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Use of immobilized acetylcholine esterase (AChE) for detecting organophosphorus pesticides in water sources
and body fluids can bring down the detection costs dramatically. In the present study, AChE was directly
doped on multiwalled carbon nanotube (MWCNT) surface modified with carboxylic groups through amide
bond and used for organophosphorus pesticide detection. Amide bond formation betweenMWCNTs and the en-
zymemolecules avoid use of any intermediatemembranes, cross-linkers or bindingmaterials. This strategy over-
comes the hindrance to electron transfer posed by membranes or cross-linkers and increases the sensitivity of
detection. MWCNTs carrying carboxyl groups were deposited on glassy carbon electrode andwere subsequently
immobilized with AChE. The activity of AChE was monitored by cyclic voltammetry after immobilization. Scan-
ning electron microscopy and atomic force microscopy were used to characterize the electrode surface. FT-IR
spectra were taken to characterize enzyme-MWCNT complex. Under optimized parameters, the electrode
showed linear range between 10 and 50 nM, which is promising for detection of trace amounts of the pesticide.
The lower and higher detection limits of the sensor are 0.1 nM and 500 nM respectively. The stability and reus-
ability of the electrode were determined. Finally, successful detection of organophosphorus compounds in real
samples established it as reliable for sensor applications.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Organophosphorus compounds are themost common environmen-
tal pollutants, contaminating water bodies, food and soil and cause
many diseases to humans by inhibiting proteins of various metabolic
pathways and processes. Use of pesticides in agriculture and production
of agents of chemicalwarfare by industries are themajor source of these
toxic compounds. The toxicity of organophosphorus compounds de-
pends on the type and structure of the pesticides [1–3]. Amongst vari-
ous pesticides used worldwide, 30% are organophosphorus pesticides
[4]. Organophosphorus compounds irreversibly bind the enzyme AChE
and block its activity leading to accumulation of the neurotransmitter
acetylcholine. Increased level of acetylcholine in nerve synapses causes
toxicity to respiratory and nervous systems. Severe exposure to organo-
phosphorus compounds can even result inmortality [5]. Therefore, sen-
sitive and fast detection of these pollutants is necessary.

Customary methods used for organophosphorus pesticide detection
are thin layer chromatography (TLC), gas chromatography (GC), HPLC
(High performance liquid chromatography), LC/GC–MS and some spec-
troscopic techniques [6]. However, all these techniques have their limi-
tations that do not permit on-site testing. They are expensive requiring
.

trained technicians and specialized equipments. Besides, they are usu-
ally time consuming and tedious. On the other hand, electrochemical
detection of pesticides need no labelling or technicians and being cost-
effective, fast, non-laborious, has the potential to overcome the above
pitfalls successfully [6]. Immobilization of the enzyme is the crucial
step tomake enzyme based sensors, as the enzyme should retain its na-
tive structure, should be in close proximity of the transducer and should
not experience hindrance due to membrane. Different chemistries and
membranes have been used by various workers for immobilization of
enzymes in electrochemical sensors. Tuoro et al. in 2011 physically
entrapped the AChE in carbon paste but the amount of the enzyme
needed was as high as 2500 U and the sensitivity was not effective [7].
Immobilization of AChE onto Chitosan-silver-nanosilver ink was done
by Q. Zheng and his co-workers in 2016. They have used chitosan as a
binding membrane but it may hinder free electron transfer generated
during catalytic process and hence may result in decreased sensitivity
and detection limits [8]. In the present study, an electrode was devel-
oped without using any binding membrane or crosslinker. Instead GCE
was coated with modified MWCNTs carrying carboxylic groups on
their surface and subsequently AChE was directly loaded on the
MWCNT surface. Carboxyl groups on modified MWCNT forge amide
bonds with the enzyme molecules. The sensor performance is based
on enzymatic activity of AChE coated on the electrode. The quantity of
pesticide in the sample is measured with the help of the electrode, as
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the difference in enzymatic activity before and after its exposure to the
pesticide.

Being highly sensitive, fast and reusable electrochemical biosensors
are applicable for on-site detection of organophosphorus. Biosensors
use two types of enzymes namely, Acetylcholinesterase (AChE) and or-
ganophosphorus hydrolase (OPH) in combination with different types
of transducers such asmetal nanoparticles and carbon based nanoparti-
cles. Here carbon nanotubes have been chosen to fabricate the electrode
as they offer highermechanical strength, chemical inertness, higher sur-
face area and high conductance to the biosensor [9,10]. Organophos-
phorus hydrolase (OPH) works on hydrolysis of organophosphorus
but its use in biosensor makeup may not be advantageous as commer-
cial preparations of the enzyme are not readily available and purifica-
tion of the enzyme is difficult involving high costs. On the other side,
AChE is readily available and is cost effective compared to organophos-
phorus hydrolase (OPH). Acetylcholinesterase (AChE) mounted sensor
works on inhibition method. The enzyme catalyzed reaction leads to
produce thiocholine from acetylthiocholine Iodide and this response is
measured by the electrode due to oxidation reaction of thiocholine. Or-
ganophosphorus pesticide inhibits the activity of AChE which can be
measured by oxidation reaction of thiocholine [8].
2. Materials and methods

