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Long-term accumulation of organophosphate pesticides in environment presents a potential hazard to human and
animal health. Towards this, a highly sensitive amperometric AChE-biosensor based on conjugated polymer and
Ag-rGO-NH, nanocomposite has been successfully developed. First, 4, 7-di (furan-2-yl) benzo thiadiazole
(FBThF) was electrochemically polymerized on the electrode surface. Then, Ag-rGO-NH, nanocomposite and
acetylcholinesterase (AChE) are modified on the polymer membrane surface. In this way, a novel amperometric
AChE-biosensor was successfully prepared. The as-prepared biosensor possessed excellent conductivity, catalytic
activity, and biocompatibility which were attributed to the synergistic effects of poly(FBThF) and Ag-rGO-NH,
and provided a hydrophilic surface for AChE adhesion. Under optimized conductions, the linear range was
0.099-9.9 pg L~ with a regression coefficient of 0.9947 for malathion, 0.0206-2.06 pg L~ ! with a regression coef-
ficient of 0.9969 for trichlorfon. The detection limit is calculated to be about 0.032 pg L™ for malathion and 0.001
g L™ for trichlorfon (S/N = 3). Moreover, the biosensor exhibited acceptable reproducibility and long-term sta-
bility, which makes it possible to provide a novel and promising tool for analysis of organophosphate pesticides.

© 2019 Published by Elsevier B.V.

1. Introduction

Organophosphate pesticides (OPs) are widely utilized to improve agri-
cultural productivity and control various insecticides in the worldwide.
However, long-term accumulation in the environment presents a potential
hazard to human and animal health [1-4]. The inhibition of acetylcholines-
terase (AChE) activity by OPs can lead to a disturbance of normal neuronal
function and death [5-7]. Hence, the reliable and rapid measurement
of pesticides in water and food is of great significance. Recently, different
analytical technologies and methods have been used to determine OPs,
such as liquid chromatography-tandem mass spectrometry [8], high-
performance liquid chromatography [9] and gas chromatography-
tandem mass spectrometry [10]. In spite of their high sensitivity and
reliability, these methods are limited to laboratory analysis currently, due
to the high expense of experimental instrumentation and hard access to
well-trained personnel, complicity of sample pretreatments and length
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of examining time [11,12]. Therefore, it is of great necessity to develop a
simple and sensitive method for rapid detection of OPs.

Electrochemical biosensors have drawn people's wide attention
since they boast their low cost, simple operation, on-site inspection,
rapid response and excellent selectivity. Among them, AChE based elec-
trochemical biosensors have received more and more attention for OPs
determination due to their fast response, on-site analysis and high sen-
sitivity and coupled with simple detectors were developed recently
[13], in which the inhibition of enzyme activity is monitored by the
change of oxidation current of thiocholine (TCh) upon a certain poten-
tial. The working mechanism based on acetylthiocholine chloride
(ATCl) is shown as follows [13]:

Acetylcholine chloride(ATCl) + H,0"%" Thiocholine(TCh)
+ Acetic acid 4 CI™

2Thiocholine— Dithio — bis — choline + 2H" + 2e~ (2)
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However, the amperometric AChE-biosensors for OPs detection suf-
fer from loss of enzyme activity. And most importantly, the oxidation
peak of thiocholine has a relatively high oxidation potential and its in-
tensity is very weak, which lead to low sensitivity. So, there are mainly
two approaches to improving the performance of the biosensors. One is
to improve the efficiency of enzyme immobilization. Several methods
are developed such as physical adsorption, electrostatic adsorption, co-
valent bonding, entrapment by means of sol-gels and cross-linking
[14-16]. Among them, cross linking is more popular and a combination
of covalent bonding and entrapment. Therefore, cross linking was se-
lected in the present study. Moreover, we picked glutaraldehyde
(GLA) as the cross-linking agent for the cross-linking between the alde-
hyde group of GLA and the amino group of the AChE, which not only
provides high enzyme loadings, but also prevents the AChE from leaking
from the electrode surface. However, most of the reported AChE electro-
chemical biosensors still face serious sensitivity problems. Therefore,
we should pick appropriate conductive materials to solve the sensitivity
problems. To modify electrodes with polymer and nanomaterials has
been an effective strategy to reinforcing the catalysis strength and am-
plifying conductivity.

