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Similar to acetylcholinesterase, the activity of plant-derived esterase can also be inhibited by
organophosphorus pesticides. Therefore, an electrochemical sensing platform using kidney bean
esterase as a new detection enzyme was proposed for the highly sensitive determination of
organophosphorus pesticides. Purified kidney bean esterase was obtained by an efficient and

economical aqueous two-phase extraction method. Carboxylated graphene/carbon nanotube
composites (cCCNTs—cGR) and Au nanoparticles were used to provide a biocompatible environment to
immobilize kidney bean esterase and also accelerate electron transport between the analyte and the
electrode surface. Due to the good synergistic electrocatalytic effects of these nanomaterials, the
biosensor exhibited an amplified electrocatalytic response to the oxidation of a-naphthalenol, which
makes the sensor more sensitive. Based on the inhibitory effect of trichlorfon on kidney bean esterase
activity, high sensitivity and low-cost detection of trichlorfon was achieved. Under optimum conditions,
the inhibition of trichlorfon is proportional to its concentration in the range of 5 to 150 ng L™ and

Received Sth November 2021 150 ng L™! to 700 ng L~ with an ultra-low detection limit of 3 ng L™1. Moreover, the validity of the
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prepared biosensor was verified by analyzing several actual agricultural products (cabbage and rice) with

DOI: 10.1035/d1ra08129b satisfactory recoveries ranging from 94.05% to 106.76%, indicating that kidney bean esterase is
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1 Introduction

Organophosphorus pesticides (OPPs), which represent 33% of
available pesticides in developed countries and 50-60% in
developing countries,* are the most extensively used pesticides
worldwide to protect crops. However, the excessive use of OPPs
leads to residues in food** and the natural environment.* These
OPP residues can enter the body through the food chain and
irreversibly inhibit the activity of acetylcholinesterase (AChE),
leading to the accumulation of acetylcholine in the nervous
system and causing severe neurological dysfunction.® Addi-
tionally, OPPs can induce cancer and type II diabetes® and may
affect the growth of children.” Hence, OPPs are classified as
a highly toxic class of chemical compounds by the World Health
Organization (WHO). Many countries or organizations, espe-
cially developed countries and the European Union, have

“School of Liquor and Food Engineering, Guizhou University, Guiyang 550025, China.
E-mail: hantaov@hotmail.com

Key Laboratory of Fermentation Engineering and Biopharmacy of Guizhou Province,
Guizhou University, Guiyang 550025, China

°School of Pharmaceutical Sciences, Guizhou University, Guiyang 550025, China

+ Electronic supplementary information (ESI) available: FTIR spectra, effect of
scan rate, comparison of methods. See DOI: 10.1039/d1ra08129b

© 2022 The Author(s). Published by the Royal Society of Chemistry

a promising enzyme source for the analysis of organophosphorus pesticides in food samples.

implemented monitoring programs to control the abuse of
OPPs. Accordingly, the efficient detection of OPP residues in
agricultural products has always been an essential topic in food
safety field.®®

Currently, the standard methods for detecting OPPs are
a series of chromatography-based methods, i.e., gas chroma-
tography (GC),* high-performance liquid chromatography
(HPLC)," or chromatography coupled with mass spectrom-
etry.*>** These methods are extremely sensitive and accurate,
but they also have the disadvantages of complex pre-treatment
steps, long analysis time, and require highly trained opera-
tors. More importantly, these instruments are expensive and
inconvenient to carry. These drawbacks restrict their use for fast
detection and on-site applications.* However, the sale of agri-
cultural products is often characterized by fragmentation and
small scale, especially in underdeveloped and developing
countries. In order to monitor OPPs residues in agricultural
products in time and prevent foods with excessive levels of OPPs
from entering the market, developing simple, rapid and sensi-
tive analytical methods for OPPs residues detection in food
samples is of great importance and urgency.

Electrochemical sensing is highly sensitive, easy to operate,
and fast to detect.”*™*” Moreover, electrochemical instruments
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are cheaper and smaller in size than chromatography-based
devices, so they can be developed into portable devices to
realize on-site detection.'® Electrochemical technology for OPPs
detection has received extensive attention in recent years.'**"
Most electrochemical methods for detecting OPPs are based on
enzyme inhibition, and the most commonly used enzyme is
acetylcholinesterase (AChE).”* AChE is extracted from animal
tissues and organs,” such as the head of the housefly, the
electric organ of the electric eel, and horse serum and duck
plasma. The extraction process is complex and needs to be
carried out at low temperature. So AChE is expensive and not
suitable for widespread use.”® Meanwhile, recent studies have
found that the activity of esterase derived from plants can also
be inhibited by OPPs and its sensitivity to pesticides is similar to
that of AChE.**?® Even more appealing, plant-derived esterases
come from more readily available plants and can be produced
by a simpler extraction procedure and stored more conve-
niently.”® Thus, they are much easier to obtain than AChE and
have a lower price. Therefore, using plant-derived esterase
instead of AChE to determine OPPs is more economical and
practical.