2.1. Materials

Multiwalled carbon nanotubes (size b100 nm and 5–8 μm),
acetylthiocholine iodide (ATChI) (A5751), acetylcholine esterase
(AChE) from Electrophorus electricus (C3389) and paraoxon ethyl
(36186) were purchased from Sigma-Aldrich (India). Bovine serum al-
bumin (BSA) (65186), Sodium phosphate dibasic dodecahydrate, so-
dium dihydrogen phosphate dehydrate, potassium chloride and
potassium ferricyanidewas purchased from Sisco Research Laboratories
(India). Stock solution of AChEwas prepared in 1%BSA (w/v) solution in
Phosphate buffer (pH 7.2) and stored at 4 °C. All other reagents were
usedwithout any further purification andwere of analytical grade. Dou-
ble distilled water was used in all the experiments, unless otherwise
mentioned. Potatoes used as samples in the study were bought from a
local vegetable market (Vadodara, India). Untreated tapwater collected
from the laboratory was also used as sample in this study.
2.2. Apparatus

Scanning electronmicroscopic images of the electrode surfaces after
different stages of coating were taken with SEM (JSM-7600F; Jeol, USA)
and Atomic force microscopy images were taken with AFM (Flex AFM,
Nanosurf). All electrochemical measurements were carried out by
CHI660C electrochemical workstation (CH Instruments, Austin, TX,
USA). A three electrode system with AChE/MWCNTs/GCE electrode as
working electrode, Ag/AgCl as reference electrode and a platinum wire
as counter electrode (CH Instruments, Austin, TX, USA) was used. FT-
IR spectra ofMWCNT andMWCNT-AChEwere recordedwith FTIR spec-
trophotometer 8400S (Shimadzu, Singapore). Ultrasonic cleaner (Digi-
tal sonifier 450, Branson 50/60 HZ, USA) was used for dispersing
Fig. 1. Assembling AChE on glassy carbon electrode: ultrasonicated MWCNTs were adsorbed
formation.
MWCNTs. Chopped vegetable sample was centrifuged with centrifuge
(Sigma, 3–18 K, Germany).

2.3. Fabrication of AChE/MWCNTs/GCE electrode

Previously a sensor was designed for the detection of acrylamide
using carboxylic group modified single walled carbon nanotubes [11].
In the present study carboxyl group modified MWCNTs were used
with GCE. Glassy carbon electrode was polished with 0.3–0.05 μm alu-
mina slurry and rinsed several times with double distilled water to get
mirror like surface. After that the electrode was dried at room tempera-
ture. Different stock solutions of carboxylic group functionalized
MWCNTs were prepared in DMF (Dimethyl formamide). Various con-
centrations of MWCNTs (3–8 mg/mL) prepared in DMF were
ultrasonicated for 4 h for dispersion. 5 uL aliquot of MWCNTs solution
fromeach stockwas layered onto the surface of glassy carbon electrodes
separately andwere allowed to dry at room temperature for 1 h. This re-
sulted in thin films ofMWCNTs having carboxyl functional group on the
electrode surface. Different stock solutions of acetylcholine esterase en-
zyme were prepared in PBS (pH 7.2). Different aliquots of enzymes
(0.025–0.9 Units) were drop casted onto the electrode and were
allowed to dry at room temperature. Thus, the MWCNTs bind with the
enzyme via amide bond formation (Fig. 1). The fabricated electrode
was then gently washed in PBS to remove the loosely immobilized en-
zyme acetylcholine esterase. The electrode was stored at 4 °C in air
when not in use.

2.4. Electrochemical measurements

Electrochemical measurements were carried out with
potentiostat CHI660C (USA) with a three electrode configuration
system. Potentials developed between the electrodes were mea-
sured versus the reference Ag/AgCl electrode (Sinsil Interna-
tionals, USA). A thin platinum wire was used as the counter
electrode (Sinsil Internationals, USA). Cyclic voltammetry (CV)
technique was performed and potential was cycled between
+0.7 to −0.2 V with scan rate of 0.1 V/s and sample interval of
0.001 V for the electrode AChE/MWCNTs/GCE. Optimal concentra-
tions of MWCNTs and AChE to be coated on GCE were determined
by recording the peak current in electrolytic solution. Concentra-
tions of the substrate and inhibitor, inhibition time and detection
limit of the sensor were also optimized with the same parameters.
The electrolyte composition used was as follows: 10 mM KCl +
0.1 mM K3[Fe(CN)6] + 10 mM Phosphate buffer solution (PBS
pH 7.2).

After optimization, the AChE/MWCNTs/GCE biosensor was used
for organophosphorus pesticide detection using cyclic voltamme-
try (CV). AChE enzyme loaded on the electrode surface bind the
pesticide covalently. This resulted in reduced enzymatic activity
of the electrode and is proportional to the concertation of the pes-
ticide. This inhibited enzyme's performance was tested by CV re-
sponse in PBS (pH 7.2) solution containing 12.0 mM ATChI and
current was compared with initial current before inhibition. Enzy-
matic reaction forms thiocholine intermediate which further gets
oxidized anodically generating the dimer Dithio-bis-choline and
and layered on polished surface of GCE following doping of AChE through amide bond



Fig. 2. SEM Images of modified electrode surfaces: (a) MWCNTs adsorbed (MWCNTs/GCE); (b) AChE doped on MWCNTs (AChE/MWCNTs/GCE).
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releases a pair of electrons (Eq. (1)) [2]. Thus, the enzymatic reac-
tion and generation of electrons were monitored as a current re-
sponse by CV method.

