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Organophosphate compounds are heavily used in agriculture and military activities, while non-
organophosphate pesticides are mostly used in agriculture and home defense. Discriminative detection
of such toxic compounds is very challenging and requires sophisticated and bulky instrumentation.
Meanwhile, multi-enzyme biosensors may offer an effective solution to the problem and may become a
versatile analytical tool for discriminative detection of different neurotoxins. In this study, we report for
the first time a novel bi-enzyme biosensing system incorporating electrostatically interacted enzyme-
armored MWCNT-OPH and MWCNT-AChE along with a set of cushioning bilayers consisting of
MW(CNT-polyethyleneimine and MWCNT-DNA on glassy carbon electrode for discriminative detection
of organophosphorus (OP) and non-organophosphorus (non-OP) pesticides. LbL interfaces were
characterized by surface plasmon resonance and electrochemical impedance spectroscopy, demonstrat-
ing stepwise assembly and electron conductivity studies. The detection limit was found to be ~0.5 for OP
pesticide paraoxon and 1 pM for non-OP pesticide carbaryl, in a wide linear range. The biosensor
performance was also validated using apple samples. Remarkable discriminative and straightforward
detection between OP and non-OP neurotoxins was successfully achieved with cyclic voltammetry (CV)
and UV-vis methods on the MWCNT-(PEI/DNA),/OPH/AChE biosensor, showing great potential in large

screening of OP and non-OP pesticides in practical applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Development of highly sensitive and discriminative techniques
for detection of toxic analytes has been one of the top research
priorities in the past few decades. Extensive use of pesticides and
the release of tremendous amounts of their residues in the
environment such as soil, water and food raised serious public
concerns regarding health, environment and food safety (Gupta
and Melatovic, 2012). Organophosphates (OP) and carbamates
(non-OP) are highly neurotoxic compounds, and with much lower
doses can cause chronic delayed onset toxicity to nerve cells.
Several studies have shown that low-level exposure of these
pesticides attribute to the inhibition of the acetylcholine esterase
(AChE) enzyme, which regulates the turnover of the
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neurotransmitter acetylcholine in synaptic transmission. Conse-
quently, acetylcholine accumulation in receptor sites can lead to
various clinical complications, ultimately leading to death (Fukuto,
1990; Williams et al., 1997). Therefore, their detection in environ-
mental and biological samples using sensitive and discriminative
methods is highly demanded. Chromatography based traditional
instrumentation—HPLC, GC-MS and LC-MS—are the most impor-
tant OP and non-OP detection methods. However, these methods
require meticulous and labor-intensive sample preparations, and
sophisticated, expensive instruments.

Acetylcholine esterase (AChE) inhibition-based electrochemical
biosensors have received high attention for analyzes of pesticide
compounds, based on their simplicity, rapidity, high specificity,
and reduced sample preparation (Kirsch et al., 2013; Kulys and
D'Costa, 1991; Mionetto et al., 1994; Palleschi et al., 1992). The
inhibition mechanism involves high affinity of both OPs and non-
OPs toward the AChE enzyme where the hydroxyl of the serine
residue within the active site is phosphorylated (OPs) or
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carbamylated (non-OPs). Several other enzymes including butryl-
choline esterase (L. Wang et al., 2011), and urease (Sassolas et al.,
2012; Starodub et al., 1999) have been used in the development of
a variety of electrochemical biosensors based on inhibition mode
in which the signal from electroactive products is inversely
proportional to the pesticide concentration. Various other inhibi-
tion sensors have been developed on bi-enzyme cascade reactions
AChE and Choline Oxidase (ChOx) for recognizing acetylcholine/
choline based on amperometric detection of H,0, (Hou et al,
2012; Meng et al., 2013; Zheng et al., 2011). Although the majority
of present biosensors are inhibition/catalytic based, remarkably, all
of them are based on “one analyte—one biorecognition element”
detection pathway which is not specific enough to derive a
conclusion, and thus rendering it impossible to discriminate a
series of key pesticide analytes. In contrast, if measured with more
than one biorecognition structure/element and is targeted the
same analyte, an unambiguous result can be achieved. In this line,
multi-enzyme biosensing systems that provide versatility for
detection of multi-analytes open up new possibilities for multi-
plexed assays of different chemical analytes.