In this study, plant esterase extracted from white kidney
bean (KbE) was selected as the detection enzyme to construct
a new electrochemical OPPs biosensor. The KbE immobilized
on the electrode catalyzed the hydrolysis of its substrate, o-
naphthyl acetate, to produce a-naphthalenol. a-Naphthalenol
molecules contain electroactive phenolic hydroxyl groups,
which can be oxidized to produce an oxidation peak. In the
presence of organophosphorus pesticides, the activity of KbE is
inhibited, resulting in a decrease in the production of a-naph-
thalenol, thus the detection of pesticides can be achieved by
monitoring the reduction of the oxidation peak current. To
enhance the sensitivity of detection, negatively charged
carboxyl-functionalized carbon nanomaterials and positively
charged gold nanoparticles (AuNPs) were successively modified
on the glass carbon electrode. AuNPs were also used for KbE
immobilization. Based on the synergistic electrocatalytic effect
of carbon nanomaterials and AuNPs, the electrochemical
sensing signal was effectively improved. Hence, high sensitivity
and low-cost detection of trichlorfon were realized. To the best
of our knowledge, there have been no report on the application
of KbE in OPPs electrochemical sensing. This work also
provides a new idea for the application of plant-derived esterase
in pesticide detection, and the proposed biosensor has the
potential to be developed into a portable device for on-site
pesticide monitoring.

2 Experimental

2.1 Chemical reagents and materials

Chitosan, PEG1000, (NH,),SO,, HAuCl,-4H,0, PDDA (MW =
200 000-350 000) were purchased from Shanghai Aladdin
Reagent Co., Ltd. Trichlorfon, a-naphthyl acetate (o-NA), o-
naphthalenol, fast blue B salt were purchased from Sigma-
Aldrich (St. Louis, USA). Graphene oxide (GO) and carbon
nanotubes (CNTs) were acquired from Xianfeng Nanomaterial
Technology Co., Ltd. Wheat, white kidney bean, wheat bran,
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myotonin, corn were obtained from a local market. All other
chemicals used were analytical grade. Doubly distilled water
was used throughout all experiments.

2.2 Instrumentation

All electrochemical measurements were performed with
a CHI660E electrochemical workstation (Chenhua, China).
Scanning electron microscopy (SEM) images were obtained
from SU8010 SEM (HITACHI, Japan). Transmission electron
microscopy (TEM) image was taken with JEM-2100 TEM (Hita-
chi, Japan). Fourier transform infrared (FTIR) spectra were
collected on Nicolet 6700 FT-IR spectrometer (Thermo Scien-
tific, USA). UV-VIS spectra were collected by UV-2700 spectro-
photometer (Shimadzu, Japan).

2.3 Preparation of nanomaterials

AuNPs were prepared using positively charged PDDA as
a protective and reducing agent according to literature.”” Typi-
cally, 500 pL PDDA (4 wt%) and 400 pL NaOH (0.5 M) in 80 mL
water was brought to boiling. Then 200 uL HAuCl, (10 mg mL™")
was quickly added, and the mixed solution was kept stirring and
boiling until the colour of the solution changed to burgundy.
The residual PDDA was removed by centrifugation for 20 min at
16 000 rpm, followed by washed with water. The purified PDDA-
capped gold nanoparticles (PDDA-Au) were redispersed in water
to produce a colloidal suspension with positive charge.

For the preparation of carboxylated graphene (cGR), 12 g
NaOH was added into 50 mL GO aqueous solution (2 mg mL™")
and reacted under ultrasonication for 2 h. Then 10 g mono-
chloroacetic acid was added and ultrasonized again for 2 h. The
resulting suspension was filtered and the residue was washed
with water until the pH was nearly neutral, followed by drying
under vacuum at 50 °C to obtain cGR.*® Carboxylated CNTs
(cCNTs) were obtained by acid treatment with H,SO, : HNO;
(3:1v/v) at 80 °C for 3 h. The presence of carboxyl functional
groups causes the cGR and c¢CNTs to be negatively charged.*

2.4 Enzyme extraction and purification

Various plants, including wheat, white kidney bean, wheat
bran, myotonin, corn and millet, were washed with water and
dried naturally, then crushed into powder with a grinder. The
crushed material was stirred in distilled water (1:5 w/w) for
30 min and then centrifuged at 8000 rpm for 10 min at 4 °C. The
supernatant was filtered through a 0.45 pum microporous
membrane to obtain the crude enzyme solution.