AcetylthiocholineþH2O →
AChE

Thiocholine red:ð Þ þ Acetic acid
2 Thiocholine red:ð Þ→Dithio‐bis‐choline ox:ð Þ Dimericð Þ þ 2Hþ þ 2e−

ð1Þ

The electrode was then rinsed in double distilled water and was in-
cubated in PBS (pH 7.2) solution having desired concentration of para-
oxon (organophosphorus pesticide) for 10 min. After that, its
performancewas tested in 12.0mMATChI solution by CVmeasurement
under the same experimental conditions. The rate of inhibition by para-
oxon was calculated as follows:

%Inhibition ¼ I0−I1ð Þ=I0 � 100 ð2Þ

where, I0 = peak current of ATChI on the AChE/MWCNTs/GCE before
paraoxon inhibition. I1 = peak current of ATChI on the AChE/
MWCNTs/GCE after paraoxon inhibition.

The electrode AChE/MWCNTs/GCE was then regenerated by
pralidoxime iodide after paraoxon inhibition. The electrode was im-
mersed in 1.0 mM pralidoxime iodide for 15 min and then was run in
12 mM ATChI solution in PBS (pH 7.2) for CV analysis to measure elec-
trochemical response.

2.5. Preparation of samples

Two real samples tap water and potatoes were chosen for pesticide
determination. Potato (5 g) was finely chopped into 3 mm cubes and
soaked in distilled water for 45 min. Following that, potato soaked
water was decanted and used for analysis. Tap water from the labora-
torywas directly centrifuged at 5000g for 5min. Thus, prepared samples
were directly used for pesticide determination. The fabricated sensor
wasfirst incubated in theprepared samples for 10min., then the current
of the sensor was estimated in 12mMATChI prepared in K3Fe[CN]6 and
phosphate buffer as a response of enzymatic activity. It did not show
any decrease in current which showed no inhibition of the enzyme.
Therefore, to test the sensor's efficiency, pesticide was added to both
the samples and the sensor was incubated in the samples for 10 min.
Following that, current of the sensor was estimated in 12mMATChI be-
fore and after the incubation. Decrease in current was observed due to
inhibited enzyme which is proportional to pesticide concertation.

While dealing with real samples on-site it is not always possible to
control the chemical constitution of the samples. Hence, it is better to
check the suitability of electrode with untampered real samples.
3. Result and discussion

3.1. Characterization of MWCNTs/GCE and AChE/MWCNTs/GCE electrode

The morphological and surface characterization of the fabricated
electrodes was carried out using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). It was not possible to insert elec-
trode surface for SEM and AFM analysis since the electrode does not
have any detachable parts. Instead, glass slide was used in place of
glassy carbon electrode assuming that it would effectively mimic the
surface of the electrode to provide support for MWCNTs layering. The
aim of the analysis was to ensure enzyme loading on MWCNTs. Similar
methodologywas used to analyze the film of deposited nanoparticles in
literature [30–32]. The glass surface was coated with the functionalized
carbon nanotubes followed by layering of the enzyme. It was observed
using SEM that a large number of uniformly layered filamentous struc-
tures of MWCNTs modified the surface (Fig. 2(a)). Subsequently, suc-
cessful loading of AChE on MWCNT surface was observed (Fig. 2(b)).
This establishes loading of the enzyme on the MWCNTs and can be at-
tributed to the amide bond formation between carboxylic group of
MWCNTs and amine group of the enzyme. Fig. 3(a) and (b) represent
the AFM images of bare surface and MWCNTs/AChE modified surface
of glass slide respectively. AFM image of AChE/MWCNTs modified sur-
face shows higher surface roughness compared to the bare surface
(Fig. 3(b)). MWCNTs/AChE has a Z-mean fit value of 374 nm, which is
higher than 25.5 nm observed with bare slide surface. Further, the re-
sults obtained by carrying out electrochemical analysis with GCE/
MWCNTs/AChE, GCE/MWCNTs and bare GCE showed that the layering
of MWCNTs enhanced the surface area for enzyme loading, besides in-
creasing its electric conductivity when coated on GCE, which is
discussed in Section 3.2. However, only topological and morphological
characterization are not sufficient to ensure enzyme loading on
MWCNTs. To confirm the above observations, spectroscopic and elec-
trochemical characterization of the fabricated electrode was done by
FT-IR spectra and cyclic voltammetry method respectively [12,13].

FT-IR spectra of MWCNTs and the complex of AChE-MWCNTs were
recorded and compared (Fig. 4). The spectrum was magnified between
1600 and 1750 cm−1 to highlight and mark the peaks. The peak at
1654 cm−1 corresponds to α- helical structures while the peak at
1685 cm−1 indicates presence of β pleated sheet. The peak at
1718 cm−1 shows stretching of C_O bond in amide-I region. The shifts
observed in the peaks can be attributed to interactions of other func-
tional groups with each other and less intensity of the observed peaks
may be due to the low amount of enzyme used for preparing the com-
plex. Thus, it confirms the binding of AChE to MWCNTs [14].

Electrochemical analysis of stepwise fabrication of the electrodewas
performedby cyclic voltammetry as shown in Fig. 5. The voltagewas cy-
cled between 0.7 to−0.2 V and the current passing through the bare GC



Fig. 5. CV of (a) bare GCE, (b) GCE + MWCNTs and (C) GCE + MWCNTs + ACh

Fig. 3. AFM pictures of different electrode surfaces: (a) bare polished glassy carbon electrode; (b) MWCNTs modified and AChE doped glassy carbon electrode (AChE/MWCNTs/GCE).

Fig. 4. FT-IR Spectrum of MWCNTs and AChE-MWCNTs complex: FT-IR spectra were
recorded separately for MWCNTs and MWCNTs-AChE and were compared. The inset is
showing magnification of FT-IR spectrum from 1600 to 1600–1750 cm−1 region.
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electrode,MWCNTs/GC electrode andAChE/MWCNTs/GC electrodewas
measured. It was observed that current increased dramatically after
coating GC electrode with MWCNTs, as a result of increased surface
area and higher electric conductance property of carbon nanotubes.
After the enzyme was coated on MWCNTs, GC electrode showed de-
crease in current. This decrease in current response may be a conse-
quence of increased interface after enzyme coating causing deterrence
to electron transfer. This also ensures that the enzyme itself is not get-
ting oxidized or reduced during the voltage cycling [15–17].

