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Constructed  a  novel  composite  mate-
rial  using  Fe3O4NP  and  c-MWCNT  at
Au  electrode  for  electrocatalysis.
The properties  of  nanoparticles  mod-
ified  electrodes  were  studied  by  SEM,
FTIR,  CVs  and  EIS.
The  biosensor  exhibited  good  sensi-
tivity  (0.475  mA  �M−1)
The half  life  of electrode  was  2
months.
The  sensor  was  suitable  for  trace
detection  of OP  pesticide  residues  in
milk  and  water.
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a  b  s  t  r  a  c  t

An  acetylcholinesterase  (AChE)  purified  from  maize  seedlings  was  immobilized  covalently  onto  iron
oxide  nanoparticles  (Fe3O4NP) and  carboxylated  multi  walled  carbon  nanotubes  (c-MWCNT)  modified  Au
electrode.  An organophosphorus  (OP)  biosensor  was  fabricated  using  this  AChE/Fe3O4/c-MWCNT/Au  elec-
trode  as  a working  electrode,  Ag/AgCl  as  standard  and  Pt wire  as  an  auxiliary  electrode  connected  through
a potentiostat.  The  biosensor  was  based  on  inhibition  of  AChE  by  OP  compounds/insecticides.  The  prop-
erties  of nanoparticles  modified  electrodes  were  studied  by  scanning  electron  microscopy  (SEM),  Fourier
transform  infrared  (FTIR),  cyclic  voltammograms  (CVs)  and  electrochemical  impedance  spectroscopy
(EIS).  The  synergistic  action  of  Fe3O4NP  and  c-MWCNT  showed  excellent  electrocatalytic  activity  at  low
potential  (+0.4  V).  The  optimum  working  conditions  for the  sensor  were  pH  7.5,  35 ◦C, 600  �M  substrate
rganophosphorus pesticides
mperometric biosensor

concentration  and  10 min  for inhibition  by pesticide.  Under  optimum  conditions,  the  inhibition  rates  of
OP  pesticides  were  proportional  to their  concentrations  in  the range  of  0.1–40  nM,  0.1–50  nM,  1–50  nM
and  10–100  nM  for malathion,  chlorpyrifos,  monocrotophos  and  endosulfan  respectively.  The  detection
limits  were  0.1  nM  for  malathion  and  chlorpyrifos,  1 nM  for  monocrotophos  and  10  nM  for  endosulfan.
The  biosensor  exhibited  good  sensitivity  (0.475  mA  �M−1),  reusability  (more  than  50  times)  and  stability

as  su
(2  months).  The  sensor  w

. Introduction
Organophosphorus (OP) insecticides are widely used in agri-
ulture. Their presence in water, food and animal feeds presents
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itable  for  trace  detection  of  OP  pesticide  residues  in milk  and  water.
© 2011 Elsevier B.V. All rights reserved.

a potential hazard due to their high mammalian toxicity [1].  The
most general approach for determination of the organophosphorus
compounds is based on their property of inhibiting some important
enzymes [2],  e.g. acetylcholinesterase (AChE), which is essential for

the functioning of the central nervous system but whose inactivity
causes respiratory paralysis and death [3].  Hence, a rapid and reli-
able quantification of trace level of OP compounds is important for
monitoring their potential hazard to health and the environment
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4].  In view of the unavoidable routes of OPs into biological sys-
ems, different analytical methods and technologies have been used
o determine them. Presently, the most common techniques are
as chromatography [5],  high-performance liquid chromatography
6] and gas chromatography coupled with mass spectrometry [7].
lthough these methods provide very good sensitivity and accu-
acy, these are currently limited to laboratory analysis, due to the
equirements of sophisticated and expensive equipment, extensive
ime, highly trained personnel and complicated sample pretreat-

ents [8].  Hence, rapid, sensitive and field deployable methods are
till needed for simple, rapid and reliable detection of OP.

As a good alternative and with the improvement of being
uick and consistent, biosensors based on inhibition of enzyme
cetylcholinesterase and coupled with simple detectors were
eveloped recently [9–16], which are considered a viable alterna-
ive to the chromatographic methods in pesticide determination
or on-site analysis. Besides being specific and sensitive, they
re portable, less expensive and do not require tedious sample
retreatment [17]. Various nanoparticles based enzyme (AChE)
lectrodes have been reported for determination of pesticides
uch as ZrO2 NPs-modified screen printed electrode [18], multi-
alled carbon nanotube modified GCE [19], AuNPs–polypyrrole
anowires composite film modified GCE [20], gold–platinum
imetallic nanoparticles onto 3-aminopropyltriethoxy silane mod-

fied GC electrode [21], Au-MWNTs-modified GC electrode [22],
ne-dimensional gold nanoparticles onto GC electrode [23] and
russian blue modified GC electrode [24]. However these electrodes
uffer from leakage of enzyme resulting into low stability of enzyme
lectrode and require several operations involving pretreatment
f the sample. In electrochemical studies, electrodes made up of
ommonly used solid materials, such as graphite, carbon paste
nd glassy carbon (GC), exhibit common disadvantages, e.g. the
lectrode area and the activity of the metal deposited electrically
hange continuously and oxide layers affecting the reproducibility
f the measurements [25]. Covalent immobilization of enzyme not
nly overcomes this problem but also leads to better biomolecule
ctivity and greater stability.