The crude enzyme was further purified using the double
aqueous phase extraction method proposed by Yang et al*
Briefly, in the first step, 27.0% PEG1000/13.0% NaH,PO, (pH
5.0) was used as the ATPS conditions. Most of plant-esterase was
partitioned to the top phase in the ATPS. After the bottom phase
was discarded, (NH,4),SO, was added to form the second ATPS
(27.0% PEG1000/13.0% NaH,P0,/6.0% (NH,),SO; (pH 5.0)),
and most of the plant-derived esterase shifted to the bottom
phase. Subsequently, the bottom phase was collected and dia-
lyzed in 0.05 M phosphate buffer (pH 6.5) for 48 h at 4 °C.
Finally, the plant-esterase dialysate was lyophilized and then

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dissolved in PBS6.5 for later use. Since the isoelectric point of
plant-derived esterase is 4.3-4.6,>® KbE is negatively charged at
pH 6.5.

2.5 Electrodes modification

Prior to modification, the GCE was polished sequentially with
0.3 um and 0.05 pm Al,O; slurry and then sonicated in water,
acetone and distilled water, respectively. The cleaned electrode
was activated in 0.1 mol L' PBS 7.0 by 10 successive CV scans
from —0.5 to +1.2 Vat 0.05 Vs~ *. 6 uL of cCNTs-cGR composite
solution was dropped onto the electrode surface and dried
naturally. Then the modified electrode was immersed in PDDA-
AuNPs solution for 60 min. Since PDDA-AuNPs are positively
charged, they would be adsorbed on the negatively charged
c¢CNTs-cGR and the resulting modified electrode was noted as
Au/cCNTs-cGR/GCE. Afterward, 18 pL kidney beans esterase
(KbE) solution was dropped on PDDA-AuNPs and dried at 4 °C.
The modified electrode was washed carefully with water to
remove the unstable KbE and the resulting electrode was
denoted as KbE/Au/cCNTs-cGR/GCE. Finally, 6 upL CS
(0.25 wt%) with good film-forming property and positive charge
were dropped onto the modified electrode to prevent leakage of
the enzyme, the as-fabricated electrode (labelled for CS/KbE/Au/
cCNTs-cGR/GCE) was stored at 4 °C for later use. The prepa-
ration process of the electrodes is shown in Scheme 1(a). In
addition, CS/KbE/cCNTs-cGR/GCE, CS/KbE/Au/GCE and CS/
KbE/GCE were prepared for comparison.

2.6 Electrochemical measurements

A traditional three-electrode system was used for electro-
chemical experiments, with Ag/AgCl (3 M KCl) electrode as the

¥ cs

Current / yA

399

samples

Current/ uA

SAS Potential / V

Scheme 1 Schematic illustration of the biosensor fabrication process
(@) and the principle for pesticide determination (b). Inset in (a) is
photograph of the lyophilized KbE.
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reference electrode, Pt wire as the counter electrode and
modified GCE as the working electrodes. Cyclic voltammogram
(CV) measurements were performed in 0.1 mol L™ PBS buffer
solution using the potential range from 0.0 to +1.0 V at a rate of
100 mV s~ . The detection of trichlorfon (as a model compound
of OPPs) was done through the square wave voltammetry (SWV)
technique (from 0.2 to 0.8 V; frequency, 15 Hz; potential
increment, 0.004 V; amplitude, 0.025 V) in 0.1 mol L™ " PBS.

For the detection of trichlorfon, the prepared CS/KbE/Au/
cCNTs-cGR/GCE biosensor was employed. The current
responses in PBS containing 0.8 mM o-NA were recorded before
and after incubating the electrode with different concentrations
of trichlorfon, respectively. The inhibition ratio (I%), which was
taken as the sensing signal towards trichlorfon, was calculated
as follows:

Iy — 1
0

x 100%

I (%)=

where I, and I; are the peak current response to a-NA before and
after exposure to trichlorfon, respectively. The principle of
electrochemical biosensing based on the inhibition of KbE
activity is illustrated in Scheme 1(b).