Further, it is important to measure the response of the sensor to-
wards thiocholine which is generated by the enzymatic reaction as
shown in Eq. (1), because the pesticide is detected directly by measur-
ing electrochemical behavior of thiocholine. Thiocholine has sulfydryl
groupwhich is responsible for its electrochemical activity and generates
the dimer Di-thio-bis-choline and liberates electrons. But, thiocholine
once generated is very unstable so it is very difficult to measure the re-
sponse of the sensor directly against it. Further, it is not commercially
available. Cysteine has thiol group and it is easier to obtain. Therefore,
in the present study cysteine was used instead of thiocholine to mea-
sure its electrochemical behavior on AChE/MWCNTs/GCE [18]. Cyclic
voltammetry was run in three cycles, in the absence and presence of
0.5mMcysteine, to characterize the response of the fabricated electrode
AChE/MWCNTs/GCE under the experimental conditions as mentioned
E recorded in PB (pH 7.2) containing 0.1 mM K3[Fe(CN)6] and 10 mM KCl.



Fig. 6. Electrochemical behavior of cysteine on the AChE/MWCNTs/GCE recorded in PB
(pH 7.2) containing 0.1 mM K3[Fe(CN)6] and 10 mM KCl.
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earlier. The peak current increased after adding 0.5 mM cysteine in the
electrolyte system as seen in the voltammograms in Fig. 6 [8,18].
3.2. Optimization of experimental parameters

3.2.1. Effect of MWCNTs concentration on GCE
The concentration of MWCNTs plays an important role in determin-

ing the conductance of the fabricated sensor. The current response of
the electrode was measured by running cyclic voltammetry cycles in
electrolyte system. It can be seen that the current increased significantly
with the increased concentrations of MWCNTs. Increasing the concen-
trations beyond 0.03 mg of MWCNTs, did not show further enhance-
ment in current, rather decreased the current. This may be owed to
Fig. 8. Optimization of MWCNTs coating on GCE: effect of different concentrations of M

Fig. 7. Cyclic voltammogram of MWCNTs coated electrode with different concentrati
increased thickness of the film which hindered the electron transfer.
Thus, 0.030 mg concentration of MWCNTs was used to fabricate the
electrode (Figs. 7 and 8).

3.2.2. Effect of enzyme AChE loading
Effect of enzyme amount loaded on the MWCNTs/GC electrode was

measured under the same parameters. With increase of the amount of
enzyme on the electrode surface, peak current increased significantly
up to 0.1 U of the enzyme. Any further increase in the enzyme amount
decreased the current gradually. Therefore, we chose 0.1 U of AChE as
optimized concentration for further experiment (Fig. 9).

3.2.3. Effect of ATChI amount
Influence of various concentrations of ATChI substrate on fabricated

sensor was measured with the electrochemical parameters already
standardized. When the concentration of ATChI was varied from 0.05
to 16 mM, current dramatically increased up to 12 mM. Subsequently,
no significant or no large change was found in the current with increase
in ATChI concentration (Fig. 10). For that reason, 12 mM of ATChI was
used for further experiment [12].

3.2.4. Effect of inhibition time
Incubation time or response time of the sensor is time needed to in-

hibit the activity of the enzyme by covalent bond formationwith the in-
hibitor paraoxon and is a key factor to assess the performance of the
sensor. The inhibition curve showed a gradual increase till 6 min, as
the incubation time was changed from 2 to 22 min. (Fig. 11). After
6 min the curve showed a sudden jump with increased inhibition at
10 min of incubation. However, when the electrode was immersed in
pesticide solution for N10 min, it did not show further increase in inhi-
bition. Hence, the inhibition curve tends to reach its saturation with
WCNTs coatings in PB (pH 7.2) containing 0.1 mM K3[Fe(CN)6] and 10 mM KCl.

ons of MWCNTs in PB (pH 7.2) containing 0.1 mM K3[Fe(CN)6] and 10 mM KCl.



Fig. 9. Effect of AChE loading on modified MWCNTs/GCE recorded in PB (pH 7.2)
containing 1 mM ATChI in 0.1 mM 820 K3[Fe(CN)6] and 10 mM KCl.

Fig. 12. Cyclic voltammetric detection of different paraoxon concentrations by fabricated
electrode in presence of 12 mM ATChI with PB (pH 7.2), 0.1 mM K3[Fe(CN)6] and
10 mM KCl; Incubation time 10 min; concentration of paraoxon: 0.1 nM, 10 mM, 20 nM,
30 nM, 40 nM, 50 nM, 60 nM, 100 nM, 200 nM, 300 nM, 400 nM, 500 nM.
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stable values after 10 min of incubation. The inhibition curve of para-
oxon could not reach 100% of the inhibition because of lack of equilib-
rium between the binding sites of enzyme and pesticides [19].
Accordingly, 10minwas chosen as the optimum inhibition time for pes-
ticide detection.

