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a b s t r a c t

Amperometric biosensor is fabricated for the detection of carbaryl based on single walled carbon nan-
otubes (SWCNTs) and acetylcholine esterase (AchE). The dispersion of SWCNTs in positively charged
polyelectrolyte, poly(diallyldimethylammonium chloride) (PDDA), possibly takes place due to weak
supramolecular interaction between them, which then binds electrostatically to the negatively charged
AchE at pH 7.4 using layer-by-layer (LbL) self-assembly technique. The optical intensity of UV/vis spectra
eywords:
mperometric biosensor
arbaryl
ayer-by-layer self-assembly technique
ingle-walled carbon nanotubes

increased with the number of layers, indicating the build up of a multilayer coating on the electrode. The
activity of acetylcholine esterase on modified electrode of 3 mm in diameter was found to be 0.2 U. The
biosensor showed good sensitivity and stability towards the monitoring of carbaryl pesticides in water
with the detection limit of 10−12 g L−1 and recovery of 99.8 ± 2.7% to 10−10 g L−1. This protocol can be used
for the immobilization of other enzymes to fabricate a range of biosensors.
cetylcholine esterase
oly(diallyldimethylammonium chloride)

. Introduction

The presence of pesticide residues and metabolites in food,
ater and soil currently represents one of the major issues for the

nvironmental chemistry. Pesticides are, in fact, among the most
mportant environmental pollutants because of their increasing use
n agriculture [1]. Among the pesticides, organophosphate and car-
amate species have been used extensively because of their high

nsecticidal activity and relatively low persistence [2]. Their tox-
city arises mainly due to their inhibitory effect on acetylcholine
sterase, a key enzyme for the nerve transmission. The toxicity of
rganophosphate and carbamate pesticides can vary considerably
epending on the chemical structure of the pesticide [3].

Pesticides of the carbamate family have been progressively
eplacing more persistent species (mainly organophosphates)
wing to their low persistence in the environment, biological activ-
ty and large spectrum of utilization. They are used as insecticides,
ungicides, nematocides, miticides and molluscocides. Carbaryl
1-naphthyl-1-methylcarbamate) is one of the major active ingre-

ients of many commercial formulations of pesticides [4]. Carbaryl,

ike other carbamates, is not only a powerful inhibitor of acetyl-
holine esterase activity in the organism but also presents a
otential teratogenic capability [5], thus requiring continuous
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monitoring in food and potable waters. For this reason, a number
of analytical procedures have been employed to monitor car-
bamate pesticides and to determine their concentrations. These
techniques include spectrophotometry [6], infrared spectroscopy
[7], flow-injection chemiluminescence [8], fluorimetry [9] and
chromatography. Among chromatographic techniques, the liquid
chromatography with ultraviolet diode array [10,11], fluorescence
spectrometry [12] and mass spectrometry [13] detection probes
have been used widely due to the moderately high polarity and
thermolability of carbaryl. Many of the above-mentioned deter-
mination methods are though accurate and selective, but require
relatively expensive instrumentation, relatively more time and
make use of higher toxic organic reagents. As a consequence
the development of alternative methods the requirements for “in
situ” determinations or monitoring in real time have motivated
to undertake a study that minimize the consumption of reagents
and decrease the time of analysis without deteriorating the quality
of measurements. In the last few decades, numerous biosensing
methods for detection of pesticides have been developed using
enzyme-based and affinity-based sensors as well as several types
of transducers [13].