Conjugated polymers (CPs), one of polymer materials, are coined as
“synthetic metals” and have attracted great research interests in various
applications for its excellent conductivity [17]. CPs have been widely
used in several applications such as solar cells, molecular electronics,
electrochromic devices and biosensors [18-20]. The high conductivity
of these materials can be attributed to the delocalization of m-bonded
electrons over the polymeric backbone, which leads to some electronic
properties, such as high electron affinities and low ionization potentials.
CPs have homogeneous and manageable film character, reproducibility,
stability, biocompatibility, easy production and efficient electron trans-
fer ability, which make CPs a promising material of modified electrode
[21].

Amine functionalized reduced graphene oxide (rGO-NH;) as a new
nano-modified material has attracted tremendous attention due to its
extraordinary electrical conductivity, fast electron transfer kinetics,
remarkable mechanical strength, large surface area and excellent bio-
compatibility [22]. These features make functionalized graphene a
promising material for sensors and biosensors. However, the rGO-NH,,
when fabricated on smooth solid surfaces as a monolithic part, suffers
from the drawbacks of low catalytic activity, resulting in the incomplete
catalysis of ATCl and low current responce. Moreover, Ag nanoparticles
(Ag NPs) have high conductivity, large surface area, biocompatibility
and good catalytic activity [23]. Ag NPs have been used for hydrogen
peroxide [24], cholesterol [25] and glucose [26] due to excellent cata-
lytic activity. In addition, Ag NPs can provide a suitable microenviron-
ment to maintain the bioactivity of biomolecules [27], promote more
efficient electron transfer between the immobilized biomolecules and
the electrode substrates. Therefore, Ag NPs can improve the analytical
performance of biosensors.

n this study, we firstly prepared amperometric AChE-biosensor
based on poly(FBThF) and Ag-rGO-NH, nanocomposite modified
GCE to detect OPs. First, 4, 7-di (furan-2-yl) benzo [1,2,5]
thiadiazole (FBThF) was electrochemically polymerized on the
electrode surface. Then, Ag-rGO-NH, nanocomposite and AChE
are modified on the polymer membrane surface. The poly(FBThF)
and Ag-rGO-NH, nanocomposite possessed excellent conductivity,
catalytic activity, and biocompatibility which could be attributed
to the synergistic effects of poly(FBThF) and Ag-rGO-NH,, thus
providing a large and hydrophilic surface for AChE adhesion. Fur-
thermore, glutaraldehyde as a crosslinking agent was used to im-
mobilize AChE on the surface of poly(FBThF)/Ag-rGO-NH,/GCE to
keep efficient enzyme loadings. The biosensor exhibited high sensi-
tivity, acceptable stability and reproducibility for the analysis of
ATCl and pesticides. Scheme 1 described the working principle of
the electrochemical amperometric AChE-biosensor based on poly
(FBThF) and Ag-rGO-NH, nanocomposite.

2. Experimental
2.1. Materials

Acetylcholinesterase (AChE) (C3889-2KU), acetylthiochline chloride
(ATCI), tetrabutylammonium hexafluorophosphate (TBAPFg) and 2-
(tributyl stannyl)furan were purchased from Sigma-Aldrich. 4,7-
Dibromobenzo[c][1,2,5]thiadiazole, PdCl,(PPhs),, H,0, (30%), hydrazine
hydrate (85%), silver nitrate (AgNO3), 3-aminopropyltriethoxysilane
(APTES), glutaraldehyde (GLA), dichloromethane (DCM), acetonitrile
(ACN) and tetrahydrofuran were purchased from Aladdin. Malathion
and trichlorfon were obtained from AccuStandard. Graphite was pur-
chased from Nanjing Ji Cang Nano Technology Co.Ltd.

2.2. Apparatus

Electrochemical measurements were conducted on CHI760E elec-
trochemical workstation (Shanghai Chenhua, China) with a common
three-electrode system, including GCE or the modified GCE as working
electrode, Pt wire and Ag/AgCl as counter and reference electrode,
respectively. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were conducted on S-2150 (Hitachi
High-Technologies Corp., Japan) and JEM-2100F(JEOL Ltd., Japan)
respectively. X-ray diffraction (XRD) and fourier transform-infrared
(FT-IR) were completed on D/max-2200/PC (Japan Rigaku Corporation)
and Brukertensor 27 (Germany), respectively.