Carbon nanotubes (CNT) are the promising nanomaterials
ecently explored for chemical and biological sensing application.
hey are hollow graphitic cylinders with electrocatalytic effect and

 fast electron-transfer rate [26–28].  Among a wide variety of metal
xide nanoparticles, Fe3O4 nanoparticles are particularly attrac-
ive due to their unique magnetic and electrical properties [29].
ano-sized magnetic bioconjugated materials have been used in
lectrochemical biosensor devices due to many potentially unique
roperties such as large surface area, higher bioactivity, excellent
onformation stability and better contact between biocatalyst and
ts substrate [30,31]. We  describe herein a unique approach of
mmobilizing covalently maize acetylcholinesterase onto Fe3O4/c-

WCNT modified gold electrode (AuE) and its application in
onstruction of an amperometric biosensor for determination of
esticides. Fe3O4/c-MWCNT nanocomposite based AChE biosen-
or is expected to offer high sensitivity, high biocompatibility, high
harge transfer rate and good stability.

. Experimental

.1. Chemical and reagents

Acetylthiocholine chloride (ATCl), 2-pyridine aldoxime methio-
ide [2-PAM], Sephadex G-100 and DEAE-Sephacel from Sigma

hemical Co., USA. 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB),
NH4)2·Fe(SO4)2·6H2O and NH4Fe(SO4)2·6H2O from Sisco Research
aboratory, Mumbai, carboxylated multi-walled carbon nanotubes
Functionalized MWCNT or c-MWCNT) (12 walls, length 15–30 �m,
himica Acta 701 (2011) 66– 74 67

Purity 90%, Metal content: nil) from Intelligent Materials Pvt. Ltd.,
Panchkula (Haryana) India were used. The pesticides (malathion,
chlorpyrifos, monocrotophos and endosulfan) were from Lentrek
North America (San Francisco, CA). Au wire (1.5 cm × 0.05 cm)  (23
carat) was  from local market. All other chemicals were of analytical
reagent (AR) grade. Double distilled water was  used throughout the
experiments.

2.2. Apparatus

Cyclic voltammetry (CV), differential pulse voltammetry (DPV)
and electrochemical impedance spectroscopy (EIS) measurements
were performed on a potentiostat/Galvanostat (Autolab, Eco
Chemie, The Netherland. Model: AUT83785) with a three electrode
system composed of a platinum wire as an auxiliary electrode, an
Ag/AgCl electrode as reference electrode and modified Au wire as a
working electrode. Fourier transform infrared (FTIR) spectroscopy
was  performed in spectrometer (model iS10, Thermoelectron,
USA). Ultrasonication was  performed on Misonix Ultrasonic Liquid
Processors (mode XL-2000 series). Scanning electron microscopy
(SEM) measurements were carried out at Department of Chemistry,
M.D. University, Rohtak. X-ray diffraction (XRD) studies of Fe3O4NP
and c-MWCNT were carried out at Physics Department G. J. Univer-
sity, Hisar, using X-ray diffractometer (make: Rigaku Mini Flex II,
Americas Corporation).

2.3. Purification of AChE from maize seedlings

The extraction and purification of enzyme was carried out in
cold (4–10 ◦C). Two hundred grams of 5-day-old etiolated maize
seedlings were homogenized in a 4-fold volume (w/v) of 10 mM
potassium phosphate buffer (pH 7.0) containing 10 mM EDTA and
4% ammonium sulfate. The homogenate was left for 1 h in the
dark, and then the supernatant was  collected by centrifugation
at 6000 × g for 15 min  and stored at 4 ◦C. The pellet was resus-
pended in a 3-fold volume (w/v) of the extraction buffer, stirred for
1 h and recentrifuged for collection of supernatant. This procedure
was  repeated twice. The supernatants were combined and brought
to 80% saturation with ammonium sulfate and left overnight. The
resulting precipitates were collected by centrifugation at 15,000 × g
at 4 ◦C for 15 min, resuspended in 3 mL  of 10 mM phosphate-
buffered saline, pH 7.4 and then dialyzed against the same buffer.
The precipitate that formed during dialysis was  removed by cen-
trifugation and the supernatant was subjected to gel filtration on
Sephadex G-100 column (1.4 cm × 23 cm)  run in 0.05 M potassium
phosphate buffer (pH 7.0) and ion exchange chromatography on
DEAE-Sephacel column (2.5 cm × 12.5 cm)  using a linear gradient of
0.1 M to 0.6 KCl in 0.02 M potassium phosphate buffer (pH 6.7) [32].
The active fractions were pooled and treated as purified enzyme.