The accuracy, efficiency and detection limit of biosensor can

be enhanced with the use of nanomaterials. In this regard car-
bon nanotubes (CNTs) have attracted considerable attention due
to their high electrical conductivity, strong adsorptive ability, good
mechanical strength and excellent biocompatibility [14]. These
features have made CNTs highly suitable in the biosensor field
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15]. Yet, untreated CNTs are extremely hydrophobic and pre-
er to assemble into bundles, making them difficult to process,
nd limit their usage. This has led to significant research efforts
o devise some effective approaches to solubilize CNTs. Surface

odification and non covalent bondings with dispersants are two
ain methods employed for this purpose. Surface modification

f the CNTs includes oxidative treatment [16] and sidewall func-
ionalization [17]. A major disadvantage of this approach is the
ntrinsic properties of CNTs were damaged during modification,
herefore the usage of dispersant having non-covalent bonding
ith CNTs via either �–� interactions or electrostatic interac-

ion between charged chemical groups may prove to be a better
pproach. Many dispersants such as Teflon [18], Nafion [19], chi-
osan [20], polyethylenimine [21] and poly(acrylic acid) have
ecome fairly popular used for dispersing CNTs. The biocompat-

bility and versatility of these polymers make it possible to utilize
hem for solubilizing CNTs without destroying the intrinsic prop-
rties. But the treated CNTs still cannot display their function
ffectively. It would, therefore, be worthwhile to find an effective
ispersant for CNT with all the above discussed characteristics.
oly(diallyldimethylammonium chloride) (PDDA), is a water sol-
ble cationic polyelectrolyte, has been extensively used for the

mmobilization of biomolecules [22].
The present work explores to disperse SWCNTs in PDDA for

eveloping new electrochemical transducers. There are many kinds
f methods for immobilization of biomolecules such as sol–gel
23], Langmuir–Blodgett [24], avidin–biotin interaction [25], self-
ssembled monolayer [26], layer-by-layer (LbL) self-assembly
echnique [27] and so on. LbL self-assembly technique has been
onsidered as one of the most promising immobilization meth-
ds because of its simple procedure and precise control over the
lm composition. Acetylcholine esterase (AchE) is one of the most
xtensive used enzymes and has been successfully employed for
reparing biosensors for pesticide detection. Herein, AchE was
hosen as a model enzyme to construct an amperometric biosen-
or by LbL self-assembled (PDDA–SWCNTs)/AchE multilayer films
n glassy carbon electrode. The preparation of PDDA–SWCNTs
queous dispersions, the assembly of multilayer films and the
erformance of amperometric biosensors were investigated. The
(PDDA–SWCNTs)/AchE]5 coated glassy carbon electrode devel-
ped in this work exhibited fairly high sensitivity as amperometric
iosensor and has been employed for the first time for carbaryl
etection in water sample(s).

. Experimental

.1. Materials

Acetylcholine esterase enzyme (Electric eel 686 U/mg), acetylth-
ocholine chloride, 5,5-dithio bis (2-nitrobenzoic acid) (DTNB)
Ellmans reagent), PDDA (MW: 100–200 kDa, 20 wt.%) and pes-
icide carbaryl were purchased from Sigma. SWCNTs (1–2 nm
iameter, 0.5–1 �m length and >95% purity) were obtained from
hengdu Organic Chemistry Co., Ltd. (China), water was collected
irectly from the river at Harbin without any pre treatment. All
ther reagents were of analytical reagent grade and were used
ithout further purification.

.2. Equipments
Electrochemical measurements were carried out on an electro-
hemical analyzer Potentiostat–Galvanostat, Parstat 2273 Prince-
on Applied research with power suite software. Three-electrode
ystem with a modified glassy carbon as working electrode (3 mm
iameter), a platinum wire counter electrode (1 mm diameter)
3 (2010) 269–273

and a saturated calomel electrode (KCl) was employed. All experi-
ments were performed in an electrochemical cell filled with 20 ml
of 0.1 M PBS with 4 mM acetylthiocholine chloride at room tem-
perature. In steady-state amperometric experiment, the potential
was set at 400 mV under gentle magnetic stirring. All UV–vis spec-
tral measurements were carried out on a Varian Cary 4000 and
5000 spectrophotometers using WinUV software. All optical spec-
tra were recorded after immersing the modified electrode in a
cuvette cell for about 5 min.

2.3. Methods

2.3.1. Dispersion of SWCNTs
3 mg of pristine SWCNTs was weighed and dispersed in 5 ml

of solvent containing different concentrations of PDDA (0.1–1%)
by sonication for different periods. The as-prepared dispersions
were allowed to equilibrate for 24 h. Precipitates were removed
by filtration using Whatman filter paper.