2.3. Synthesis of 4,7-Di(furan-2-yl)benzo[c][1,2,5]-thiadiazole

The 4,7-Di(furan-2-yl)benzo[c][1,2,5]thiadiazole was prepared ac-
cording to the reported method with slightly modifications [18,28].
Briefly, a round-bottomed flask equipped with an argon inlet and mag-
netic stirrer was charged with 300 mg 4,7-Dibromobenzo|c][1,2,5]
thiadiazole, 1.09 g tributyl(furan-2-yl) stannane and 25 mL tetrahydro-
furan. The mixture was heated to reflux for 1 h under argon. Then,
71.6 mg PdCl,(PPhs), was added to the mixture. Next, the mixture
was heated to reflux under argon atmosphere for 2 days. Finally, the
mixture was cooled to room temperature and the solid product was
filtered off to give an orange solid that was washed with pentane and
air-dried (yield: 79%).

2.4. Preparation of Ag-rGO-NH, catalyst

24.1. Preparation of GO

Graphene oxide (GO) was produced from graphite powder accord-
ing to modified Hummers method [29-31]. 2 g graphite, 6 mL HNO3
and 60 mL concentrated H,SO,4 were added to a conical flask in an ice
bath. The mixture was stirred for 2 h and then 8 g KMnO,4 was slowly
added to the mixture within 20 min. The mixture was stirred at 45 °C
for 1 h. Afterward, it was diluted with 350 mL of double distilled
water. The reaction temperature was adjusted to 90 °C and the mixture
was stirred for 30 min. Lastly, 8 mL H,0, (30%) was added and mixed
until a yellow color appeared. The yellow suspension was then centri-
fuged, and the obtained precipitate was washed with double distilled
water until the pH of the filtrate was neutral and dried in vacuum at
60 °C.

2.4.2. Preparation of rGO

The preparation of reduced graphene oxide (rGO) was carried out by
adding 2 g GO to 500 mL double distilled water with the aid of ultrasonic
cleaner. Then, 20 mL hydrazine hydrate was added and the suspension
was stirred for 2 days at 95 °C. Finally, the black solid was collected by
centrifugation and washed with double distilled water for several
times, and dried in vacuum at 60 °C overnight.
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Scheme 1. Schematic representation of the preparation process for the proposed biosensor and the principle for OPs determination.

2.4.3. Preparation of rGO-NH,

500 mg rGO was added to 30 mL toluene and stirred. Then, 5 g APTES
was added to the suspension and stirred for 12 h. The prepared amine
functionalized reduced graphene oxide (rGO-NH,) was then collected
by centrifugation and washed with toluene for several times, and finally
dried in vacuum at 60 °C.

2.4.4. Preparation of Ag-rGO-NH,

Preparation of Ag-rGO-NH, is as follows: First, 5.0 mg AgNOs was
added to a conical flask containing 5 mL double distilled water and
100 mg rGO-NHo,. Then, 16 mg NaBH,4 was added and the mixture was
stirred under air at room temperature for 1 h. After that, the precipitate
was washed with double distilled water and methanol, respectively,
and finally dried in vacuum at 150 °C.

2.5. Fabrication of biosensor

Prior to modification, the bare GCE was carefully polished to a
mirror-like with 0.3 and 0.05 pm Al,O5 paste and sequentially sonicated
in nitric acid (v/v = 1:1), ethanol and double distilled water respec-
tively and dried with nitrogen. Subsequently, an electropolymerisation
method was used to deposit poly(FBThF) film on the electrode while
potential cycling was conducted by scanning the potential of the elec-
trode between 0.0 and 1.4 V vs. Ag/AgCl at 100 mV s~ ! for 55 cycles in
TBAPFs/DCM/ACN solution containing FBThF. After that, the electrode
was washed with double distilled water and dried at room temperature.
Then, 5 pL aqueous dispersion of the Ag-rGO-NH; (1 mg/mL) was
dropped onto poly(FBThF)-coated surface and dried at room tempera-
ture. Then, 3 pL GLA (0.1%) and 10 pL AChE solution (100 U/mL) were
dropped onto poly(FBThF)/Ag-rGO-NH,/GCE and dried at 4 °C. The elec-
trode was stored at 4 °C when not in use.