2.3.1. Testing of purity of AChE
The purity of purified enzyme was  tested by polyacrylamide gel

electrophoresis (PAGE) using Coomassie blue as protein stain.

2.3.2. AChE assay
AChE preparation (100 �L) was  added to 150 �L of distilled

water. After pre-incubation at 30 ◦C for 10 min, 250 �L of 12.5 mM
acetylthiocholine chloride in 100 mM sodium phosphate buffer, pH
7.0, was  added to diluted enzyme and incubated again at same
temperature (30 ◦C) for 120 min. After incubation, 300 �L of the
reaction mixture was  transferred to a new vial, and then 1425 �L
of 100 mM sodium phosphate buffer, pH 7.0 and 75 �L of DTNB in

100 mM  sodium phosphate, pH 7.0, were added to this vial. The
A412 was read after 1 min. The control was run in the same manner
as described above except that the enzyme was replaced by D.W
[32].
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One enzyme unit is defined as 1 �mol  of thiol group appear-
nce min−1 [32]. The enzyme activity was calculated using the
ollowing formula:

 = 5.74 × 10−4 × A/CO

here R = rate in moles of substrate hydrolyzed min−1 g−1 tissue,
 = change in absorbance at 412 nm min−1, CO = original concentra-
ion of the tissue (mg  mL−1).

.4. Preparation of Fe3O4 nanoparticles and their deposition onto
-MWCNTs composite

Fe3O4NP were prepared [33] with little modification. First,
.265 g of (NH4)2·Fe(SO4)2·6H2O and 0.059 g of NH4Fe(SO4)2·6H2O
ere dispersed into 200 mL  of distilled water by strong stir-

ing. Then 1.0 mg  of c-MWCNTs was added to the solution with
ltrasonic treatment for about 10 min. Finally, 0.4 mol  L−1 sodium
ydrate solution was added drop-wise into the solution until its
H reached 7.0. After stirring for 30 min  and deposition at 50 ◦C
or 2 h, a magnet was used to separate the product from the mix-
ure. Afterwards, the black coloured precipitates were washed with
he distilled water several times until pH reached 7.0. The washed
e3O4/c-MWCNTs composites were treated with pure methanol
nd then desiccated at 50 ◦C for 6 h. The modification of Fe3O4NP
nd c-MWCNT was characterized by X-ray diffraction technique.

.5. Construction of Fe3O4NP/c-MWCNT modified Au electrode

A polycrystalline Au electrode (1.5 cm × 0.05 cm)  was first pol-
shed with alumina slurry and then cleaned ultrasonically with
thanol and double distilled water. It was then cleaned electro-
hemically by cycling the electrode with potential between +1.6
nd −0.4 V in 0.5 mol  L−1 H2SO4 until a stable voltammogram was
btained. After washing with distilled water by sonication, the Au
lectrode was spread with 20 �L of Fe3O4/c-MWCNT solution. The
lectrode was dried in air and then rinsed with double distilled
ater.

.6. Preparation of the working enzyme electrode

The working enzyme electrode was prepared by mounting a
0 �L of AChE solution (2 mg  mL−1) on the Fe3O4/c-MWCNT/Au
lectrode and keeping it at 4 ◦C for 24 h. It was rinsed clearly. The
nzyme electrode was dried and stored at 4 ◦C until use.

.7. Characterization of enzyme electrode

The modification of Au electrode surface by Fe3O4NP and c-
WCNT was characterized by SEM technique. The fabricated elec-

rodes (Fe3O4NP/c-MWCNT/AuE and AChE–Fe3O4/c-MWCNT/AuE)
ere also characterized using FTIR and electrochemical impedance

pectroscopy techniques. FTIR spectroscopy was performed in
pectrometer (model iS10, Thermoelectron, USA) to check the
inding of AChE with Fe3O4NP/c-MWCNT composite film. EIS
tudies were carried out in the frequency range of 0.01 Hz to
0 kHz, amplitude +0.4 V, were conducted on an Autolab Poten-
iostat/Galvanostat (Eco Chemie, Netherlands).

.8. Electrochemical measurement

Electrochemical measurements were performed with poten-

iostat with a conventional three-electrode system comprising Pt
ire as auxiliary electrode, Ag/AgCl electrode as reference and
ChE immobilized on nanocomposites modified Au electrode

AChE–Fe3O4NP/c-MWCNT/AuE) as working electrode. Electrode
imica Acta 701 (2011) 66– 74

was  pre-equilibrated at +0.4 V for 15 s before each run of detection
and the steady current readings were obtained at +0.4 V. The
AChE–Fe3O4NP/c-MWCNT/AuE biosensor was  tested amperomet-
rically at a potential of +0.4 V. ATCl (100 �L of 0.5 mM solution) was
injected into the cell containing 10 mL  phosphate buffer (0.1 M,
pH 7.0). The substrate (ATCl) was enzymatically hydrolyzed to
thiocholine, which was  then subjected to electrocatalytic oxidative
dimerisation at +0.4 V vs. Ag/AgCl reference electrode to give the
disulphide compound. This response, due to the oxidation of the
thiocholine at the working electrode, was correlated to the activity
of AChE.