2.3.2. Fabrication of biosensor
PDDA is a highly positive charged species, which can adsorb

on the surface of the glassy carbon electrode [28]. AchE can be
used as a negatively charged material to get adsorbed on the
polycationic PDDA at pH 7.4, because the isoelectric point (pI)
of AchE lies at pH 5.6. To assemble PDDA–SWCNTs/AchE of mul-
tilayer films on glassy carbon electrodes, the cleaned electrodes
were dipped in as-prepared PDDA–SWCNTs solution for 30 min,
rinsed for about 15 min with PBS to remove the weakly adsorbed
PDDA. Then, the PDDA–SWCNTs modified electrodes were dipped
in AchE (10 U/ml) solution for 30 min, immersed in PBS for 15 min.
A layer of PDDA–SWCNTs/AchE was thus formed. This procedure
was repeated n times (n represents the number of layers). The mul-
tilayer films were deposited without drying in between after each
deposition.

2.3.3. Estimation of thiocholine
Acetylthiocholine chloride is used as substrate and treated with

the enzyme AChE. The thiocholine (Tch) produced by their inter-
action was then detected following Ellman’s method [29]. DTNB
reacts with thiocholine to give TNB, 2-nitro-5-thiobenzoic acid,
a yellow-coloured product having the maximum absorption at
412 nm.

2.3.4. Determination of enzyme activity
The enzyme activity was determined by monitoring Tch esti-

mated by the formed TNB following the absorbance at 412 nm after
5 min of reaction between Tch and DTNB. The formula used by the
relation is A = 0.133c, where A corresponds to absorbance at 412 nm
which is related to the enzyme activity U = 0.075A [30]. After sub-
stituting the value of A, U comes out to be 0.2.

3. Results and discussion

3.1. Optimization of biosensing system

3.1.1. Dispersion of SWCNTs
3 mg of pristine SWCNTs is dissolved in the 5 ml of 1% PDDA

solution. A black homogeneous ink like suspension is obtained.

The solution remains black even after sonication for 60 min. The
as prepared solution is allowed to stand for 24 h. A small amount of
precipitate is seen at the bottom of test tube, which is removed by
filtration using Whatman filter paper. The precipitate might contain
the impurities of SWCNTs in PDDA.
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Fig. 1. (a) Effect of the concentration of PDDA on amperometric response of modified
electrode. (b) Effect of sonication time on the amperometric response of modified
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lectrode. (c) Effect of the concentration of acetylthiocholine chloride substrate on
he amperometric response of modified electrode.

.1.2. PDDA concentration for dispersion of SWCNTs
The concentration of PDDA has a profound effect on the dis-

ersion of SWCNTs; therefore, different concentrations of PDDA
0.1%, 0.5%, 1%, 1.5%, 2%, and 4%) were used to disperse SWCNTs. For
hese samples amperometric responses were recorded as a func-
ion of the concentration of PDDA, and are shown in Fig. 1a. For
he modified electrode, the maximum current was obtained at a
oncentration corresponding to 1% of PDDA. A further increase of
he concentration of PDDA resulted in a negative change of current
esponse. Therefore, 1% PDDA was used throughout this study.

.1.3. Sonication time
For the above optimized sample the value of current observed

s a function of sonication time is given in Fig. 1b. It is seen that the
alue of current increases by about 3 fold as the sonication time
ncreases from 20 min to 60 min and, thereafter, it decreases with
further increase in sonication time. A decrease in the magnitude
f current with increasing sonication time might be caused by the
egradation of PDDA under longer sonication treatment. Thus, the
ptimal sonication time of 60 min was used in this work.