2.6. Measurement procedure

The suitability of the amperometric AChE-biosensor for work was
checked by cyclic voltammetry (CV). Cyclic voltammograms were re-
corded prior to and after adding of 1 mM ATCl solution. The ATCI and
pesticide concentrations were determined by CV. For the substrate de-
tection, the biosensor was detected in 50 mM PBS (pH 7.5) containing
different concentrations of ATCI solution. Then the current has been

recorded until it had no longer changed. Concentration corresponding
to the last shift of the current was then used as the substrate concentra-
tion. Before measurements, the AChE-biosensor was washed with
50 mM PBS (pH 7.5) three times to remove loosely adsorbed AChE.

For the measurements of pesticide, the sensing performance to pes-
ticide was evaluated by recording CVs in 50 mM PBS (pH 7.5) containing
1 mM ATCI before and after incubating the electrode in different
concentrations of OPs for 25 min. Then the signal towards ATCI was
measured as described above. The inhibition percentage (I %) of pesti-
cides to the enzyme electrode, which was taken as the sensing signal
towards OPs, was got as following formula:

19 = lo=h 3)
Io

where Ip was the peak current of ATCl on the biosensor without OPs and
I; was the peak current of ATCI on the biosensors with OPs inhibition.

3. Results and discussion
3.1. Characterizations of different nanocomposites

The surface morphologies of rGO-NH, and Ag-rGO-NH, nanocom-
posite were studied by SEM and TEM. As observed from Fig. 1a and c,
the surface of rGO-NH, nanocomposite is covered with obvious ripples
and wrinkles, which can increase the electrode surface area. For
Ag-rGO-NH; nanocomposite (Fig. 1b and d), the Ag NPs are uniformly
distributed on the surface of rGO-NH,, which could be attributed to
the “hot spots” and increase the electrocatalytic performance of the bio-
sensor [32,33]. As shown in Fig. 1d, the size of Ag NPs is mostly about
15 nm, and a few are 50 nm and 75 nm. To determine the distribution
of the Ag species, atomic-resolution high-angle-annular-dark-field
scanning transmission electron microscopy (HAADFSTEM) measure-
ment was conducted. The isolated bright dots of the first image in
Fig. 1e can be unambiguously assigned to individual Ag atoms based
on the Z-contrast difference between the heavier Ag and the other
light atoms, clearly identifying the atomic dispersion of Ag anchored
on rGO-NH; (Fig. 1e). Elemental mapping analysis of the STEM images
revealed the homogeneous dispersion of Ag species in Ag-rGO-NH,
(Fig. 1e). The sample nanocomposite was studied by energy dispersive
X-ray spectroscopy (EDS) analysis (Fig. S1). The Ag peak was clearly
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Fig. 1. SEM (a,b) and TEM (¢, d) images of rGO-NH, (a, ¢) and Ag-rGO-NH, (b, d). HAADF-STEM image and elemental mapping of Ag-rGO-NH, (e). XRD patterns (f) of rGO-NH, (a) and Ag-

rGO-NH; (b). FT-IR spectra (g) of rGO-NH, (a), rGO (c) and GO (d).

visible in the EDS spectrum, indicating that Ag has been successfully
loaded on rGO-NH,. Quantitative analysis of the EDS spectrum indicated
that the atomic fraction of Ag loading on rGO-NH, is 0.71% (Fig. S1).
Conclusively, the microscopy results provide solid evidence of the
atomic dispersion of Ag species on the rGO-NH, support.

The XRD spectrum displayed a broad peak around 26 = 24° (Fig. 1
(f)) [34]. Meanwhile, in Fig. 1(f) curve b, the detected peaks observed
at 38.1°,44.3°and 64°can be attributed to the (111), (200) and (220)
planes of Ag nanoparticles according to Joint Committee on Powder Dif-
fraction Standards (JCPDS) no. 01-087-0579.