Optimization of acetylcholine measurements with
AChE–Fe3O4NP/c-MWCNT/Au electrode was accomplished by
testing at different pH 5.5–10.0 buffers using: phosphate buffer
(pH 5.5, 6.0, 6.5, 7.0 and 7.5) and borate buffer (pH 8.0, 8.5, 9.0 and
10.0) each at 0.1 M final concentration containing 0.1 M potassium
chloride. To determine optimum temperature, the reaction mix-
ture was  incubated at 20–55 ◦C at an interval of 5 ◦C. To study the
effect of substrate concentration, different ATCl concentrations,
ranging from 0.1 to 600 �M were tested by cyclic voltammetry
from 0.0 and +1.5 V at a rate of 20 mV  s−1. The amperometric
response was  also measured in presence of potential interfering
metals ions (Zn(II), Cu(II), Cd(II), Ni(II), Fe(III), Pb(II), Hg(II), Cr(VI)
and Cr(III)) each at 2 �M concentration. The signal for a fixed
concentration of acetylcholine was  finally compared with the
signal obtained in the presence of the two  interfering species viz.
ascorbic acid and uric acid both at 0.1 mM each.

2.9. Analytical application

2.9.1. Inhibition by pesticides
For measurements of pesticides, the AChE–Fe3O4NP/c-

MWCNT/Au electrode was first immersed into 0.1 M phosphate
buffer solution (pH 7.5) containing different concentrations of
standard malathion (0.1–40 nM)  or other pesticides for 12 min,
and then transferred to the electrochemical cell consisting of
10.0 mL,  0.1 M phosphate buffer (pH 7.5) containing 0.5 mM ATCl
to study the electrochemical response by cyclic voltammetry. The
inhibition of malathion was calculated as follows:

Inhibition (%) = 100 × ip,control − ip,exp

ip,control

where ip,control is the peak current of ATCl on AChE–Fe3O4NP/c-
MWCNT/AuE, ip,exp is the peak current of ATCl on AChE–Fe3O4NP/c-
MWCNT/AuE with malathion inhibition.

2.9.2. Enzyme reactivation
After exposure of AChE–Fe3O4NP/c-MWCNT/AuE to pesticides,

it was washed with 0.1 M phosphate buffer (pH 7.5) and reacti-
vated with 4.0 mM 2-pyridine aldoxime methiodide [2-PAM] for
10 min, then transferred to electrochemical cell of 10 mL  buffer pH
7.5 containing 0.5 mM ATCl to study the electrochemical response.

The reactivation efficiency (R%) was estimated as follows:

R (%) = 100 × ir − ip,exp

ip,control − ip,exp
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Scheme 1. Schematic illustration of the stepwise amperometric biosensor fabri

here ir was the peak current of ATCl on AChE–Fe3O4NP/c-
WCNT/AuE with 2-pyridine aldoxime methiodide [2-PAM]

eactivation.

.10. Stability and reproducibility of the biosensor

To reuse the working electrode, it was washed by dipping
t in phosphate buffer pH 7.5. The long-term storage and sta-
ility of the biosensor was investigated over 2-months, when
ChE–Fe3O4NP/c-MWCNT/AuE was stored dry in a refrigerator
t 4 ◦C. AChE–Fe3O4NP/c-MWCNT/AuE sensitivity was measured
nce in every 7 days.

. Results and discussion

A simple and efficient chemical method was introduced for
reparation of Fe3O4NP/c-MWCNT nanocomposite onto Au elec-
rode. Scheme 1 illustrates that Fe3O4 nanoparticles were coated
n the outer walls of c-MWCNTs as reported earlier [33]. Carboxyl
roups present on the external surface of MWCNTs are free to bind
ith –NH2 groups on the surface of AChE after the decoration of

e3O4 nanoparticles onto the surface of c-MWCNT. The morphology
f bare Au electrode, Fe3O4NP/c-MWCNT/Au electrode and AChE

mmobilized onto Fe3O4NP/c-MWCNT/Au electrode was charac-
erized by SEM studies (Fig. 1). The SEM image of the bare AuE
lectrode (image a) showed a smooth and featureless morphology,
hereas nanocomposite (image b and c) displayed a stepwise lay-
 process and immobilized acetylcholinesterase inhibition in pesticide solution.

ering of Fe3O4NP/c-MWCNT and immobilization of AChE onto the
modified Au electrode respectively.

