction pathways.

3.2. Electrochemical behaviors of
MWCNT-AuNP-(PDDA-AChE )n/Pt electrode

In order to prepare the acetylcholine biosensor, the MWCNT-
ChOx/Pt electrode was first prepared as the base electrode, on
which AuNPs and PDDA-AChE multilayer films were deposited
further. Fig. 4 shows cyclic voltammograms of MWCNT-ChOx
(a, b and c), MWCNT-AuNP-PDDA-AChE (A, B and C) modified
Pt electrodes in PBS containing no choline and acetylcholine (a
and A), 1.6 mM acetylcholine (b and B), and 1.6 mM choline (c
and C) in the applied potential range from 0 to 600 mV with a
scan rate of 50 mV/s, respectively. The response of both MWCNT-
ChOx/Pt electrode and MWCNT-AuNP-PDDA-AChE/Pt electrode in
PBS displayed a low background current. Upon addition of 1.6 mM
choline, a large oxidation current was observed, confirming that
ChOx catalyzed the oxidation reaction of choline and the resul-
tant H,0, was electrooxidized at the electrodes. The current of
MWCNT-AuNP-PDDA-AChE/electrode was much higher than that
of MWCNT-ChOx/Pt electrode, demonstrating a synergistic effect of
MW(CNTs and AuNPs, which was in accordance with that reported
for nanocomposite modified electrodes (Du et al., 2010; Zhou
et al,, 2010). As expected, upon addition of 1.6 mM acetylcholine,
no current was observed at MWCNT-ChOx/Pt electrode, while
MWCNT-AuNP-PDDA-AChE/Pt electrode displayed an obvious oxi-
dation current, which not only proved that AChE was successfully
assembled on MWCNT-AuNP-ChOx/Pt electrode, but also proved
that two sequential enzyme reactions, the hydrolysis reaction
of acetylcholine and an oxidation reaction of resulting choline,
can proceed efficiently in the prepared bienzyme immobilization
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Fig. 4. Cyclic voltammograms of MWCNT-ChOx (a, b and c) and MWCNT-AuNP-
PDDA-AChHE (A, B and C) modified Pt electrode in PBS containing no choline and
acetylcholine (a and A), 1.6 mM acetylcholine (b and B), and 1.6 mM choline (c and
C), respectively. The scan rate is 50 mV/s.

matrix. Therefore, we get the ideal structure of the acetylcholine
biosensor, as shown in Fig. 1.

The amperometric acetylcholine biosensor originates from
the oxidation current of H,0,, which is generated during the
course of the AChE/ChOx-catalyzed oxidation of acetylcholine
in the presence of dissolved oxygen. The performances of the
acetylcholine sensor should significantly depend on the relative
value of AChE and ChOx loading on the electrode surface (Chen
et al, 1998). Here one simplifying assumptions is made. It is
assumed that immobilization of ChOx on the electrode is constant
and enough since ChOx mainly affects the overall signal, not their
relative responses. So this study investigates experimentally the
optimum AChE loading. To optimize the loading of AChE on the
electrode, the amperometric responses of MWCNT-AuNP-(PDDA-
AChE)n/Pt electrodes were studied at the applied potential of
0.6V vs. Ag/AgCl on successive addition of acetylcholine, which
are 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 mM, respectively, as shown in
Fig. 5. Curves 1-3 displayed the amperometric response of 1-3
layers of PDDA-AChE modified MWCNT-AuNP-ChOx/Pt electrode,
respectively. Experiments showed that the resulting acetylcholine
biosensors exhibited a rapid and sensitive response to the change
of acetylcholine concentration. The biosensor achieved 95% of the
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Fig. 5. Amperometric response of different layers of PDDA-AChE multilayer films

modified MWCNT-AuNP-ChOx/Pt electrode upon successive addition of acetyl-
choline at 0.6V vs. Ag/AgCl (number of multilayer films indicated on graph).

steady-state current within 15s, which might be due to the easy
diffusion of the products of enzymatic reactions in the sol-gel
and multilayer films, and the excellent electron-transfer ability of
MWCNTs and AuNPs. The amperometric response of the resulting
acetylcholine biosensor increased from one to two layers of PDDA-
AChE multilayer films, while the response was no longer enhanced
by further increasing the number of the PDDA-AChE layer. This
might be due to the relative values of catalytic activity of AChE and
ChOx (Chenetal., 1998; Shi et al., 2005). The current firstly depends
on the rate of the hydrolysis reaction of acetylcholine catalyzed
by AChE because of an insufficient loading of AChE. When the
electrode was equipped with more than two layers of PDDA-AChE,
the current is determined by the rate of the oxidation reaction of
choline catalyzed by ChOx. These considerations are qualitatively
in accordance with the fact that the catalytic activities of AChE
and ChOx used are nominally 1100 units/mg and 17 units/mg,
respectively. So among the resulting acetylcholine biosensors, the
MWOCNT-AuNP-(PDDA-AChE), /Pt electrode was best, confirming
that the coupling of sol-gel and self-assembly process is suitable
and effective for optimizing enzyme loading.