Recently, organophosphate hydrolase (OPH) was recognized as
an alternative recognition enzyme for direct detection of organo-
phosphate (Dave et al., 1993; Dumas et al., 1990). The enzyme
hydrolyzes the OP molecule, the detection signal is directly
proportional to the concentration of the OP and the products can
be measured by spectrophotometric and electrochemical means.
In 1996, we pioneered a new “kinetic” approach for the direct
detection of OP neurotoxins based on the enzyme OPH. It has been
demonstrated that the enzymes cleave the P-O, P-F, P-S or P-CN
bonds, which can result in changes in pH, that can be directly
detected by electrochemical (Rainina et al., 1996) and optical
techniques (Russell et al., 1999; Simonian et al., 2005). Flow
injection amperometric detection of OP nerve agents based on
OPH biosensor was also reported (Wang et al., 2003). Simonian
etal. (20014, 2001b, 1997) further identified a novel multi-enzyme
strategy for discrimination between different classes of
neurotoxins.

Recent advances for development of enzyme-based biosensors
have focused on incorporating enzymes with novel nanomaterials
of fascinating electronic, mechanical and optical properties, e.g.
carbon nanotubes (CNTs) (Feng and Ji, 2011), graphene oxide (Y.
Wang et al., 2011; Zhang et al., 2010), nanoparticles (Upadhyay
et al.,, 2009; Zhao et al,, 2013), and quantum dots (Meng et al.,
2013) etc. For example, CNT modification enhances direct electron
transfer for electrochemical-based biosensors and provides excel-
lent scaffolding structures for enzymes while retaining their
bioactivities, resulting in an overall performance of biosensors
with improved features such as a faster response time, signal
amplification, higher sensitivity, better selectivity and stability.
A key issue in these novel biosensors is the method of enzyme
immobilization onto nanomaterials and their integration in bio-
sensors. Ideally, a method that allows for high loading, retention of
biological activity, nanomaterial properties, simplicity and control
of the film architecture is desired. To overcome these challenges, a
diverse set of CNT immobilization strategies for enzyme immobi-
lization was developed and largely presented in the literature.
Physical adsorptions were reported between enzymes and mod-
ified/functionalized nanomaterial surfaces through electrostatic
interactions (Wang et al., 2003; Zhang et al., 2010). Although this
method is relatively simple, requiring no cross-linking reagents,
enzyme leaching is the major problem (Brady and Jordaan, 2009).
Covalent immobilization facilitates strong amide bonding between
enzyme and functionalized nanomaterials or covalent linkage of
enzyme and nanomaterials via coupling reagents (Lin et al., 2004;
Liu et al., 2010). Other methods including electropolymerization
(Huang et al., 2013). Layer-by-layer (LbL) assembled multilayer

interfaces were also reported. LbL assembly, due to its simplicity
and versatility, has emerged as one of the most popular ap-
proaches for the fabrication of biofunctionalized multilayers, based
on the alternating assembly of oppositely charged layers. It has
been demonstrated to be an effective approach for the attachment
of a variety of enzymes onto CNTs and self-assembly of organized
CNT-biopolymer/CNT-enzyme multilayered biosensors (Batra and
Pundir, 2013; Liu et al., 2010; Mantha et al., 2010; Nepal et al.,
2008; Wooten et al., 2014). Previously, our group has reported on
LbL assembly of CNTs coatings armored with lysozyme with
precisely controlled thickness/alignment and LbL self-assembly
processes for fabrication of MWCNT-OPH/MWCNT-DNA multi-
layer biosensor for organophosphate detection (Mantha et al,
2010).

Here, we report the fabrication of a novel nanotechnology-
enabled multianalyte biosensor platform based on intercalation of
CNTs covered with oppositely charged biopolymers and enzymes,
for the assembly of unique multifunctional nanointerfaces for
discriminative detection of OP and non-OP pesticides. To achieve
this goal, LbL assembly of electrostatically interacted enzyme-
armored MWCNT-OPH and MWCNT-AChE with a set of cushion-
ing bilayers consisting of MWCNT-polyethyleneimine (PEI) and
MWCNT-DNA on glassy carbon electrode was fabricated. The key
idea is the combination of a direct catalytic OP hydrolyzes reaction
and an inhibition-based AChE reaction renders a discriminative
screening of OP and non-OPs from unknown samples. We report
fabrication, optimization and characterization of LbL bio-nanos-
tructure biosensor using surface plasmon resonance technique
(SPR), electrochemical impedance spectroscopy (EIS), cyclic vol-
tammetry (CV) and UV-vis spectrophotometry for discriminative
detection between paraoxon (a model of OP) and carbaryl (a
model of non-OPs) with high specificity and sensitivity.