2.7 Preparation of real samples

Cabbage samples were processed as reported.*® 50 g cabbage
pieces were homogenized in 50 mL PBS (0.1 M, pH 6.5). The
cabbage supernatant was centrifuged at 8000 rpm for 15 min
and the supernatant was collected and used as the actual
sample. For rice samples.*® The rice was first ground into
powder, then 10 mg rice powder was mixed with 40 mL PBS
(0.1 M, pH 6.5) and then centrifuged at 10 000 rpm for 30 min.
The supernatant was diluted 100 times with PBS and used as the
actual rice sample. Different amounts of pesticide were added
to the actual samples to assess the potential practical applica-
bility of the developed biosensor through recovery tests.

3 Results and discussion
3.1 Material characterizations

The prepared nanomaterials were characterized by SEM and
TEM, respectively. The results are presented in Fig. 1. As shown in
Fig. 1b, the cCNTs were well dispersed in the thin flexible cGR
sheets. Also, the TEM image in Fig. 1c shows that the cCNTs were
uniformly distributed on the transparent and crimple cGR sheets
without entanglement. Furthermore, by comparing Fig. 1a and b,
it can be found that the cCNTs were inserted between the cGR
sheet layers as spacers, thus effectively preventing the irreversible
stacking between GR sheets. The one-dimensional cCNTs and
two-dimensional ¢cGR formed a homogeneous three-dimensional
network nanohybrid, as shown in Fig. 1b. It is highly expected
that the excellent electrocatalytic activity and conductivity of
CNTs as well as the intrinsic high surface area of GR will improve
the electrochemical performance of GCE. Fig. 1d shows the TEM
image of PDDA-Au. The particle size of AuUNPs was about 12 nm.
The inset is digital photos of them dispersed in water, and the
solution was typical wine red.
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Fig. 1 SEM images of cGR (a) and cCNTs—cGR (b); TEM images of cCNTs—cGR (c) and PDDA-Au (d) (inset: the photograph of PDDA-capped

AuNPs).

Fig. S11 shows the FT-IR spectra of the prepared cGR and
cCNTs. For cGR (Fig. S2af), the characteristic peaks at
1715 em™ ' and 3366 cm™' are due to the C=0 and O-H
stretching vibrations of the carboxyl group (-COOH). 1382 cm™"
for O-H bending vibrations and 1056 cm™* for C-O stretching
of the alkoxy group are also observed. FTIR spectra of cCNTs
(Fig. S2bt) also shows the characteristic absorption band at
1727 em !, corresponding to carbonyl stretching of carboxyl
groups. The two weak bonds at 2800-2950 cm ™" are assigned to
C-H stretching of cCNTs defects.*> The 1632 cm ™" band is due
to the bending vibrations of water adsorbed between molecular
layers.** All above FTIR results confirm the presence of carboxyl
groups in the prepared cGR and cCNTSs.

3.2 Selection of detection enzyme

As the critical biorecognition element, enzyme is an important
factor affecting pesticide detection. Enzymes derived from
different plants have different catalytic activities, which can
specifically affect their sensitivity to the substrate, so the
selection of enzyme sources was carried out first. Plant esterases
from wheat, white kidney bean, wheat bran, myotonin, corn and
millet were extracted using the method described above, and
then their enzyme activities were determined separately. The
results are shown in Fig. 2. It can be seen that the plant-derived
esterases obtained from different plant sources have different
enzyme activities. The activity of esterase is not only related to
its content in the plant, but also to its amino acid composition,
spatial conformation, and the essential groups of the enzymatic
activity center and other factors. Among these plant-derived
esterases, kidney bean esterase had the highest activity, while
corn esterase had the lowest activity. Subsequently, these
enzymes were modified on the electrode surface and their
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sensitivity towards the substrate o-NA were investigated. Fig. 2
also shows the electrochemical response of different plant-
derived esterase to the same concentration of o-NA. It was
found that enzyme with higher activity obtained more excellent
electrochemical response signal to o-NA. Since the esterase
extracted from kidney beans had the highest enzyme activity
and electrochemical response, it was chosen as the enzyme for
pesticide detection in the following study.