.1.4. Substrate concentration for the electrochemical
easurements

Amperometric responses were recorded as a function of the con-
entration of acetylthiocholine chloride substrate (Fig. 1c). Current
s observed to follow a complex variation with an increase in the
oncentration of acetylthiocholine chloride substrate. Initially, a
ild increase in current is noted upto 2 mM substrate and, there-

fter, a steep linear increase are depicted up to 4 mM of substrate.
further increase in concentration of substrate, however, did not

ring any change in the current. For this reason, 4 mM substrate was
hosen for the inhibition measurements. It is the lowest concentra-
ion of substrate, which produces maximum amount of thiocholine,
nd, thereby, results in the maximum amperometric response.

.2. Activity of immobilized enzyme

The modified electrode was immersed in cuvette for 5 min and
he activity of the immobilized enzyme was monitored by following

he optical absorption due to thiocholine formed. Absorption spec-
ra of the free and immobilized enzyme on the modified electrode
re shown in Fig. 2.

An increase in the value of absorbance in the presence of sub-
trate without causing any change in the absorption maximum
Fig. 2. Activity of the immobilized enzyme on the modified glassy carbon electrode.

due to enzyme, clearly suggests that the enzyme is immobilized
successfully on the electrode without its denaturation.

3.3. Adsorption of SWCNTs and enzyme on the electrode

In general, the fabrication procedure is based on the adsorp-
tion of alternating layers of PDDA–SWCNTs/AchE on glassy carbon
electrode, which is caused by the electrostatic attraction between
the opposite charges on the top of the previously adsorbed layer
and by enzyme molecules from solution. The dispersion of SWC-
NTs in positively charged PDDA possibly takes place due to weak
supramolecular interaction between them, which may then bind
electrostatically to the negatively charged AchE at pH 7.4 to this
surface and is then deposited consecutively onto the surface of the
electrode. By monitoring the optical absorption due to thiocholine,
a gradual increase is observed in the intensity of UV/vis spectra
of PDDA–SWCNTs/AchE multilayer films assembled as a function
of deposition cycles (Fig. 3a), indicating the successful multi layer
coating on the electrode. Growth characteristics were also followed
in the absence of SWCNT along with enzyme (Fig. 3b).

Although there is an increase in the absorption in both the cases,
but in the presence of SWCNTs an increase in absorption is rel-
atively more pronounced. These data show that the absorbance
increases drastically in the presence of SWCNTs at 412 nm com-
pared to that in its absence. The increase of absorbance in the
presence of SWCNTs is understood due to enhanced production
of thiocholine under these conditions. It evidently indicates that
the enzyme activity is significantly enhanced at the electrode in
the presence of SWCNTs. The enhanced enzyme activity may be
assigned to the high aspect ratio of SWCNTs which would have
resulted by an increase in the working area of the electrode. But
this mechanism is still needed to be explored.

3.3.1. Film assembling and characterization on quartz glass plate
The PDDA dispersed SWCNTs films were coated on the surface

of quartz glass plate by using LBL approach. The UV–vis spectra
of the deposited films was recorded as a function of the number of
layers coated. An absorption band at 267 nm indicates the presence
of SWCNT [31], indeed shows a linear variation with the number

of layers coated, indicating the successful multilayer coating on
the quartz glass plate. Data obtained is shown under supporting
information in Fig. S1.
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Fig. 3. UV/vis absorption spectra of modified GCE having (a) PDDA–SWCNTs/AchE
multilayer. The inset shows the relationship of absorbance at 412 nm vs. number
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where I0 and I1 denote the current in the absence and presence of
carbaryl, respectively.

Fig. 5 shows a good linearity between inhibition rates and
−log[carbaryl] in a concentration range of 10−6 to 10−11 g L−1.
f coated bilayers. (b) PDDA/AchE multilayer. The inset shows the relationship of
bsorbance at 412 nm vs. number of coated bilayers.

.4. Detection of carbaryl in aqueous medium

The above optimized electrode was employed to examine the
lectrochemical behaviour of thiocholine and for the detection of
arbaryl.