2. Materials and methods
2.1. Materials

OPH was isolated from a recombinant Escherichia coli strain
using published procedures (Dumas et al., 1990). Paraoxon (PX)
was obtained from ChemService, Inc. (West Chester, PA) and
dissolved in DI water and stirred at 4 °C for at least 72 h before
use. Carbaryl (1-Naphthyl-N-methylcarbamate, 559814), multi-
walled carbon nanotubes (MWCNTS) (95% purity, 1-5 pm length,
30 + 10 nm diameter), acetylcholine esterase (AChE) from electro-
phorus electricus eel (E.C 3:1:1:7, 518 U/mg solids), lyophilized
salmon sperm DNA salt, N-hydroxysulphosuccinimide (NHS),
N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), polyethyleneimine (PEI), Acetylcholine Chloride (ATCh)
>99%, 4-Aldrithiol (98%), 2-(N-morpholino) ethanesulfonic acid
(MES), N-cyclohexyl-2-aminoethanesulfonic acid (CHES), phos-
phate buffered saline (PBS), tris(hydroxymethyl)aminomethane
(TRIS), potassium ferricyanide KsFe(CN)gs and potassium ferricya-
nide K4 Fe(CN)g were all obtained from Sigma-Aldrich (St. Louis,
MO). Dimethyl sulphoxide (DMSO) A.C.S. grade and Acetonitrile
were obtained from Fischer Scientific. Ultrapure DI water obtained
from Millipore Direct-Q Water system (resistivity, 18.2 M cm2)
was used for all the sample preparations.

2.2. Preparation of enzyme/polymer nanocomposites

The OPH and AChE were immobilized onto carboxylated
MWCNTs by NHS/EDC carbodiimide chemistry via two-step pro-
cess (Pedrosa et al., 2008). Briefly, 2 mg of carboxylated MWCNT
was dispersed into 2 mL of MES buffer (50 mM, pH 4.7) followed
by the addition of 1 mL of 20 mM NHS and 1 mL of 320 mM EDC.
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The solution was stirred for 30 min and filtered through 0.2 um
polycarbonate membrane under vacuum filtration with thorough
rinsing with a MES buffer (50 mM, pH 6.2) to remove any excess
unbound NHS and EDC. The as-prepared MWCNT-NHS ester
conjugate was re-dispersed into 3 mL phosphate buffer (0.1 M,
pH 8.3) and 400 U of AChE, or 562 U of OPH, was added into the
solution for enzyme immobilization. The immobilization process
was allowed to proceed overnight on a platform shaker at 4 °C. The
MWCNT-AChE or MWCNT-OPH precipitate was then centrifuged
(13,200 rpm, for 30 min) and subsequently rinsed with a MES
buffer three times. After centrifugation purification, the MWCNT-
AChE and MWCNT-OPH were suspended in 1 mL of TRIS buffer
(20 mM, pH 7.5) and 1 mL CHES buffer (20 mM, pH 8.9), respec-
tively, and stored in a refrigerator (4 °C) for further use.

Preparation of MWCNT-PEI and MWCNT-DNA was based on
the previously reported protocol (Mantha et al, 2010). Two
milligram carboxylated MWCNT was dispersed in 10 mL of
1 mg/mL PEI solution, followed by tip-sonication for 1h in ice
bath. After centrifugation purification, the prepared MWCNT-PEI
sediment was re-dispersed into 5 mL of deionized water. MWCNT-
DNA was prepared with a similarly described process. Stock
solutions of 0.4 mg/mL MWCNT-PEI and MWCNT-DNA were
obtained as final concentrations, which were stored at 4 °C until
further use.

2.3. Electrode preparation and modification

Prior to casting the nanocomposites, the GCE electrode was
activated through alumina polishing and subsequent ampero-
metric treatment with 1M NaOH at 1.2 V vs. Ag/AgCl for 5 min.
The negatively charged electrode was rinsed and dried with high
purity nitrogen gas. Then 20 pL of positively charged MWCNT-PEI
nanocomposite suspension was drop cast onto the GCE and left
drying at room temperature for 15 min to allow sufficient electro-
static interaction. The modified electrode was rinsed with DI water
to remove the unbound MWCNT-PEI and dried. Subsequently,
20 uL of negatively charged MWCNT-DNA was deposited, followed
by 15 min drying-rinsing and drying. This was followed by
deposition of another bilayer of MWCNT-(PEI/DNA), to serve as
strong cushion layers for further assembly (Fig. 1). Twenty micro-
liters of MWCNT-OPH/MWCNT-AChE was deposited upon the

cushion layers, dried-rinsed with PBS buffer. The prepared nanos-
tructured biosensor was stored in 4 °C before use.