3.1. XRD analysis of Fe3O4-decorated MWCNTs

As shown in Fig. 2 curve a, the (2 2 0), (3 3 1), (2 2 2), (5 1 1), (4 4 0)
planes of Fe3O4 were observed at 2� = 29.82◦, 35.74◦, 43.06◦, 57.02◦,
62.78◦, respectively. It can be seen that the diffraction peaks at
2� = 26.08◦, 43.08◦ are assigned to (0 0 2), (1 1 0) planes of MWC-
NTs in Fig. 2 curve b. These two  diffraction peaks are attributed
to the graphitic structure of MWCNTs [34]. The graphitic structure
of MWCNTs was not destroyed after they were coated with Fe3O4
nanoparticles, as proved by the characteristic peaks of MWCNTs
still existed in Fig. 2 curve a.

3.2. FT-IR analysis

In Fig. 3, the characteristic absorption peaks of c-MWCNTs
were observed near 1518, 1156 and 2320 cm−1 respectively, which
were originated from the graphitic component of c-MWCNTs.
A sharp absorption peak was  observed at 1640 cm−1 due to
the attachment of carboxyl group onto the surface of MWCNTs
since carboxyl groups attached to MWCNTs were merely partly
replaced by Fe3O4 nanoparticles (curve i). In the FTIR spectrum of

AChE–Fe3O4NP/c-MWCNT/Au electrode (curve ii), enzyme (AChE)
binding is indicated by the appearance of additional absorption
bands at 1641 and 1539 cm−1 assigned to the carbonyl stretch
(amide I band) and –N–H bending (amide II band), respectively.
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ig. 1. Scanning electron micrographs of (a) bare Au electrode, (b) Fe3O4NP/c-
WCNT/Au electrode, (c) AChE/Fe3O4NP/c-MWCNT/Au electrode.

lso, a broad band was seen around 3200 cm−1, which is attributed
o amide bond present in AChE.

.3. Electrochemical impedance spectroscopy studies

EIS is an effective method to monitor the changes of the surface
odified electrodes allowing the understanding of the chemi-

al transformation and process associated with the conductive
lectrode [35]. Fig. 4 exhibits the Nyquist plot of the impedance

pectroscopy of the bare and modified electrodes. In EIS, the bare
lectrode exhibited an almost straight line (Fig. 4a), which is charac-
eristic of a diffusional limiting step of the electrochemical process.
he Nyquist plot of c-MWCNT modified Au electrode (Fig. 4b) gave
Fig. 2. XRD patterns of Fe3O4NP/c-MWCNTs/(a) and c-MWCNTs (b).

an Rct value of 120 �. c-MWCNT coated Fe3O4 modified Au elec-
trode (Fig. 4c) possessed a remarkably low Rct (75 �),  implying
that the c-MWCNT coated Fe3O4 are acting as good electron con-
ducting materials and there was  the electron transfer between the
redox probe and the electrode. When compared to the nanocom-
posite modified electrode, the semicircle diameter was increasing
with the immobilization of AChE on Fe3O4NP/c-MWCNT modified
Au electrode, showing an Rct value of 175 � (Fig. 4d), confirming
the immobilization of enzyme, which reduced the electron trans-
fer between the redox probe and the electrode. The above results
confirm the success of the assembly on the electrode.

3.4. Electrochemical characterization of the
AChE–Fe3O4NP/c-MWCNT biosensor

In the developed amperometric biosensor, AChE was covalently
immobilized on Fe3O4NP/c-MWCNT/AuE. The performance of the
working Au electrode during stepwise modification was  also eval-
uated by CV in 0.1 M phosphate buffer (pH 7.5). Fig. 5 showed
the cyclic voltammograms of AuE, Fe3O4NP/c-MWCNT/AuE and
AChE–Fe3O4NP/c-MWCNT/AuE in presence of 100 �L of ATCl
(0.6 mM)  in phosphate buffer (pH 7.5) at a scan rate of 20 mV s−1.
No peak was observed for AuE (curve a) in phosphate buffer
after 100 �L of ATCl was injected into reaction cell. The cyclic
voltammogram of Fe3O4NP/c-MWCNT/AuE identified an oxidation
peak at +125 mV  (curve b), and the modified AChE–Fe3O4NP/c-
MWCNT/AuE also showed an oxidation peak at +375 mV (curve
c). The oxidation peak (curve c) came from the oxidation of thio-
choline, hydrolysis product of ATCl, catalyzed by immobilized
AChE. Fig. 5 also showed that this peak current (curve c) had a sharp
increase and the peak potential shifted negatively compared to
those on the electrode without AChE (curve c). Main reason was the
presence of Fe3O4NP on the surface of AuE, which possessed a rel-
atively large specific surface area and an inherent, high electricity
conducting ability. Thus they could enhance the rates of catalyzed
reactions as well as the electron transfer rate at a lower potential
[36].