3.3. Detection of paraoxon

The electrode was incubated with different concentrations of para-
oxon under optimal experimental conditions and change in peak poten-
tial and dramatic decrease in response current were observed with
Fig. 10. Effect of various concentrations of ATChI on the sensor recorde

Fig. 11. Effect of Inhibition time: Response time of the sensor recorded in electrolytic sy
increased concentrations of paraoxon (Fig. 12). This may be attributed
to increased inhibition of free catalytic sites of the enzyme available to
the substrate. Under the optimal experimental conditions, inhibition
of the enzyme by various paraoxon concentrations on fabricated elec-
trode (AChE/MWCNTs/GCE) showed linear range from 10 to 50 nM
with the regression coefficient R2 = 0.98. The detection limit was
d in PB (pH 7.2) containing 0.1 mM K3[Fe(CN)6] and 10 mM KCl.

stem having 12 mM ATChI with PB (pH 7.2), 0.1 mM K3[Fe(CN)6] and 10 mM KCl.



Fig. 13. Detection of paraoxon of the fabricated sensor: (a) Detection range 0.1–500 nM
(b) Linear range 10–50 nM.
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found to be 0.1 nM (Fig. 13(a) and (b)). Analytical characteristics such
as sensitivity (linear range and detection limit) of a number of already
reported biosensors were compared with the biosensor constructed
(AChE/MWCNTs/GCE) and the results are summarized in Table 1.

The present sensor is based on inhibition of AChE by organophos-
phorus pesticides, where paraoxon has been picked up as model pesti-
cide as it is known to be most toxic. Inhibition of the enzyme greatly
depends on two things: affinity of a particular pesticide for AChE en-
zyme, general occurrence and concentration of the pesticide in the envi-
ronment. Anti-acetylcholine activity of different pesticides greatly
depends on their structures [24]. So, the same level of inhibition can
be obtained with high concentration of low affinity pesticide and low
concentration of high affinity pesticide [25]. To consider the cumulative
effect of two or mixtures of pesticides and interference due to various
organic and inorganic species is important while proposing a method
of detection. In literature various studies have been carried out to exam-
ine the cumulative inhibition of the enzyme by different organophos-
phorus pesticides and interference of organic and inorganic
compounds. Pogac'nik and Franko in 1999 examined Anti-AChE of
each pesticide,mixture of two ormore pesticides [26]. Amongst, various
organophosphates (Chlorpyrifos, paraoxon, diazinon), paraoxon is
found to be maximally toxic and showed the lowest limit of detection.
Table 1
Comparison of analytical characteristics of the present sensor with reported sensors for detect

Electrode Linear range (nM)

BChE/AgNw/PTTBO/Graphite 0.5-8 × 103,
10-120 × 103

AChE/PDDA-MWCNTs-GR/GCE 2.74-171.6,
0.171-10.298 × 103

AChE/carbon paste electrode 3.432-51.493 × 103

AChE/MWCNTs/GCE 10-50
While Chlorpyrifos being less toxic showed relative Anti-AChE activity
of 0.01% compared to paraoxon. While looking at the cumulative effect,
it was proved that Anti-AChE toxicity in themixed solution of pesticides
correspondedwell with the sums of individual anti-AChE activity. Thus,
an acetylcholinesterase-based sensor does not measure the total pesti-
cide concentration, but gives the sum of anti-cholinesterase activity
from each pesticide that can be expressed as paraoxon equivalent
[26]. So, the present biosensor can be used to evaluate the total anti-
AChE of the sample which corresponds to the concentration of the pes-
ticide. Interference due to common electroactive species (ascorbic acid,
uric acid), nitrophenyl derivatives (nitrobenzene, nitrophenol), inor-
ganic ions (NO3

−, PO4
3−, SO4

2−, NO2
−, F−, Cl−, K+, Ca2+, Mg2+) and

sugars (Fructose, Sucrose) for AChE based electrochemical biosensor
have been studied and found to show no significant inhibition or inter-
ference or proved to have negligible effect [27–29].

Inhibitory effects of a list of organic compounds and electrolytic spe-
cies over the activity of AChE, screening of a series of real samples for or-
ganophosphorus compounds and comparing the resultswith the results
obtained by other standard techniques such as HPLC and spectroscopic
techniques can be considered as an extension of the present work and
can be taken up as a new objective.

3.4. Replication, stability and reactivation

Fabrication of electrode was repeated 3 times simultaneously and
their current response in 12 mM ATChI was checked. The SD value of
the response current was found to be 0.071, which indicates that the
replicability achieved is of acceptable value. The sensor electrode was
stored in dry conditions at 4 °C and its enzyme activity was checked at
four day intervals. Even after the long storage period of 32-days, it still
retained its 54.28% current response compared to its initial current re-
sponse. According to published reports, the inhibited AChE of the sensor
can be reactivated by pralidoxime [20,21]. The sensorwas reactivated in
1.0mMpralidoxime iodide solution for 15min, and then its activitywas
measured which showed 90.68% regeneration of AChE compared to its
original value, suggesting that the reactivation achieved is of acceptable
value.

3.5. Real sample analysis

It is crucial to evaluate reliability of the sensor for its application in
real sample analysis. Two real samples tap water and potatoes bought
from local market were selected for pesticide detection. Potatoes were
cut into 3mmcubes and soaked in distilledwater for 45min. The potato
soaked water was decanted and used for analysis. Untreated tap water
from the laboratory was collected and centrifuged to at 5000 g for
5min. The results of analysis of tap water and potatoes showed no inhi-
bition. Hence, efficiency of detection of the sensor was tested by adding
different pesticide concentrations to both the samples. Each of the sam-
ple was tested 3 times to check the reproducibility of the current in real
samples and was found to be 6.924 ± 0.0041 (10−4 A) and 6.856 ±
0.0378 (10−4 A) for potato and tap water respectively (Fig. 14(a) and
(b)). Table 2 shows the results calculated from inhibition ratio for the
added concentrations of pesticides. Recovery for potato and tap water
was calculated as 4.864 ± 0.2 nM (97.28%) and 10.356 ± 1.45 nM
(103.56%) respectively out of 5 nM and 10 nM. This result suggests
ion of paraoxon

Detection limit (nM) References

212 (Turana et al. [23])

0.44 (Sun et al. [12])

1.373 × 103 (Caetano and Machado [22])
0.1 Present work



Fig. 14. Selective detection paraoxon from real samples: (a) 5 nM paraoxon added potato
(b) 10 nM Paraoxon added tap water.
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that the proposed fabricated sensor is reliable and can be used directly
for analytical application.