2.4. LbL interface optimization and evaluation of biosensor

To achieve the optimal biosensor configuration, an analysis of
substrate penetration through the layers was conducted. Assembly
of the AChE nanocomposite within varying inter-layers (bottom to
top position: 2nd 4th, 6th, 8th) on the 8 layered structure, the total
number of nanostructured layers (2, 4, 6, 8, 10) and different
amounts of CNTs were used to optimize the LbL formation by
measuring the corresponding amperometric response towards
acetylthiocholine (ATCh) at a fixed concentration of 125 pM.
Configuration of the resulting multilayered bi-enzyme biosensor
(Fig. 1) was utilized for further characterization.

2.5. SPR monitoring of LbL self-assembly

SPR experiments were performed with SPREETA™ Texas In-
struments (Dallas, TX, USA) using the Multi-SPR software package.
The SPR technique was used for the real-time monitoring of the
self-assembly process of MWCNT-(PEI/DNA),/OPH/AChE on a gold
surface. Prior to installation, the SPR gold sensor surface was
meticulously cleaned with a piranha solution (H,SO4 and H,0,
(3:1)) for 3 min and thoroughly rinsed with deionized water,
followed by 2 min of plasma cleaning. (Attention: caution must be
taken as the piranha solution readily causes chemical burns and is
highly reactive, particularly with organic materials.) The experi-
mental set-up was then initialized in the air and calibrated with DI
water (refractive index (RI): 1.3333). DI water was pumped into
the flow cell on to the SPR gold sensor surface through two inlet
channels until the baseline reached a stable value. The LbL self-
assembly was initiated by flowing positively charged MWCNT-PEI
into the flow cell at a constant flow rate (50 uL/min) over the
negatively charged surface of the gold chip. This was followed by
subsequent pumping of negatively charged MWCNT-DNA and two
bilayers of MWCNT-PEI/DNA as a cushion support. Upon achieving
stable value, MWCNT-OPH/AChE was flowed across to form LbL
MWCNT-(PEI/DNA),/OPH/AChE on the gold surface. Before injec-
tion of the enzyme layers, 20 mM CHES buffer and 20 mM TRIS
buffer were injected as a background signal.

MWCNT-PEI MWCNT-DNA  MWCNT-OPH  MWCNT-AChE

Fig. 1. Schematic illustration of LbL assembly and bi-enzymatic layer in biosensor interfaces constructed on the GCE and discriminative detection of OP and non-OP using

electrochemical and optical methods.

OP (Paraoxon) Non-OP (Carbaryl) Mix
CV measurement ~0.61V ~0.96V | ~0.61V ~0.96V ~0.61V ~0.96 V
UV-vis measurements 324nm 405nm | 324nm  405nm 324 nm 405 nm

Step 1: Detection of ATCh
(Initial)

Step 2: Injection of pesticides

Step 3: Detection of ATCh
(Inhibited)

Size of red circle represents peak height value of CV current or UV-vis absorption
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2.6. Electrochemical and UV-vis measurements

Cyclic voltammetric experiments were performed using an
electrochemical analyzer CHI 660 (CH Instruments, Austin, TX)
potentiostat connected to a computer with a chi990b software
package. The electrochemical impedance spectroscopy (EIS) data
was collected with Gamry Instruments Reference 600 potentio-
stat/galvanostat/ZRA connected to a computer with Gamry Echem
Analyst software. A conventional three-electrode system consist-
ing of bare or modified glassy carbon electrode (GCE, 3-mm
diameter) as a working electrode, Ag/AgCl (3M KCI) as the
reference and platinum wire as a counter electrode was used. EIS
was performed in 0.4 M KCl solution at the formal potential
(0.22 V) of [Fe(CN)g]>~/*~ with a frequency range from 100 kHz
to 0.01 Hz, amplitude of 5mV in 1 mM KsFe(CN)g/K4Fe(CN)g
solution (1:1) mixture as electroactive probe. Cyclic voltammo-
grams of [Fe(CN)g]> /4~ were carried out in a 0.4 mM KCl solution
containing 1 mM KsFe(CN)g/K4Fe(CN)g (1:1) mixture at scan rate
of 0.1 V/s. Pesticide detection by cyclic voltammogram and UV-vis
experiments were conducted using a 10 mM PBS buffer, pH 7.4.
UV-vis spectrophotometer (Amersham Biosciences Ultrospec 2100
pro) with 1 mL PMMA cuvettes was used for collecting UV-vis
absorption spectrum data. All experiments were carried out at
room temperature (25 + 2 °C).