The purity and M,, of the purified KbE were analysed by SDS-
PAGE gel electrophoresis. The results are presented in Fig. 3a. It
can be observed that many impurities were present in the crude
enzyme (lane 2). After extraction by ATPS, most of the impurities
were removed and only two clear bands were observed, indi-
cating that the purification effect was good. Meanwhile, M,, of

Z z Lnzymatic activity
| | -3

Enzymatic activity / U/ml
Ip/ pA

%] a1l

Fig.2 The enzyme activities of plant-derived esterases from different
sources and their electrochemical response towards a-NA ((a—f) are
white kidney beans, wheat, wheat bran, myotonin, corn and millet,
respectively).

c
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Fig. 3 (a) SDS-PAGE images of different samples (M. marker; lane 1.
Purified enzyme; lane 2. crude enzyme) (b) UV absorption spectros-
copy of purified enzyme solution.

the purified KbE was between 25 and 35 kDa, which is consis-
tent with the reported results.”® Besides, plant-derived esterase
is protein and therefore has UV absorption properties. The UV
absorption spectrum of purified enzyme solution is shown in
Fig. 3b. An absorption peak was observed at 280 nm, which is
the characteristic absorption peak of protein and is attributed
to the absorption of light by tyrosine and tryptophan residues in
protein molecules.

3.3 Electrochemical responses of modified electrodes to o-
NA

Fig. 4 shows the CV responses of the different modified elec-
trodes in PBS with or without a-NA. For the electrode modified
with KbE (CS/KbE/AuNPs/cCNTs-cGR/GCE), no redox peak
appeared in blank PBS (curve a), but a significant oxidation
peak appeared after the addition of a-NA (curve b). Meanwhile,
the CS/AuNPs/cCNTs-cGR/GCE electrode without modified KbE
showed no redox peak in PBS solution containing a-NA (curve
c), indicating that the electrode modified material (cCNTs-cGR,
AuNPs and CS) would not generate redox peaks in the scanning
range. The above results demonstrate that KbE was successfully
immobilized on the electrode and maintained its biocatalytic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cyclic voltammetry curves of different modified electrodes in
PBS with or without a-NA ((a) CS/KbE/PDDA-AU/cCNTs—cGR/GCE in
blank PBS; (b) CS/KbE/PDDA-Au/cCNTs—cGR/GCE in PBS with a-NA;
(c) CS/PDDA-Au/cCNTs-cGR/GCE in PBS with a-NA).

activity. The oxidation peak around 0.5 V was attributed to the
oxidation of a-naphthalenol, an electroactive substance gener-
ated by the KbE-catalyzed a-NA hydrolysis reaction.?

3.4 Component effect of the KbE biosensor

Fig. 5 shows the CV curves of different KbE modified electrodes
in PBS containing o-NA. For CS/KbE/GCE, an irreversible peak
at 0.52 V was observed owing to the oxidation of a-naphthalenol
as described above (curve a). When KbE was immobilized on the
cCNTs-cGR/GCE, the oxidation peak current (I,,) increased
significantly, the oxidation peak potential (E,,) shifted nega-
tively and the peak shape was also improved (curve c). The
improvement of the signal is due to the excellent conductivity
and electrocatalytic activity of CNTs and GR.** ¢cCNTs-cGR
nanocomposite with network structure formed a highly
conductive electron pathway that can accelerate the electron

Current /uA
nN

<
3. 44 2
~ 0.0 0.3 0.6 09
-
c Potential / V
[
=
S 21
(&)

0 -

'2 T T T T T
0.00 0.25 0.50 0.75 1.00
Potential / V

Fig. 5 The CV curves of various modified electrodes in PBS with
0.8 mM a-NA (a) CS/KbE/GCE; (b) CS/KbE/PDDA-AuU/GCE; (c) CS/KbE/
cCNTs-cGR/GCE; (d) CS/KbE/PDDA-AuU/cCNTs—cGR/GCE (inset: the
CV curves of CS/KbE/PDDA-Au/cCNTs-cGR/GCE in PBS with 0.8 mM
1-NA. (a) Before; (b) and (c) after incubated with 40 ng L™* and
400 ng L™ trichlorfon, respectively).
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transfer rate and thus increase the voltametric response of a-
naphthalenol. Nano-Au is often used to immobilize enzymes in
biosensors because of its excellent adsorption ability to protein.
It can be found that PDDA-Au can also effectively promote
response performance (curve c). This is because gold nano-
particles are also highly conductive and thus facilitate electron
transfer. Besides, PDDA-Au has good biocompatibility,***¢
which allows KbE to maintain its biological activity well. The
biggest I, was obtained on the CS/KbE/PDDA-Au/cCNTs-cGR/
GCE (curve d), which suggests that cCNTs-cGR and PDDA-Au
have a synergistic electrocatalytic effect and can significantly
amplify the electrochemical oxidation signal of a-naphthalenol.
The above experimental results suggest that the selected
nanomaterials can not only maintain the catalytic activity of
KDbE, but also significantly enhance the response performance
of KbE biosensors.