Detection of real samples showed slightly altered inhibition of the
enzyme compared to in buffer solutions for potato and tap water re-
spectively. Thus, it did not show exact amount of the pesticide present
in the sample (Fig. 14(a) and (b)) (Table 2). Similar effect was also re-
ported with some sensors in literature. Exact reason behind this effect
is still not identified. Probabilities of adsorption or entrapment of any
organic matter onto the biolayer (MWCTs-AChE) which can block the
supply of substrate and electrolyte and hinder the current is also negli-
gible as the electrode was washed every time just after its incubation in
pesticide added buffer-electrolyte system or real samples. It is also
shown that pesticide did not get adsorbed on solid organic matter,
which might be the result of lower pesticide concentrations detection
Table 2
Recovery studies of different paraoxon concetrations from real samples

Sample Added (nM) Found(nM) Recovery

Potato (5 g) 5 nM 4.864 ± 0.2 nM 97.28%
Tap water 10 nM 10.356 ± 1.45 nM 103.56%
in case of potato [25,26]. It is said that some real samples or matrix
somehow show limiting or protective effect to the enzyme. However,
it is possible to make matrix-matched calibration curve which measure
anti-AChE activity of real samples in buffer from the same origin with-
out having any pesticide residue. These can give better estimation com-
pared to estimation obtained from single point matrix-matched buffer
solution. A standard addition method can also be opted for real sample
analysis to avoid amatrix effect [26]. Direct analysis of real sampleswith
the biosensor can also be a good option [25].

4. Conclusion

Successful fabrication of the MWCNTs and acetylcholine esterase
based biosensor for rapid and onsite detection of pesticide paraoxon
by doping the enzyme directly on to MWCNTs surface was done. Thus,
the use of any binder or insulating membrane or ink unlike other fabri-
cation chemistries, using harmful and noneco-friendly insulating inks,
which may hinder electron transfer and affect the performance of the
sensor was eliminated. In the present study, MWCNTs were chosen
for loading enzyme due to their inherent properties such as higher sur-
face area, higher electric conductance, higher mechanical strength and
electrochemical properties which are best suited for nanosensor fabri-
cation. Fabrication was carried out at room temperature, avoiding the
use of any large instruments or harmful reagents. The sensor showed
superior stability and linear range compared to other sensors in use.
The limit of detection for paraoxon was 0.1 nM under optimized condi-
tions. The sensor was used for real sample detection and was found to
be useful for detection of pesticide residues in food and water. The sen-
sor displayed good recovery. The results demonstrate that the sensor
can be adopted for food and water safety.

Funding

This research did not receive any specific grant from funding agen-
cies in the public, commercial or not-for-profit sectors.

Declaration of Competing Interest

The authors declare no conflicts of interest.

Acknowledgement

The authors are immensely thankful to Prof. Bhavna Trivedi, Depart-
ment of Chemistry, The M. S. University of Baroda, India for extending
the use of cyclic voltammetry facility. FT-IR spectra were recorded in
the Department of Applied Chemistry, The M. S. University of Baroda,
India with the help of Prof. RC Tandel. The authors are obliged to Dr.
Prasenjit Maity, I/c Director, Research and Development Department,
Gujarat Forensic Science University for AFM Measurement.

References

[1] A.K., Sharma; K., Gaur; R.K., Tiwaria; M.S., Gaur. Computational interaction analysis
of organophosphorus pesticides with different metabolic proteins in humans; J.
Biomed. Res. 2011, 25(5), 335–347. https://doi.org/10.1016/2FS1674-8301(11)
60045-6.

[2] G.A.E. Mostafa, Electrochemical biosensors for the detection of pesticides, Open
Electrochem. J. 2 (2010) 22–42, https://doi.org/10.2174/1876505X01002010022.

[3] S. Chapalamadugu, G.S. Chaudhry, Microbiological and biotechnological aspects of
metabolism carbamates and organophosphates, Crit. Rev. Biotechnol. 12 (1992)
357–389, https://doi.org/10.3109/0738855920914232.

[4] F. Arduini, R. Francesco, S.T. Catalin, M. Danila, A. Aziz, P. Giuseppe, Detection of car-
bamic and organophosphorus pesticides in water samples using a cholinesterase
biosensor based on Prussian Blue-modified screen-printed electrode, Anal. Chim.
Acta 580 (2006) 155–162, https://doi.org/10.1016/j.aca.2006.07.052.

[5] . T.R., Fukuto; Mechanism of action of organophosphorus and carbamate insecti-
cides; Environ. Health Perspect.. 1990, 87, 245–254. DOI: https://doi.org/10.1289/
ehp.9087245.

[6] F. Arduini, S. Guidonea, A. Amine, G. Palleschi, D. Moscone, Acetylcholinesterase bio-
sensor based on self-assembled monolayer-modified gold-screen printed electrodes

https://doi.org/10.2174/1876505X01002010022
https://doi.org/10.3109/0738855920914232
https://doi.org/10.1016/j.aca.2006.07.052


903J.B. Thakkar et al. / International Journal of Biological Macromolecules 137 (2019) 895–903
for organophosphorus insecticide detection, Sensors Actuators B Chem. 179 (2013)
201–208, https://doi.org/10.1016/j.snb.2012.10.016.