2.7. Inhibition of AChE with OP and non-OP

The MWCNT-(PEI/DNA),/OPH/AChE biosensor was employed
for discriminative detection of OP and non-OP using a three step
process. First, the electrode was tested for initial CV responses in a
10 mM PBS buffer pH 7.4 containing 1 mM ATCh (5 min reaction
with stirring before test). In the second step, inhibition assays
were performed by incubating the electrode in the desired con-
centrations of pesticides for 15 min. Finally, the electrode was
rinsed and tested again in a fresh solution of 1 mM ATCh in similar
conditions. The inhibition percentage of AChE was calculated using
Eq. (1)

IO - Iinhibition x 100%

Iy (1)
where Iy and lippipiion are the signals obtained in steps 1 and 3.
Inhibition (%) vs. concentration of OP and non-OP were plotted to
obtain linear calibration graphs.

2.8. Real sample detection

Apples were bought from a local supermarket in Auburn,
Alabama. Prior to the sample preparation, the apples were washed
and cleaned with 5% acetonitrile (Valdés-Ramirez et al., 2008) to
eliminate potential pesticide contamination. 10 mM PBS buffer
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Fig. 2. LbL assembly of enzyme nanostructure with various parameter optimizations: (A) position of enzyme layer, (B) total number of layers with enzyme on the top, and
(C) MWCNT concentration. The final optimized parameters were achieved when AChE layer was at terminal position (A) with total number of 6 layers (B) using 0.1 mg/mL

cushion CNT-(PEI/DNA), layers (C).
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was first spiked with a known concentration of paraoxon or
carbaryl and sprayed onto the apple skin that was peeled and
cut into 2 cm x 2 cm pieces. The samples were allowed to stand for
15 min, dissolved with 1 mL 5% acetonitrile, and vortexed to
extract the pesticide. The solvent was dried in fume hood, and
then the residues were reconstituted with 200 pL of PBS buffer
followed by inhibition analyzes with MWCNT-(PEI/DNA),/OPH/
AChE bi-enzymatic biosensor. Paraoxon and carbaryl quantities
were calculated using standard curves that were obtained from
known concentrations of pesticides.

3. Results and discussion

3.1. Optimization of LbL nano-structured biosensor

As shown in Fig. 2A, the sequence of the position of MWCNT-
AChE layer within the biopolymer interlayers attributed to the
permeability of substrate reaching the enzyme. As more layers
covered onto MWCNT-AChE, the amperometric response decreased
due to less permeability of the substrate to the enzyme. Therefore, the
highest enzyme activity was achieved when a MWCNT-AChE layer
was placed at the terminal 8" layer. The functionality and optimiza-
tion of cushioning layers is shown in Fig. 2B. By increasing the
MWCNT-PEI/DNA layers, we could easily control the thickness of the
cushioning layers and thus the peak current of the resulting electro-
des with enzyme immobilized on the top layer. Increasing the

number of cushion layers in analyzing total number of layers from
2 to 10, increased the current signal from 2 to 6 layers. However, then
dropped from 8 to 10 layers. Therefore, the optimized total number of
layers where maximum current was achieved was found to be
6 layers. This was further used for conducting pesticide detection
measurements. As such the cushion layers of polyelectrolyte CNTs
play an important role in enhancing the efficiency of electron transfer.
We believe that the lower number of layers had an easy diffusion of
the substrate molecules and good electron transfer to the electrode
surface while increased number of layers led to a thicker surface and a
high resistance (Hou et al.,, 2012). The optimized concentrations of
MWCNTs obtained were 0.1 mg/mL for MWCNT-PEI and MWCNT-
DNA and 0.2 mg/mL for MWCNT-AChE and MWCNT-OPH (Fig. 2C).