3.5. Optimization of experimental parameters

The pH dependence of the biosensor response in 0.1 M phos-

phate buffer (pH 5.5, 6.0, 6.5, 7.0 and 7.5) and borate buffer (pH 8.0,
8.5, 9.0 and 10.0) in 5.0–8.0 range was  studied. The response cur-
rent changed slightly between pH 5.0 and pH 7.0 but the maximum
current was observed at pH 7.5. However, the enzyme lost activity
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Fig. 3. The infrared spectra of Fe3O4NP/MWCNT/A

Fig. 4. Electrochemical impedance Nyquist plot of bare AuE (a), c-MWCNT/AuE
(b), Fe3O4NP/c-MWCNT/AuE (c) and AChE–Fe3O4NP/c-MWCNT/AuE (d) at 0.1 M
p
0
e

i
b
o
w
w
a
f
n
b
e

F
A
(

hosphate buffer (pH 7.5) containing 0.5 mM [Fe(CN)6]3− + 0.5 mM [Fe(CN)6]4− and
.5  mM acetylthiocholine. Frequency range: 0.01 Hz to 10 kHz. Inset shows the
quivalent circuit for ‘mixed kinetic and diffusion control’.

rreversibly at the lower or higher pH values. Therefore, phosphate
uffer of pH 7.5 was selected for subsequent experiments. The effect
f the temperature on the biosensor response from 20 to 50 ◦C
as also investigated. No significant change in current response
as observed during this temperature range, but slightly peaked

t 35 ◦C. Hence, the optimum temperature (35 ◦C) was selected

or subsequent experiments. The microenvironment provided by
anocomposite around the enzyme has increased its thermal sta-
ility, similar to earlier report of increased thermal stability of this
nzyme by a microenvironment of assembling of MWCNT and silica

ig. 5. Cyclic voltammograms, AuE (a); Fe3O4NP/c-MWCNT/AuE (b) and
ChE–Fe3O4NP/c-MWCNT/AuE (c) in pH 7.5 sodium phosphate containing

0.1  M)  100 �L of ATCl (0.5 mM).  Scan rate: 20 mV s−1.
uE without enzyme (i) and with enzyme (ii).

sol gel [37]. The increased thermal stability of immobilized enzyme
could be due to the biocompatible microenvironment around the
enzyme molecule provided by the Fe3O4NP/c-MWCNT, which sta-
bilizes their biological activity to a large extent. The concentration
of ATCl was optimized by studying cyclic voltammetry study as
well as chronoamperometry of AChE–Fe3O4/c-MWCNT/AuE in the
cell solution containing ATCl substrate under optimum conditions.
Fig. 6A and B show well defined increasing trend in the current
response of the biosensor from 0.1 to 600 �M ATCl concentra-
tions. In the absence of ATCl, the peak responses were negligible.
Fig. 6 B shows a typical current–time plot was plotted against con-
centrations of ATCl. Voltammetric measurements were performed
after each addition of the ATCl up to a maximum concentration
of 600 �M.  There was no significant current improvement after
600 �M of ATCl concentration. The electrode had reached its sat-
uration level at 700 �M.  The time required to attain the 95% of
the steady state response was  within 4 s, which indicated a very
fast diffusion process. A good linear relationship of response cur-
rent with substrate concentration from 0.1 to 600 �M is evident
from both the studies. Over a concentration range of 0.1–600 �M,
the electrode provided a linear response to ATCl with a sensitivity
of 0.475 mA  �M−1 better than earlier reports [38,39].  From these
results, 600 �M of ATCl was selected as optimum concentration for
further experiments.

3.6. Incubation time on inhibition

Pesticides detection studies were carried out at saturating sub-
strate concentration (0.6 mM).  Each pesticide at final concentration
of 1.0 nM was tested in terms of their effect on enzyme activity
at different incubation times in pesticide solution (2–20 min  at an
interval of 2 min). It can be seen that inhibition of the enzyme was
increased (up to 80%) with increasing incubation time, i.e. up to
10 min  after which it was almost constant for each pesticide (Fig. 7).
Therefore the incubation time was  selected as 10 min  for each pes-
ticide. Fig. 7 displays increased inhibition on AChE with increased
inhibition time. When the inhibition time is longer than 10 min,
the curve tends to a stable value, indicating the binding interac-
tion between pesticides and active target groups in the enzyme

reaches saturation. However, the maximum value of inhibition of
pesticides was  not 100%, which is attributable to the binding equi-
librium between pesticides and binding sites in the enzyme. This
value compares favorably with most of the data reported in the
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Fig. 6. (A) Effect of substrate concentration on response of AChE–Fe3O4NP/c-MWCNT modified Au electrode in 0.1 M sodium phosphate buffer solution (pH 7.5) at a potential
range of 0 to +1.5 V, scan rate 20 mV s−1 vs. Ag/AgCl reference electrode. (B) Current–time responses curve of the AChE–Fe3O4NP/c-MWCNT modified Au electrode with
successive addition of ATCl into 0.1 M sodium phosphate buffer solution (pH 7.5). Applied potential + 0.4 V vs. Ag/AgCl reference electrode.
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ig. 7. The effect of incubation time on inhibition. Response of the pesticide bios
hosphate buffer, pH 7.5, with 0.1 M KCI. Applied potential + 0.4 V vs. Ag/AgCl.

iterature [39–41].  Yang et al. [39], Viswanathan et al. [40] and
hosh et al. [41] used an incubation time of 15 min  respectively,

or chlorpyrifos, malathion and monocrotophos detection.