In Fig. 1(g), the comparison of FT-IR spectra of GO and rGO-NH, re-
veals the great decrease in the intensity of characteristic absorption
peaks of various oxygen-containing groups such as O—H, (=0 and
C—O0, which supported the successful reduction of GO to rGO.

3.2. Characterizations of the electrode
SEM (Fig. S2) morphology of the poly(FBThF) reveled that

cauliflower-like structure were distributed on the GCE surface, which
could provide a large surface area and high loadings of enzyme.

Fig. 2(a) shows CVs of poly(FBThF)/GCE, poly(FBThF)/Ag-rGO-NH,/
GCE and poly(FBThF) / Ag-rGO-NH,/AChE/GCE in 5 mM Fe(CN)3 /4
containing 0.1 M KCl at scan rate of 100 mV s~'. As shown in Fig. 2(a),
the background current of the poly(FBThF)/Ag-rGO-NH,/GCE was
much greater than it was for poly(FBThF)/GCE, indicating the former
has a more highly accessible surface area and better conductivity. At
the same time, the background current of the poly(FBThF)/Ag-rGO-
NH,/AChE/ GCE was the lowest in Fig. 2(a), which could be attributed
to insulator properties of biomolecules hindering the transfer of elec-
trons. This indirectly proves the satisfactory attachment of enzyme
molecules.

As shown in Fig. 2(b), when ATCl was added, no certain peak was ob-
served at poly(FBThF)/GCE, poly(FBThF)/Ag-rGO-NH,/GCE. Meanwhile,
the current at poly(FBThF)/Ag-rGO-NH,/GCE was higher than that ob-
served at poly(FBThF)/GCE, indicating that poly(FBThF)/Ag-rGO-NH,/
GCE improved the conductivity of the electrode. In addition, an irrevers-
ible peak was observed at poly(FBThF)/Ag-rGO-NH, /AChE/GCE and
poly(FBThF)/AChE/GCE, which was coming from the hydrolysis product
of ATCI catalyzed by AChE. Moreover, a big increase in the current was
observed at poly(FBThF)/Ag-rGO-NH,/AChE/GCE. There may be two
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Fig. 2. (a) CVs of poly(FBThF)/GCE (a), poly(FBThF)/Ag-rGO-NH,/GCE (b) and poly(FBThF)/ Ag-rGO-NH,/AChE/GCE (c) in 5 mM Fe(CN)2 ~/# containing 0.1 M KCl at scan rate 100 mV s~ '.
(b) CVs of poly(FBThF)/GCE (a), poly(FBThF)/Ag-rGO-NH,/GCE (b) and poly(FBThF)/ Ag-rGO-NH,/AChE/GCE (c), poly(FBThF)/AChE/GCE (d) in 50 mM PBS (pH 7.5) containing 1 mM

ATCl at scan rate 50 mV s~ .

reasons: one was that the -NH, present on the Ag-rGO-NH, surface
could bind with —COOH on the AChE surface through CO-NH bonding,
which resulted in the catalytic activity of AChE immobilized on the poly
(FBThF)/Ag-rGO-NH,/AChE/GCE was superior to that of poly(FBThF)/
AChE/GCE. Another was that the Ag loaded on the surface of Ag-rGO-
NH, exhibited excellent electrochemical activity for the oxidation of
thiocholine by virtue of its unique catalytic activity.

3.3. Optimization of experimental parameters

Thickness of the polymer film on the electrode was studied using
cyclic voltammetry. For this, several scan numbers were studied. As
shown in Fig. 3(a), the highest response was recorded with 55-cycle
deposition. If the film was too thick, diffusion problems between poly-
mer coated transducer and biomolecules may arise resulting in a