3.2. SPR characterization of LbL self-assembly

Fig. 3A demonstrates the stepwise formation of LbL self-
assembly between MWCNT-PEI (ARU=97.38+2.57, ARI=
0.9834x10"%) and MWCNT-DNA (ARU=1444.05 + 64.83,
ARI=1.4246 x 10~3) with additional bilayers of MWCNT-PEI
(ARU=455.72 + 52.03, ARI=4.7611 x 10~%) and MWCNT-DNA
(ARU=1865.39 + 55.16, ARI=1.8429 x 103). ARU (1RU=10° RI
unit) values represent the change in response units (RU) between
the initial signal and stabilized signal for each layer. The strong
electrostatic interactions between bilayers of PEI and DNA served
as cushion support for immobilization of cationic OPH and anionic
AChE layer. The CHES and TRIS buffers set apart the enzyme
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Fig. 3. (A) SPR real time monitoring of LbL self-assembly process for desired LbL nanostructure. (B) EIS and (C) CV of (a) bare GCE, (b) GCE-MWCNT-(PEI/DNA),, (c) GCE-
MWCNT-(PEI/DNA),/OPH/AChE; bare and modified electrodes in 0.4 M KCl containing 1 mM [Fe(CN)g]>~/4~ (1:1) with a frequency range from 100 kHz to 0.01 Hz with an

amplitude of 5 mV.
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nanocomposites from their isoelectric points to exhibit sufficient
charges required for LbL formation. Injection of buffers slightly
increased the RU signal which were further subtracted as back-
ground for MWCNT-OPH (ARU=277.14 + 10.91, ARI=2.8574 x
10~%) and MWCNT-AChE (ARU=573.14 + 28.94, ARI=5.9278 x
10~*) binding. SPR study was successfully employed for visualiza-
tion of formation of six-layered MWCNT-(PEI/DNA),/OPH/AChE
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biosensing interfaces on gold surface, indicating the effectiveness
of electrostatically interacted LbL self-assembly processes.

3.3. Electrochemical characterization of modified electrode

The bare and surface modified electrode were investigated
using EIS and CV with [Fe(CN)g]> /4~ as redox probe. Fig. 3B and
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Fig. 4. Left: CV response for discriminative detection of (A) OP (20 pM paraoxon), (B) non-OP (40 pM carbaryl) and (C) mix of OP (20 pM paraoxon)and non-OP (40 pM
carbaryl). Right: Optical absorbance measurements for discriminative detection of (A) OP (40 uM paraoxon), (B) non-OP (5 pM carbaryl) and (C) mix of OP (40 pM paraoxon)
and non-OP (5 uM carbaryl). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).
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C illustrates the results of impedance spectroscopy on (a) GCE, (b)
MWCNT—(PEI/DNA), and (c) MWCNT—(PEI/DNA),/OPH/AChE. The
Z' and —Z" are the real and imaginary variables of impedance,
respectively. Typically, the diameter of semicircle observed at
higher frequencies of impedance (Nyquist) plot correspond to
the charge transfer resistence (Rct) and the linear portion at lower
frequency depicts diffusion limited process (Hou et al., 2012). It
can be observed from Fig. 3B, the bare GCE shows Rct value of
8239 Q (curve a) corresponding to huge charge transfer resistance.
With addition of (MWCNT-PEI/MWCNT-DNA), on the bare elec-
trode, the Rct value dramatically decreased demonstrating excel-
lent electron transfer between [Fe(CN)s]> /4~ and electrode sur-
face modified with functionalized-MWCNT layers. It can be ob-
served that EIS (curve b) is almost a straight line suggesting that
the electrode is diffusionally controlled. However, Rct slightly
increased for MWCNT-(PEI/DNA),/OPH/AChE immobilized GCE
(curve c), compared to MWCNT-(PEI/DNA),. The impedance re-
sults thus obtained by the change in electron transfer provide
evidence for the successful LbL assembly of layers on GCE. The
cyclic voltammograms corresponding to EIS experiments further
supported the modification process as shown in Fig. 3C. The peak
current (ip) of the redox probe increased and the peak potential
separation (AEp) decreased in the order of (a) GCE, (b)
MWOCNT-(PEI/DNA), and (c) MWCNT-(PEI/DNA),/OPH/AChE. In
addition to impedance measurements, effective surface area of
three electrodes was obtained according to Randles Sevick
equation (Ding et al., 2005)