.7. Response characteristics of the biosensor

.7.1. Linear working range and detection limit
The detection limit and the linear working range of the biosen-

or were evaluated for different pesticides. Incubation method
10 min  incubation time) was used in the detection measure-

ent. At 20–30% enzyme inhibition level, the detection limit for
alathion, chlorpyrifos, monocrotophos and endosulfan was  found

o be 0.1–40 nM,  0.1–50 nM,  1–50 nM and 10–100 nM respectively.
easurement of the pesticides concentration at site lower levels of
nzyme inhibition was avoided because some interferent can also
nhibit the enzyme to a small extent. Therefore, 20–30% enzyme
nhibition level was considered as optimum. The linear range
or malathion, chlorpyrifos, monocrotophos and endosulfan was
 to 0.06 M acetylthiocholine chloride and 1.0 nM pesticide. Buffer: 0.1 M sodium

achieved as 0.1 nM,  0.1 nM,  1.0 M and 10 nM respectively, which
is lower than earlier reported biosensors (10 nM for malathion
[39], 50 nM for paraoxon ethy [21], 1 nM for paraoxon [22] and
7 nM for methamidophos [23]). Earlier it was  reported that accept-
able levels for drinking of malathion and chlorophrifos in tap
water was 0.99 and 0.1 �g L−1 (2.9 and 0.2 nM respectively) [42].
Hence, the developed detection system (biosensor) was highly sen-
sitive and could detect the OPs compound in the range of nM.  It
showed that the biosensor has good analytical characteristics for
these inhibitors due to good electrochemical catalytic efficacy of
Fe3O4NP/c-MWCNT.

3.7.2. Precision and accuracy
The precision and accuracy of the present method were deter-
mined over 14 days. Each day 5 replicate of quality control samples
were analyzed for acetylcholine content. The accuracy of the
method was determined by comparing the calculated concentra-
tions with their nominal values. The repeatability and inter-day
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Table 1
Precision and accuracy of the AChE/Fe3O4NP/MWCNT/AuE.

Added concentration (nM) Mean ± SD measured concentration (nM) Repeatibility (RSD%) Inter-day precision (RSD%) Accuracy (%)

0.20 0.22 ± 0.03 13.63 2.00 110.0
0.80  0.85 ± 0.05 5.88 6.00 106.0
1.50  1.48 ± 0.02 1.35 1.45 98.6
3.50  3.48 ± 0.02 0. 57 1.00 99.4
8.00  8.20 ± 0.10 

12.00  12.05 ± 0.50 

15.00  15.02 ± 0.08 

Table 2
Recoveries of malathion, chlorpyrifos, monocrotophos and endosulfan in tap water
samples by AChE/Fe3O4NP/MWCNT/AuE.

Pesticides Added
concentration
(nM)

Concentration
found (nM)

% Recovery SD (n = 3)

Malathion 0.5 0.52 104.00 3.1
1.0  1.10 110.00 1.9
1.5  1.46 97.33 1.8

Chlorpyrifos 1 0.95 95.00 1.4
5  5.1 102.00 1.21

10  10.5 105.00 2.32

Monocrotophos 0.2 0.23 115.00 1.5
0.6  0.64 106.00 1.36
1.0  1.1 110.00 0.57

Endosulfan 5 5.2 104.00 2.3

p
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c

10  10.9 109.00 1.6
15  15.6 104.00 0.97

recision were less than 14% and the accuracy within 98–110%. This
emonstrates that the present method was precise and accurate
or determination of pesticides within the range 0.2–15.0 nM.  The
esults are summarized in Table 1. The analytic recovery of known
mount of malathion, chlorpyrifos, monocrotophos and endosulfan
n tap water samples/spiked samples under optimum conditions

as determined by the present biosensor. The mean analytic recov-
ries were in the range of 95–115% (Table 2).

.7.3. Interference study
Theoretically speaking, heavy metal ions can inhibit the activity

f AChE and disturb OPs detection using the AChE based biosensor.
owever, there is no actual report so far on the kind and concentra-

ion limit of heavy metal ions which can disturb OPs detection. In
his study we  tried to obtain actual relative information, by exam-

ning the effects of heavy metal ions, i.e. Zn(II), Cu(II), Cd(II), Ni(II),
e(III), Pb(II), Hg(II), Cr(VI) and Cr(III)) on malathion detection by
he present biosensor. Among these only, Hg(II) and Cr(VI) showed
0% and 15% effect on inhibition respectively, which is comparable

ig. 8. DPV net current responses of biosensor after 10 min incubation with different 

ontaining 0.5 mM ATCl. Scan rate: 20 mV  s−1. Inset: Standard curve of pesticide concentr
1.21 1.49 102.0
4.14 4.00 100.4
0.53 1.80 100.1

to earlier report [43]. The signal for a fixed concentration of ATCl
was  compared with the signal obtained in the presence of the inter-
fering species also. No noticeable changes in current were detected
in the presence of ascorbic acid (0.1 mM)  and uric acid (0.1 mM)
respectively at the present operating potential in this system.