lower charge transfer rate. On the contrary, 3D structure of biomole-
cules on the very thin layer may not be satisfied causing a sort of
denaturation. Furthermore, to achieve better biosensor performance,
the amounts of Ag-rGO-NH, were optimized. As shown in Fig. 3(b),
the current intensity increased with increasing the volume of Ag-
rGO-NH, suspension (1.0 mg/mL) dropped on the GCE surface up to
5 WL, and significantly decreased with further increasing the volume
of Ag-rGO-NH,. The enhanced current intensity should be mainly at-
tributed to an improved electrocatalytic performance of the Ag NPs
and an increased AChE immobilization amount, which were resulted
from the pleated nanostructure as probed by SEM. However, excessive
composite nanomaterials could cause the thicker matrix layer, thus
leading to low electrocatalytic activity, and slightly limiting the per-
meation of ATCl and OPs molecules through the immobilization
matrix.
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Fig. 3. (a) Effect of scan number, (b) Ag-rGO-NH, amounts, (c) pH (50 mM PBS at 6.0, 6.5, 7.0, 7.5, 8.0) and (d) enzyme activity (100 units of enzyme per unit volume of solution) on the
biosensor response. (e) CV curves of poly(FBThF)/Ag-rGO-NH,/AChE/GCE with 1 mM ATClin 50 mM PBS (pH = 7.5) at different scan rate. The inset (e) is the calibration curves of current
vs. scan rate (I = 0.0548v — 0.1797, R? = 0.9989). (f) Incubation time optimization for malathion (a) and trichlorfon (b). Error bars show standard deviation (SD) of three measurements.
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The activity of the immobilized AChE is proved to be dependent on
the pH of phosphate buffer. Meanwhile, pH also has an effect on the
degradation of ATCI. It may be due to the charged characteristics of
the surface with pH and the interection of the charged surface and
OPs during adsorption of OPs onto the poly(FBThF)/Ag-rGO-NH,/
AChE/GCE surface. The current response of the biosensor to 1 mM
ATCl in the range of pH 6.0-8.0 (50 mM phosphate buffer) was studied.
Fig. 3(c) showed that the maximum peak current was observed at
pH 7.5. Therefore, pH 7.5 phosphate buffer was picked for subsequent
experiments. The enzyme activity is one of among important aspects
for biosensor. The effect of the enzyme activity ranging from 0.1 U to
1.5 U has been investigated in 50 mM PBS (pH 7.5) containing
1.0 mmol/L ATCL. From Fig. 3(d) it is obvious that the current responses
increase with the increase of enzyme activity and reach the maximum
at approximately 1.0 U, then decrease when the amount of enzyme ac-
tivity is increased further. The decrease is probably owed to increasing
diffusion limitation of AChE film's thickness.

To find out the mechanism of the reaction taken place on the poly
(FBThF)/Ag-rGO-NH, / AChE/GCE, the kinetics of electrode reaction

(a)

Inhibition %

ol . I . L . 1 . L . I
0 2 4 6 8 10

Malathion/ug L

was studied by examining the influence of scan rate on the redox
peak current. As shown in Fig. 3(e), the redox peak current (y =
0.0548x—0.1797, R? = 0.9989) increased linearly with the scan rate
from 20 to 120 mV s~ !, which implies that the redox of ATCI on the
poly(FBThF)/Ag-rGO-NH,/AChE/GCE is an adsorption controlled
process.

The inhibition time is one of the most important factors in the pesti-
cide analysis. As shown in Fig. 3(f), each pesticide displays an increasing
inhibition to AChE with the increase of immersion time, and when the
incubation time is longer than 25 min, the curve trends to a stable
value. So, 25 min was chosen as the incubation time for the detection
of pesticide. The biosensor was immersed in 2-PAM for reactivation. It
was shown that the biosensor inhibited by malathion could resume
89.94% of its original activity after reactivation. And the biosensor
inhibited by trichlorfon could resume 90.80% of its original activity
after reactivation.

The effect of ATCl concentration on the behavior of the AChE-
biosensor was studied in 50 mM PBS (pH = 7.5). As shown in Fig. 4,
the current response enhances rapidly with the increase of ATCl ranging

(b) 80
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X
=
S
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=
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Fig. 5. Calibration curves for malathion (1% = 8.166 Cinaiathion + 5.8627, R?> = 0.9947) and trichlorfon (1% = 31.846 Ctrichlorfon + 9.8323, R? = 0.9969) (in 50 mM PBS, pH 7.5, 1.0 mM ATC],