I,y = (2.69 x 10°)n*/2AD"/2,1/2C 2)

where n is the number of electrons transferred, I, is anodic peak
current (A cm~2), C is the concentration of KsFe(CN)g (mol cm™3),
D is the diffusion coefficient (cm? s~ 1), v is the scan rate (V/s) and
A is the surface area of the electrode (cm?). The value of D is
considered as 0.65 x 107> cm? s~ ! at 20 °C. CV were conducted in
1 mM KsFe(CN)g/1 M KCl solution in a potential range of —0.2 to
+0.65 V at varying scan rates (Supplementary material Fig. S1). By
performing linear regression for I,, vs. v'? the slope can be
obtained (Fig. S1), which was further used in Eq. (2). for calculating
surface area of the electrode. The results indicate that the process
is controlled by diffusion. The active surface area for bare GCE,
MWCNT-(PEI/DNA), and MWCNT—-(PEI/DNA),/OPH/AChE was
0.0596 cm?, 0.0787 cm? and 0.1078 cm? respectively. The surface
area for bare GCE is in close agreement with the values previously
reported (Ma et al., 2010). The six layered enzyme/polymer
nanocomposite was found to have highest surface area.

3.4. Discriminative detection of OP and non-OP pesticides

3.4.1. Electrochemical approach

Discriminative detection of OP and non-OP pesticides was
achieved with GCE-MWCNT-(PEI/DNA),/OPH/AChE bi-enzymatic
biosensor using electrochemical approach. As shown in Fig. 4A
(right), cyclic voltammetry responses were examined on modified
GCE before and after OP and non-OP inhibition. There was no
anodic peak current (green curve) observed with modified GCE
when no substrates were added to pH 7.4, 10 mM PBS buffer.
However, CV responses showed a peak current (black curve) at
0.61 V vs. Ag/AgCl, when 1 mM ATCh was added. This peak was
attributed to the oxidation of thiocholine (Pandey et al., 2000),
hydrolysis product of ATCh which was considered as the initial
response of the biosensor. Detection of OP using 20 uM paraoxon
was measured based on AChE partial inhibition at detection
potential of 0.61V vs. Ag/AgCl (oxidation of thiocholine). It can
be observed from red curve that the peak current decreased and
58.02 + 3.4% was obtained. This result was further confirmed by

direct catalytic hydrolysis of OPH producing p-nitrophenol which
undergoes oxidation showing significant peak current (blue curve)
at detection potential 0.96 V vs. Ag/AgCl. For non-OP detection,
carbaryl (40 uM) is not hydrolyzed by OPH showing no peak
current at potential 0.96 V and therefore, it can only be deter-
mined based on AChE inhibition percentage (56.93 +4.1%) by
measuring thiocholine at 0.61V as shown in Fig. 4B (right). In
combination of both OP (20 uM paraoxon) and non-OP (40 uM
carbaryl), discriminative detection was achieved by complete
inhibition (94.03 + 2.7%) of AChE enzyme showing no peak current
at 0.61 V while significant peak current for p-nitrophenol at 0.96 V
was observed from Fig. 4C (right).

3.4.2. UV-vis approach

The UV-vis measurements of discriminative detection was
performed directly on modified screen printed electrode with
the same method as fabrication of GCE-MWCNT-(PEI/DNA),
/OPH/AChE. The electrode was initially tested by UV-vis measure-
ments in pH 7.4, 10 mM PBS buffer containing 200 pM ATCh at a
wavelength ranging from 300 nm to 600 nm by measuring thio-
choline oxidation reaction with 0.1 mM 4-Aldrithiol (stock solu-
tion of 12 mM 4-Aldrithiol was prepared in DMSO) producing
4-thiopyridine (WRAIR Assay) which gives observable peak at
1324 nm (Haigh et al., 2008). Fig. 4A (left) black curve displays the
optical absorbance at 4324 nm (absolute peak Abs=0.16 + 0.0041
0.D.). Detection of OP (40 uM paraoxon) was based on AChE partial
non-competitive inhibition using WRAIR assay. The inhibition
level is separated from the initial by AAbs=0.09 + 0.0058 O.D.
This can be further confirmed by measuring 40 uM paraoxon by
OPH hydrolysis producing para-nitrophenol which displays peak
(absolute Abs=0.19 +0.016 0.D.) at 1405 nm as shown as red
curve in Fig. 4A (left). However, in case of non-OP (5 uM carbaryl)
which has no absorption band peak can only be detected based
on AChE partial non-competitive inhibition, at 4324 nm
(AAbs=0.069 + 0.0054 0.D.) as shown in Fig. 4B (left). Discrimi-
native detection of OP (paraoxon) and non-OP (Carbaryl) in
combination was achieved based on AChE total non-competitive
inhibition at 41324 nm (AAbs=0.12 + 0.0062 0.D.) with decreased
absorbance signal while detecting p-nitrophenol at 4405 nm
(absolute Abs=0.15+0.011 0O.D.). All absorbance spectra data
were collected after 5 min of enzymatic reactions before (without
pesticide) and after inhibition (with 3 min pesticide incubation)
(Fig. 4C (left)). Control experiments were conducted without
substrates added to the buffer electrolyte solution.