3.8. Pesticides determination

At saturating substrate (ATCl) concentration (0.5 mM),  the
decreases in biosensor differential pulse voltammetry responses
after contact with pesticide solution is related only to the
enzyme–inhibitor interaction (non-competitive) and does not
depend on the mass transfer of both the substrate and the inhibitor
from the bulk solution to the enzymatic layer. The DPV  responses
were associated with inhibition of the enzyme activity by the
amount of pesticide added (Fig. 8). The decrease in the current can
be explained as due to the result of the blocking of serine hydroxyl
group by covalently bound phosphate group, which invariably
reduces the overall charge of the catalytic active site [44]. The usage
of the high substrate concentration (>0.5 mM)  would not yield good
results when the detection is carried out by simultaneous addi-
tion of analyte (malathion) and the substrate (ATCl). Under such
conditions, the inhibition mechanism is competitive, so that the
substrate would compete with the analyte for the enzyme active
site and inhibition, especially at low analyte concentrations, could
not be detected. Fig. 8 inset shows the standard curve of pesti-
cide concentration (nM) vs. current (mA). The current response was
decreased with increase in pesticide concentration.

3.9. Regeneration of acetylcholinesterase

Organophosphorus insecticides include a “nonreversible” inhi-
bition due to a covalent link of organophosphorus based pesticides

to AChE [45,46].  However, it is possible to reactivate the immo-
bilized enzyme using 2-pyridine aldoxime methiodide (2-PAM).
The reactivation usually fully regenerates the original activity after
a 15 min  incubation of immobilized AChE in a buffered solution

concentrations of malathion in 0.1 M sodium phosphate buffer solution (pH 7.5)
ation (nM) vs. current (mA).
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Table 3
Electrochemical sensing of phosphorylated AChE in milk samples by AChE/Fe3O4NP/MWCNT/AuE.

Milk sample Concentration of the
spiked malathion

Response current (mA) Phosphorylated AChE (nM) Recovery (%)
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Sterilized non-fat dry milk 20 0.25
Sterilized whole milk 40 0.45
Clarified raw milk 80 0.70

f 2-PAM. This reactivation allowed re-use of the biosensor and
onfirmed that the inhibition was due to the pesticides.

.10. Analysis of pesticides in spiked water and milk samples

To explore the use of the biosensor for monitoring pesticides in
ap water and milk, samples were spiked with malathion, chlorpyri-
os, monocrotophos and endosulfan to final concentrations of 0.2
nd 15 nM.  Water samples without the addition of phosphorylated
ChE were also evaluated. Phosphorylated AChE concentrations
f the spiked samples were quantified based on the peak current
ntensity generated from the samples and the calibration curve
epicted in inset of Fig. 8. As shown in Table 2, the recoveries
or these water samples obtained from the AChE–Fe3O4NP/c-

WCNT/AuE sensor were calculated and found to be between
5% and 109%. Table 3 shows, the recoveries for milk samples
y AChE–Fe3O4NP/c-MWCNT/AuE sensor between 103% and 109%.

 more rigorous analysis of the analytical performance of the
ChE–Fe3O4NP/c-MWCNT/AuE sensor for use with other samples

s underway; however, these preliminary results demonstrate the
otential for characterizing very low levels of OP exposure using
ChE–Fe3O4NP/c-MWCNT matrices.

.11. Stability and reusability of biosensor

The electrode lost 25% of its initial activity after its 50 uses during
he span of 2 months, when stored at 4 ◦C, which is much better
han earlier electrodes [39,47,48].  The good stability, repeatability
nd reproducibility observed for the present biosensor could be
ttributed to the immobilization of AChE onto Fe3O4NP/c-MWCNT
odified Au electrode.

. Conclusions

We constructed a novel composite of Fe3O4NP and c-MWCNT at
u electrode for electrocatalysis, which is stable for a long time at
H 7.5 in 0.1 M phosphate buffer solution. Furthermore the com-
osite provides covalent immobilization of AChE on c-MWCNT
s confirmed by FTIR. This AChE/Fe3O4NP/c-MWCNT modified
u electrode exhibited improved performance of biosensor in

erms of response time (4 s), detection limit (0.1 nM), sensitivity
0.475 mA  �M−1), reusability (more than 50 times) and stability (2

onths). Thus this work illustrates a simple and novel approach for
he development of an improved amperometric enzyme sensor for
esticides determination.
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