[7] D., D., Tuoro;M., Portaccio; M., Lepore; F., Arduini; D., Moscone; U., Bencivenga; D.G.,
Mita. An acetylcholine esterase biosensor for determination of low concentrations of
Paraoxon and Dichlorvos; New Biotechnol. 2011, 29 (1), 132–8. doi: https://doi.org/
10.1016/j.nbt.2011.04.011.

[8] Q., Zheng; Y., Yu; K., Fan; F., Ji; J., Wu; Y., Ying. A nano-silver enzyme electrode for
organophosphorus pesticide detection; Anal. Bioanal. Chem. 2016, 408,
5819–5827. DOI https://doi.org/10.1007/s00216-016-9694-6.

[9] . S., Majdi; A., Jabbari; H., Heli, et al., Electrochemical oxidation and determination of
ceftriaxone on a glassy carbon and carbon- nanotubes-modified glassy carbon elec-
trodes; J. Solid State Electrochem.. 2009, 13, 407–416. https://doi.org/10.1007/
s10008-008-0567-6

[10] R., Jain; J.A., Rather. Voltammetric determination of antibacterial drug gemifloxacin
in solubilized systems at multi-walled carbon nanotubes modified glassy carbon
electrode; Colloids Surf. B: Biointerfaces 2011, 83, 340–346. doi: https://doi.org/10.
1016/j.colsurfb.2010.12.003.

[11] A., Krajewska; J., Radecki; H., Radecka. A voltammetric biosensor based on glassy
carbon electrodes modified with single-walled carbon nanotubes/hemoglobin for
detection of acrylamide in water extracts from potato crisps; Sensors 2008, 8,
5832–5844. DOI: https://doi.org/10.3390/s8095832.

[12] X. Sun, Z. Gong, Y. Cao, X. Wang, Acetylcholinesterase biosensor based on poly
(diallyldimethylammonium chloride)-multi-walled carbon nanotubes-graphene
hybrid film, Nano-Micro Lett 5 (1) (2013) 47–56https://doi.org/10.3786/nml.v5i1.
p47-56.

[13] S. Gupta, C.R. Prabha, C.N. Murthy, Functionalized multi-walled carbon nanotubes/
polyvinyl alcohol membrane coated glassy carbon electrode for efficient enzyme
immobilization and glucose sensing, J. Environ. Chem. Eng. 4 (2016) 3734–3740,
https://doi.org/10.1016/j.jece.2016.08.021.

[14] M.F., Cabral; J.D., Barrios; E.M., Kataoka; S.A.S., Machado; E., Carrilho; C.D., Garcia;
A.A., Ayon. Computational, electrochemical, and spectroscopic, studies of
acetycholinesterase covalently attached to carbon nanotubes; Colloids Surf. B:
Biointerfaces 2013; 9, 103-624. https://doi.org/10.1016/j.colsurfb.2012.08.039.

[15] D., Du; S.Z., Chen; D.D., Song; H.L., Li; X., Chen. Development of acetylcholinesterase
biosensor based on CdTe quantum dots/gold nanoparticles modified chitosan mi-
crospheres interface; Biosens. Bioelectron. 2008, 24(3), 475–479. https://doi.org/
10.1016/j.bios.2008.05.005

[16] J. Zhang, J. Lia, F. Yang, B.L. Zhang, X.R. Yang, Preparation of prussian blue@Pt nano-
particles/carbon nanotubes composite material for efficient determination of H2O2,
Sensors Actuators B Chem. 143 (1) (2009) 373–380, https://doi.org/10.1016/j.snb.
2009.08.018.

[17] N., Chauhan and C.S., Pundir. An amperometric biosensor based on acetylcholines-
terase immobilized onto iron oxide nanoparticles/multi-walled carbon nanotubes
modified gold electrode for measurement of organophosphorus insecticides; Anal.
Chim. Acta 2011, 701(1), 66–74. https://doi.org/10.1016/j.aca.2011.06.014

[18] S., Zhang; Z., Gu; Y., Hu; S., Qu; Y., Liu. Study on the highly sensitive AChE electrode
based on multiwalled carbon nanotubes; J. Nanomater. 2014, 2014, 1–7. https://doi.
org/10.1155/2014/828141.

[19] D. Du, X.X. Ye, J. Cai, J. Liu, A.D. Zhang, Acetylcholinesterase biosensor design based
on carbon nanotube-encapsulated polypyrrole and polyaniline copolymer for am-
perometric detection of organophosphates, Biosens. Bioelectron. 25 (11) (2010)
2503–2508, https://doi.org/10.1016/j.bios.2010.04.018.
[20] D. Du, S.Z. Chen, J. Cai, D.D. Song, Comparison of drug sensitivity using acetylcholin-
esterase biosensor based on nanoparticles-chitosan sol-gel composite, J. Electroanal.
Chem. 611 (1–2) (2007) 60–66, https://doi.org/10.1016/j.jelechem.2007.08.007.

[21] H.S., Yin; S.Y., Ai; J., Xu; W.J., Shi; L.S., Zhu. Amperometric biosensor basedon
immobilized acetylcholinesterase on gold nanoparticles and silk fibroin modified
platinum electrode for detection of methyl paraoxon, carbofuran and phoxim, J.
Electroanal. Chem. 2009, 637(1–2), 21–27. https://doi.org/10.1016/j.jelechem.
2009.09.025.