3.4.3. Analytical performance

Sensitivity, linearity and dynamic range were investigated for
MWCNT-(PEI/DNA),/OPH/AChE bi-enzymatic biosensor. Paraoxon
was determined by both OPH (catalytic) and AChE inhibition based
assays, while carbaryl was determined solely by the inhibition
method. Based on inhibition percentage as shown in Fig. 5A and B,
the linear response range for paraoxon and carbaryl was 0.5-
40 pM and 10-80 pM with dynamic range 0.5-50 pM and 10-
100 uM respectively. The linear regression equation, y=0.021x+
0.09135 with a correlation coefficient (R?) of 0.970 and y=
0.00941x+0.11178 with R? of 0.9836 can be established for
paraoxon and carbaryl, respectively. The limit of detection (LOD)
obtained for paraoxon and carbaryl detection was 0.5 and 10 pM,
respectively. Calibration measurements were conducted in tripli-
cates and good reproducibility was achieved. Similarly, the
linear range for direct detection of paraoxon (Fig. 5C) obtained
was 1-64 uM with limit of detection (LOD) of 1 uM. The linear
regression equation, y=0.07303x+0.1113 can be established with
a correlation coefficient of 0.9842. In order to determine substrate
concentration dependence, the biosensor was further analyzed by
varying concentrations of ATCh (40-640 uM) without pesticide
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Fig. 5. Calibration curve for (A) paraoxon and (B) carbaryl on the bi-enzymatic biosensor through inhibition assay; (C) paraoxon through direct detection assay;
(D) calibration curve for ATCh on (a) initial bi-enzymatic biosensor, (b) 20 uM paraoxon inhibited bi-enzymatic biosensor and (c) mix of 20 uM paraoxon and 40 uM carbaryl

inhibited bi-enzymatic biosensor.

(initial), with 20 uM paraoxon and both 20 uM paraoxon and
40 uM carbaryl. The anodic peak current at 0.61V vs. Ag/AgCl
was measured. It can be clearly observed from Fig. 5D, due to high
catalytic activity of the enzyme the peak current increased with
increasing concentration of ATCh showing linear dependence.
However with inhibitors there is decrease in peak current already
at 100 uM ATCh and tend to be saturated with higher concentra-
tions. For real samples, the inhibition percentage calculated from
the blank sample was found to be 37.06% for paraoxon and 61.2%
for carbaryl. The concentrations were further determined to be
about 13.3 pM and 53 pM, respectively.

With this study, the MWCNT-(PEI/DNA),/OPH/AChE bi-enzy-
matic biosensor showed an good sensitivity and good linearity in
nM-pM range of detection for paraoxon and carbaryl, demonstrat-
ing the proof of concept of the proposed bi-enzymatic biosensor
for analyzes of OP, non-OP and both.

4. Conclusions

In this study, LbL self-assembly was successfully employed in
development of MWCNT-(PEI/DNA),/OPH/AChE bi-enzymatic bio-
sensor in discriminating between paraoxon and carbaryl pesticides
by electrochemical and optical methods. The results demonstrated
for the first time the potential for applying bi-enzymatic biosen-
sing system in screening and discriminating two major class of
pesticides, OP and non-OP. The cyclic voltammetric results pro-
vided good sensitivity, stability and reproducibility. In addition,
the biosensor was able to detect pesticides extracted from real
samples. In future, we anticipate that this versatile LbL self-

assembly approach can be extended to a variety of enzyme to
develop multi-enzyme biosensing strategy showing great advan-
tages in multi-analyte discriminative monitoring on single plat-
form for novel biosensing applications.
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