25 min of incubation time).
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Table 1
Comparison of linear range and detection limit of AChE for malathion and trichlorfon with the present biosensor.
Pesticides Modified electrode Linear range (ug L™1) LOD (ug L™1) Ref
Malathion poly(FBThF)/Ag-rGO-NH,/AChE/GCE 0.099-9.9 0.032 This work
Nafion/Ag-rGO-NH,/AChE/GCE 6.3-77 45 [33]
AuNPs/DAR/AChE/GCE 1.0x107°-1.0x 1078 512 x 107 [35]
HCS@PANI/AChE/GCE 1.0-10,000 0.16 [36]
Trichlorfon poly(FBThF)/Ag-rGO-NH,/AChE/GCE 0.0206-2.06 0.001 This work
poly(FBThF)/f-MNPs/AChE 0.05-4.1 and 4.1-9 0.037 [18]
AChE-PB/GCE 0.03-5 0.005 [37]

from 0.01 to 1.0 mM, and then the current response reaches saturation
value. Meanwhile, the cyclic voltammograms of different concentra-
tions of ATCI (from 0.01 to 1.5 mM) at the amperometric AChE-
biosensor illustrated the Michelin-Menten process.

3.4. Detection of pesticides

Under the optimal conditions, the quantitative measurement of
the prepared biosensor was investigated by incubating the different
concentration of pesticides. As shown in Fig. 5, the linear range was
0.099-9.9 ug L~ ! with a regression coefficient of 0.9947 for malathion,
0.0206-2.06 pg L~ with a regression coefficient of 0.9969 for trichlor-
fon. The detection limit is calculated to be about 0.032 ug L~! for
malathion and 0.001 ug L™ for trichlorfon (S/N = 3). The detection
results of the poly(FBThF)/Ag-rGO-NH,/AChE/GCE compared with pre-
vious reports were shown in Table 1. Also, the detection limit of this
work is far below 50-100 pg L™ of the Chinese national standard
(GB13192-91), which is measured by Gas chromatography (GC). The
prepared biosensor exhibited a wide linear range and lower detection.

3.5. Reproducibility and stability

The reproducibility of the proposed biosensor was determined by in
PBS (50 mM PBS, pH 7.5) containing 1.0 mM ATCI using five electrodes
after immersed in 1 pg L™ of malathion and trichlorfon for 25 min. The
RSD of malathion and trichlorfon was 2.30% and 3.44%, respectively,
demonstrating that the proposed biosensor exhibited acceptable
reproducibility.

The long-term storage stability is another important issue for practi-
cal application of the enzyme biosensor. When the enzyme biosensor
was not in use, it was stored at 4 °C and measured daily, no obvious de-
crease in the response of ATCl was observed in the first 7-day storage.
After a 30-day storage period, the biosensor can retain 82.7% of its initial
current response, which indicated that the proposed biosensor exhib-
ited acceptable stability.

3.6. Real sample analysis
To assess the reliability of the proposed biosensor, three replicates of

tap water samples and apple samples at 3 different concentrations of
malathion and trichlorfon were measured in this study, and the

Table 2
Recovery results of pesticides in real samples (n = 3).
Pesticides ~ Added Found Recovery (%) RSD? (%)
(bgl™ (ugl™)
Tap Apple Tap Apple Tap Apple Tap Apple
water water water water
Malathion  0.198 0214 0201 108.0 101.5 0.283 0.228
0.99 0978 0989 98.8 99.9 0.778  0.659
1.98 1931 1943 975 98.1 0919 0.402
Trichlorfon  0.103 0.107 0.098 1043 95.2 0.636  0.805
0.206 0204 0207 99.2 1002 0417 0439
1.03 1.069 1019 1038 989 0212 0.059

2 RSD (%) calculated from three separate experiments.

accuracy was estimated by the standard addition method. As shown in
Table 2, the recovery rates ranged from 95.2% to 108.0% and the RSDs
are lower than 5%, which indicates the proposed biosensor is a promis-
ing biosensor for the practical detection of malathion and trichlorfon.

4. Conclusions

In this study, we have successfully constructed one kind of ampero-
metric AChE-biosensor based on poly(FBThF) and Ag-rGO-NH,
nanocomposite for the determination of malathion and trichlorfon.
The proposed biosensor system is sensitive to small substrate concen-
trations and very stable over time, with its activity remaining at a very
high level even after 30 days of repeated measurements. It is anticipated
that this system has potential applications in the simple, rapid and
quantitative detection of OPs.
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