[22] J. Caetano, S.A.S. Machado, Determination of carbaryl in tomato “in natura” using an
amperometric biosensor based on the inhibition of acetylcholinesterase activity,
Sensors Actuators B Chem. 129 (1) (2008) 4046, https://doi.org/10.1016/j.snb.
2007. 07.098.

[23] J. Turana, M. Kesika, S. Soylemeza, S. Gokera, S. Coskunc, H.E. Unalanc, L. Toppare, An
effective surface design based on a conjugated polymer and silvernanowires for the
detection of paraoxon in tap water and milk, Sensors Actuators B Chem. 228 (2016)
278–286, https://doi.org/10.1016/j.snb.2016.01.034.

[24] L., G., Costa; Organophosphorus compounds at 80: some old and new issues, Toxicol.
Sci. 2018, 162(1), 24–35. https://doi.org/10.1093/toxsci/kfx266.

[25] P. Skladal, G.S. Nunes, H. Yarnanaka, M.L. Ribeiro, Detection of carbamate pesticides
in vegetable samples using cholinesterase-based biosensors, Electroanalysis 9 (14)
(1997) 1083–1087, https://doi.org/10.1002/elan.1140091410.

[26] L. Pogac'nik, M. Franko, Determination of organophosphate and carbamate pesti-
cides in spiked samples of tap water and fruit juices by a biosensor with
photothermal detection, Biosens. Bioelectron. 14 (1999) 569–578, https://doi.org/
10.1016/S0956-5663(99)00029-9.

[27] S., Upadhyay; G., R., Rao; M., K., Sharma; B., K., Bhattacharya; V., K., Rao; R.,
Vijayaraghavan; Immobilization of acetylcholineesterase–choline oxidase on a
gold–platinum bimetallic nanoparticles modified glassy carbon electrode for the
sensitive detection of organophosphate pesticides, carbamates and nerve agents,
Biosens. Bioelectron. 2009, 25, 832–838. https://doi.org/10.1016/j.bios.2009.08.036.

[28] J., Gong; Z., Guan; D., Song; Biosensor based on acetylcholinesterase immobilized
onto layered double hydroxides for flow injection/amperometric detection of or-
ganophosphate pesticides; Biosens. Bioelectron. 2013, 39, 320–323. https://doi.
org/10.1016/j.bios.2012.07.026

[29] S., Wu; F., Huang; X., Lan; X., Wang, J., Wang; C., Meng; Electrochemically reduced
graphene oxide and Nafion nanocomposite for ultralow potential detection of or-
ganophosphate pesticide; Sensors Actuators B 2013, 177, 724– 729. https://doi.
org/10.1016/j.snb.2012.11.069.

[30] Z. Cao, Qiu Li, Y. Yang, Y. Chen, X. Liu, The effects of surface modifications of multi-
walled carbon nanotubes on their dispersibility in different solvents and poly ether
ether ketone, J. Mater. Res. 29 (22) (2014) 2625–2633, https://doi.org/10.1557/jmr.
2014.284.

[31] S. Nayak, S. Bhattacharjee, B. Singh, A systematic study on the effect of acidic, basic
and neutral additives on dispersion of multiwalled carbon nanotubes using a
dimethylformamide solution, Adv. Nat. Sci. Nanosci. Nanotechnol. 5 (045005)
(2014) 1–8, https://doi.org/10.1088/2043-6262/5/4/045005.

[32] A., Babaei; A., Taheri;M., Afrasiabi; A multi-walled carbon nanotube-modified glassy
carbon electrode as a new sensor for the sensitive simultaneous determination of
paracetamol and tramadol in pharmaceutical preparations and biological fluids; J.
Braz. Chem. Soc. 2011, 22 (8), 1549–1558. https://doi.org/10.1590/S0103-
50532011000800020.

https://doi.org/10.1016/j.snb.2012.10.016
https://doi.org/10.1016/j.jece.2016.08.021
https://doi.org/10.1016/j.snb.2009.08.018
https://doi.org/10.1016/j.snb.2009.08.018
https://doi.org/10.1016/j.bios.2010.04.018
https://doi.org/10.1016/j.jelechem.2007.08.007
https://doi.org/10.1016/j.snb.2007. 07.098
https://doi.org/10.1016/j.snb.2007. 07.098
https://doi.org/10.1016/j.snb.2016.01.034
https://doi.org/10.1002/elan.1140091410
https://doi.org/10.1016/S0956-5663(99)00029-9
https://doi.org/10.1016/S0956-5663(99)00029-9
https://doi.org/10.1557/jmr.2014.284
https://doi.org/10.1557/jmr.2014.284
https://doi.org/10.1088/2043-6262/5/4/045005

	Acetylcholine esterase enzyme doped multiwalled carbon nanotubes for the detection of organophosphorus pesticide using cycl...
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Apparatus
	2.3. Fabrication of AChE/MWCNTs/GCE electrode
	2.4. Electrochemical measurements
	2.5. Preparation of samples

	3. Result and discussion
	3.1. Characterization of MWCNTs/GCE and AChE/MWCNTs/GCE electrode
	3.2. Optimization of experimental parameters
	3.2.1. Effect of MWCNTs concentration on GCE
	3.2.2. Effect of enzyme AChE loading
	3.2.3. Effect of ATChI amount
	3.2.4. Effect of inhibition time

	3.3. Detection of paraoxon
	3.4. Replication, stability and reactivation
	3.5. Real sample analysis

	4. Conclusion
	Funding
	Declaration of Competing Interest
	Acknowledgement
	References