.4.1. Electrocatalytic activity of SWCNTs—oxidation of
hiocholine

The electrochemical oxidation of thiocholine on the surface of
CE and (PDDA/SWCNTs)5/GCE were investigated by cyclic voltam-
etry in the potential range of −0.2 to 1.0 V at a sweep rate of

00 mV s−1 in phosphate buffer of pH (7.4).
Typical cyclic voltammograms are shown in Fig. 4. In 5 mM

hiocholine solution, anodic oxidation peaks were observed both
n bare GCE and on (PDDA/SWCNTs)5/GCE. It may further
e noted that the anodic peak current of thiocholine on the
PDDA/SWCNTs)5/GCE (Ipa = 55 �A) is enhanced about 1.5 times
ompared of that at bare GCE (Ipa = 35 �A) while the overvoltage of
hiocholine at the (PDDA/SWCNTs)5/GCE Epa = 0.37 V is about a half
ess than that of bare GCE (Epa = 0.69 V). This relatively low working
otential needed for the anodic process is advantageous because it
revents the oxidation of possible interfering species existing in the
amples to occur. The observed low oxidation overvoltage and high

nodic oxidation peak of thiocholine at the (PDDA/SWCNTs)5/GCE
re attributed to the electrocatalytic activity of SWCNTs because of
heir edge plane-like sites at the tube ends.
Fig. 4. Electrochemical behaviour of thiocholine (TCh) on modified GCE.

3.4.2. Determination of enzyme activity of the modified electrode
Enzyme activity of the modified electrode was determined, as

described above in Section 2, to be 0.2 U.

3.4.3. Inhibition activity of carbaryl
The analyzed water samples were collected directly from river

at Harbin. The pesticide (carbaryl) was determined in spiked real
water samples without any pre-treatment.

Inhibition rate was determined after the 5 min immersion in
different concentrations of pesticide solutions of enzymatic elec-
trode by coating it five times with the PDDA–SWCNT/AChE bilayers.
The same electrode was dipped sequentially in increasing concen-
tration of pesticide. The decrease in peak current increased with
increasing concentration of carbaryl. The observed trend in the peak
current can be assigned to the binding interaction of carbaryl with
the active target groups in enzyme, thus reducing the enzymatic
activity to its substrate. From this variation a correlation between
inhibition rate(s) and the current was worked out (Fig. 5). A formula
for the calculation of inhibition rate of AChE is obtained as follows:

% Inhibition =
[

I0 − I1
I0

]
× 100

I0 was found to be 19.7 �A for 0.2 U activity of immobilized AChE,
Fig. 5. Relationship between enzyme inhibition rate and −log[carbaryl]. Inset: lin-
earity of enzyme inhibition rate and −log[carbaryl] between the concentration range
of 10−6 to 10−11 g L−1.
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The recovery rate of carbaryl was obtained by the determi-
ation of standard sample of 10−10 g L−1. An average recovery
f 99.8 ± 2.7% was also obtained from seven times detection of
0−10 g L−1 carbaryl samples in water, which indicated that the
nzymatic electrode has a good stability and specificity for the
etection of pesticide(s) in water. The electrode was rinsed with
ater for 5 min after each measurement to remove the bonded

arbaryl.

.4.4. Detection limit
The detection limit (LD) of carbaryl was calculated by using the

quation given below [32]:

D = 3SB

b

here SB is the standard deviation of the blank solution and b is
he slope of the analytical curve as shown in the inset of Fig. 5. The
bove graph shows a good inhibition rate with the detection limit
f 10−12 g L−1 carbaryl in water.

. Conclusions

The [(PDDA–SWCNTs)/AchE]5/GCE shows excellent electrocat-
lytic activity towards the carbaryl pesticides in water, which is
ssigned to the higher conductivity and surface area of the SWC-
Ts coupled with advantages of the utilization of LbL assembly

echnique. It was found that the modified GCE exhibits an excel-
ent detection limit in a wide linear range with good precision and
perational stability. The fabrication of amperometric biosensor by
bL, based on adsorption, drastically increases the sensitivity for the
esticides estimation in relatively much lesser time. This biosen-
or might have great prospect for automatic monitoring of carbaryl
esticide(s) in river water. The fabrication method described in this
ork can also be used to immobilize other enzymes to construct a

ange of biosensors.
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