Subsequently, the effect of OPPs on the biocatalytic activity
of immobilized KbE was further investigated using trichlorfon
as a model. As shown in the inset of Fig. 5, the I, of a-naph-
thalenol decreased after interaction with trichlorfon and higher
concentrations of trichlorfon resulted in lower I,,,, which indi-
cates a dose-dependent inhibition of KbE activity by trichlorfon.
Accordingly, a new trichlorfon electrochemical sensing plat-
form based on KbE can be established.

3.5 Optimization of experimental parameters

3.5.1 Effect of pH and scan rate. The hydrolysis of a-NA is
an enzyme-catalyzed hydrolysis and therefore the extent of the
reaction is closely related to the biocatalytic activity of KbE. The
pH of the solution is an important factor influencing the cata-
lytic activity of the enzyme. In the range of 5.0-7.5, the effect of
PH on the electrochemical response was studied and the results
are presented in Fig. 6. It can be seen that the oxidation peak
current first increased and then decreased, and the maximum
I, was obtained at pH 6.5, which indicates that KbE has the
highest catalytic activity at pH 6.5 and produced the most a-
naphthalenol. This result is consistent with that reported in
other literature.>® Besides, Ep, shifted negatively with increased
PpH and a linear relationship exists in the range of 5.0-7.5. The
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regression equation was Ep, (V) = 0.842 — 0.050pH (R* = 0.991).
The slope is close to 0.059 V/pH, which suggests that the
number of proton transfer is equal to the number of electron
transfer during the oxidation of a-naphthalenol.

To further understand the electro-oxidation mechanism of o-
naphthalenol on the KbE modified electrode, the effect of scan
rate (v) on I, and E,,, was investigated. The results are displayed
in Fig. S2.T As the scan rate (v) increased, Ip, also increased and
E,, shifted to the positive direction. In the range of 0.05 to
0.35Vs %, I,o was linearly related to the square root of the scan
rate (v"'?), and the linear regression equation was I, (LA) =
1.562 + 4.698v"? (R* = 0.996), indicating a diffusion-controlled
process. Also, the linear relationship between Ep, and In v was
Epa (V) = 0.610 + 0.035In v (R* = 0.990). The electron number
transferred (n,) can be calculated using the following equation:

Ep = Ey+m[0.78 + In(D'"?k;™") — 0.5 In m]
+0.5RT (an,F) 'In v

where « represents the charge transfer coefficient, which is
assumed to be 0.5 for the irreversible electrode process. R, T and
F are gas constant (8.314 ] K~ ' mol ™), temperature (298 K) and
Faraday constant (96485 C mol™ "), respectively. n, was calcu-
lated to be 0.73, which is close to 1. Therefore, a-naphthalenol
undergoes a one-proton and one-electron reaction on CS/KbE/
PDDA-Au/cCNTs-cGR/GCE. The reaction mechanism is repre-
sented in Scheme 2.

I
0—C-CH,

+ H0
OH o
e @

Scheme 2 Reaction mechanism. Enzyme-catalyzed reaction (1),
naphthol oxidation reaction (2).

OH
KbE H3;C-C-OH
= L R
o

6 4
b B Ipa
0.60 - T

4
< -3
3 > 0.55 <§.
2, =
c = 4
: & §
3
o -2

0+ 0.50

24

T T T 0.45 T T T T T T 1
0.0 0.5 1.0 5 6 H 7 8
Potential / V P

Fig. 6 (a) CV curves of CS/KbE/PDDA-Au/cCNTs—-cGR/GCE in PBS buff
value on Eg, and I, respectively.
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er containing 0.8 mM a-NA with different pH values; (b) the effect of pH
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cGR solution is 6 uL, KbE activity is 23 U mL™.