In order to select an adequate operating potential, the effect
of applied potential on the current of the MWCNT-AuNP-(PDDA-
AChE), [Pt electrode was carried out in 0.4 mM acetylcholine at
the applied potential shifts from 0.1 to 0.7 V. The results showed
that the current increased as the applied potential shifts from 0.1
to 0.35V, and reached a plateau around 0.35-0.7V, which was
in agreement with that reported for the detection of glucose and
choline (Wu et al.,, 2007b; Qin et al., 2010). Therefore, taking the
sensitivity and selectivity into consideration, the applied potential
of 0.35V was chosen as the working potential.

Fig. 6A shows the amperometric response of the MWCNT-AuNP-
(PDDA-AChE), /Pt electrode on successive addition of acetylcholine
in lower concentration regions (a) which are 0.005, 0.01, 0.02, 0.04,
0.08, 0.16 mM, and in higher concentration regions (b), which are
0.05, 0.1, 0.2, 0.4, 0.8, 1.6 mM, respectively. The response current
increased with increasing the acetylcholine concentration in the
range from 0.005 to 1.6 mM and reached a saturation value at high
acetylcholine concentration, indicating that the AChE/ChOx cat-
alytic reaction changed from first to zero order, which was the
characteristic of Michaelis-Menten kinetics. The calibration curve
under the optimized experimental conditions was shown in Fig. 6B.
A good linear relation was observed in the range from 0.005 to
0.4 mM acetylcholine with a correlation coefficient of 0.9955. Linear
regression equation (10 points) was Y (A)=0.006 + 3.395X (acetyl-
choline, mM) with the detection limit of 1 wM when signal-to-noise
ratio was 3. Relative standard deviation was found to be 5% for five
successive measurements of 0.1 mM acetylcholine, indicating an
acceptable reproducibility. A comparison between the analytical
utility of some AChE-based biosensors for acetylcholine was made
(see Supplementary Material Table S1). The calibration range of
the proposed biosensor is not extremely wide, but it is better than
the practical range reported in the literatures (Vamvakaki et al.,
2008; Wang et al., 2009; Zhu et al., 2009; Deng et al., 2011). And the
detection limit was 1 wM which was lower than that of some other
detection methods (Ozturk et al., 2007; Pchelintsev and Millner,
2008; Shimomura et al., 2009; Chen et al., 2011). More importantly,
the obvious advantage of this study is simple and effective in opti-
mizing AChE/ChOx loading ratio which is an important criterion for
the performance of the bienzyme or multienzyme biosensor.

The selectivity of the acetylcholine biosensor relative to var-
ious potentially electroactive species, such as ascorbic acid, uric
acid, acetaminophen, dopamine and serotonin was tested in PBS.
No noticeable changes in current were detected through measuring
the amperometric response to 0.2 mM acetylcholine on successive
addition of 0.1 mM ascorbic acid, 0.1 mM acetaminophen, 0.5 mM
uric acid, 10 wM serotonin, and 10 wM dopamine at the potential
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Fig. 6. (A) Amperometric responses of the MWCNT-AuNP-(PDDA-AChE), /Pt elec-
trode upon successive addition of acetylcholine in the lower (a) and higher (b)
concentration regions at 0.35V vs. Ag/AgCl. (B) The calibration curve of the above
electrode. Error bars = +standard deviation and n=5.

of 0.35V vs. Ag/AgCl. The acceptable selectivity of the biosensor
could be mainly attributed to the high sensitivity of the resulting
acetylcholine biosensor and the relative low working potential for
detection. Moreover, it may be due to the MPTMOS sol-gel, which
has the good anti-interference ability (Yang et al., 2008).

In order to demonstrate long-term stability, the amperomet-
ric response of the MWCNT-AuNP-(PDDA-AChE), /Pt electrode to
0.1 mM acetylcholine was measured every day. When the electrode
was stored at 4 °C for two months, it remained 80% of its initial cur-
rentresponse. The high stability should be attributed to the stability
of sol-gel and self-assembly films and the natural features of MWC-
NTs and AuNPs, which can provide a favorable microenvironment
for preserving the activity of AChE and ChOx.

4. Conclusions

This paper presents a novel amperometric acetylcholine
biosensor based on self-assembly of AuNPs and AChE on the
MWCNTs/ChOx/sol-gel-modified Pt electrode surface. Among the
resulting biosensors, the biosensor based on two layers of PDDA-
AChE showed the best performance, confirming that the coupling
of sol-gel and self-assembly process was suitable and effective for
optimizing enzyme loading. The proposed acetylcholine biosensor
has shown satisfactory results for the determination of acetyl-
choline such as high sensitivity and long-term stability. Significant
advantages of the proposed biosensor include simplicity of fabrica-
tion and the benefits of sol-gel, self-assembly, nanoparticles and
enzyme-based amperometric biosensor. More importantly, this
study can provide a universal and effective immobilization plat-
form for constructing the multienzyme-based biosensor.
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