3.5.2 Effect of cCNTs-cGR loading amount and loading
ratio. Fig. 7a displays the influence of the amount of cCNT-cGR
on the response current. The loading volume of ¢cCNTs-cGR
solution was fixed at 6 pL, and the peak current increased first
until the concentration was up to 1 mg mL™', and then
decreased with further increasing the concentration. This is due
to cCNTs-cGR can increase the electrochemical response signal
of a-naphthalenol, and increasing the amount of cCNTs-cGR
can better improve the electrode response, but the too high
amount will cause the film to be too thick and then hinder the
rapid transfer of electrons, thus reducing the sensitivity of the
sensor. Therefore, 1 mg mL ' cCNT-cGR solution with
a loading volume of 6 pL was selected for future studies.
Moreover, the ratio (m/m) of cCNTSs to ¢cGR in ¢cCNT-cGR solu-
tion was optimized, and the results are shown in Fig. 7b. It can
be found that the catalytic peak current reached the highest
when the mass ratio of cCNTs to ¢cGR was 2 : 1. Therefore, 6 puL

Current/ pA

Potential / V

Fig. 8
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of 1 mg mL ™' ¢cCNT-cGR solution with a mass ratio of 2: 1
(cCNTs : cGR) was chosen for the subsequent experiments.

3.5.3 Effect of enzyme amount and incubation time. The
influence of immobilized KbE amount on the response of
biosensors was evaluated (Fig. 7c). The peak current increased
with increasing KbE amount and reached the maximal value at
18 uL. After that, the current response decreased, indicating
that excessive amount of KbE increased the thickness of the film
and the resistance of the electrode, thus preventing the trans-
mission of electrons to the electrode surface. Therefore, 18 pL
was chosen as the optimal loading amount of KbE.

Incubation time with pesticide is a key experimental
parameter for pesticide detection. The change of peak current
before and after incubation was investigated by SWV. It was
found that the peak current decreased after incubation with
trichlorfon, indicating inhibition of enzyme activity. Fig. 7d
shows that the inhibition rate increased with the increase of
incubation time and reached basic stability at 12 min, indi-
cating the binding of pesticide with active target groups in KbE
reached a basic equilibrium. Therefore, 12 minutes was chosen
as the optimal incubation time.

3.6 Detection of trichlorfon

Inhibition measurements were performed under the optimized
variables, the results showed that the biosensor's response to a-
NA decreased after interaction with trichlorfon (Fig. 8). This is
because trichlorfon inhibited the activity of KbE, thus reduced
the amount of a-naphthalenol produced by catalytic hydrolysis
of a-NA by KbE. Trichlorfon showed concentration-dependent
inhibition towards KbE activity. The inhibition ratio (1%) was
proportional to the concentrations of trichlorfon from 5 to
150 ng L™ and from 150 to 700 ng L™". The linear equations
were 1% = 0.336C (ng L") + 6.855 (R> = 0.994) from 5 to
150 ng L™ " and 1% = 0.047C (ng L") + 49.054 (R* = 0.992) from
150 to 700 ng L', respectively. In the high concentration
interval, the activity of KbE was severely inhibited, and the
structure and active center of the enzyme changed greatly, with
fewer active sites that could work effectively, leading to

920
b
754
Q\c 60 -
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L4 25,
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154 £
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(a) SWV responses of the proposed biosensor in PBS containing 0.8 mM 1-NA after incubation with different concentration of trichlorfon.

Trichlorfon concentration (a)—(n): 0, 5, 10, 20, 40, 60, 80, 100, 150, 200, 300, 400, 550 and 700 ng L~%. (b) The calibration curve between

inhibition ratio (/%) and concentration of trichlorfon.
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a decrease in the response sensitivity and thus showing a lower
slope. The same phenomenon of decreased sensitivity in high
concentration interval has also been observed in many AChE-
based electrosensing studies for pesticides.*®*” The limit of
detection (LOD) is an important index to evaluate the sensi-
tivity, which can be calculated by the following equation.®**°

LOD = kSy/S

where S}, is the standard deviation of multiple measurements of
the blank system; S is the slope of the calibration curve in the
low concentration range; k is a coefficient related to the confi-
dence level, and IUPAC recommends to be 3. The calculated
LOD is as low as 3 ng L™,

A comparison of analytical characteristics of the herein
biosensor with previous reported methods for the detection of
trichlorfon was listed in Tables S1 and S2.1 Notably, the present
CS/KbE/AuNPs/cCNTs-cGR/GCE exhibited comparable or lower
detection limit. Such a high sensitivity can be attributed to
several reasons. (1) The good synergistic electrocatalysis of
AuNPs@cCNTs-cGR, which can effectively accelerate the elec-
tron transfer rate and thus amplify the voltammetric response
signal. (2) The good biocompatibility of AuNPs, cCNTs-cGR and
CS, which allows the catalytic activity of KbE to be well main-
tained. (3) High sensitivity of KbE to pesticides. Previous studies
have reported that plant-derived esterases are highly sensitive to
pesticides.”**! The above experimental results demonstrate that
highly sensitive detection of OPPs with plant-derived esterase is
feasible.

3.7 Reproducibility and stability

The intra-batch reproducibility was evaluated by the RSD of the
sensor response for five consecutive measurements in 0.8 mM
a-NA with the same electrode. Similarly, the inter-batch repro-
ducibility was assessed on five independently prepared elec-
trodes. The RSDs were found to be 3.6% and 5.2%, respectively,
indicating an acceptable operational reproducibility and

100

50

Current change/ %

a b ¢c d e f g h i i k 1
Interfering substance

Fig. 9 Anti-interference of CS/KbE/AuNPs/cCNTs-cGR/GCE.
Trichlorfon (a) and trichlorfon with co-existence of K* (b), Na* (c), Fe3*
(d), Cu* (e), Zn* (f), Pb?* (g), CL™ (h), SO42~ (i), NO3~ (j), citric acid (k),
glucose (l) respectively.
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Table 1 Detection results of trichlorfon in real samples with CS/KbE/
AuNPs/cCNTs-cGR/GCE

Samples Added (ug L™') Founded (ug L") Recovery (%) RSD (%)
Cabbage 40 37.62 94.05 4.51
80 85.09 106.37 4.82
300 316.65 105.55 4.38
600 628.26 104.71 3.83
Rice 40 42.70 106.76 5.16
80 77.67 97.09 3.46
300 284.19 94.73 4.33
600 613.38 102.23 4.08

fabrication reproducibility. When CS/KbE/AuNPs/cCNTs-cGR/
GCE was not in use, it was stored at 4 °C in dry conditions.
No apparent decrease in the current response for a-NA was
observed in the first 5 day storage. After 15 days of storage, the
sensor response still maintained 84.5% of the original current
response, suggesting the storage stability of CS/KbE/AuNPs/
c¢CNTs-cGR/GCE is acceptable.

3.8 Interferences study

Interference studies were conducted to investigate the feasi-
bility of the sensor for OPPs detection. Fig. 9 compares the
signal change after incubation with 400 ng L™ " trichlorfon in
the presence or absence of different interfering species. The
results showed that when a 200-fold contents of K*, Na*, Fe®*,
cu?', zn**, Cl~, SO,>~, NO; ™, citric acid, glucose coexisted with
400 ng L' of trichlorfon, the current signals did not change
obviously, suggesting the good anti-interference ability.
However, when 200-fold concentration of Pb*" coexisted with
400 ng L trichlorfon, the response signal decreased to 89.4%
of the original.

3.9 Practical application

To study the applicability of the proposed method, CS/KbE/
AuNPs/cCNTs-cGR/GCE was finally applied for the detection of
trichlorfon in rice and cabbage samples. The results show that
trichlorfon was not detected in the original samples. Thus,
these samples could be employed as blank samples and then
these samples were treated by spiking with trichlorfon stan-
dards. Recovery results and the RSDs were listed in Table 1,
demonstrated satisfactory data with recoveries ranging from
94.05% to 106.76% and RSD less than 5.16% (n = 3). The results
clearly confirmed that the proposed CS/KbE/Au/cCNTs-cGR/
GCE biosensor was highly accurate. Therefore, the plant-
derived KbE is available for highly sensitive and accurate
determination of OPPs.

4 Conclusions

The enzyme is the core component for rapid determination of
pesticide by enzymatic inhibition method. Enzymes used for
pesticide detection should be sensitive, readily available and
stable. Therefore, a novel biosensing electrode (CS/KbE/AuNPs/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cCNTs-cGR/GCE) was constructed by using plant-derived KbE
as a new detection enzyme. On the basis of the inhibition of KbE
catalytic activity, complemented by the synergistic electro-
catalytic signal amplification effect of carbon nanomaterials
and nanogold, the determination of trace trichlorfon can be
easily achieved with a detection limit as low as 3 ng L™ (S/N =
3). It was the first time for KbE to be used as an enzyme source
to develop a highly sensitive and low-cost electrochemical
method for pesticide's detection. Compared with the large-size
instrumental analysis method, the proposed electrochemical
detection method has the advantages of simplicity, sensitivity
and simple sample pre-treatment. This study also provides
valuable theoretical and technical information for the practical
application of plant-derived esterase in the electrochemical
rapid detection technology for large-scale screening of pesti-
cides in the field.
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