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Highlights

A simple and low cost biosensor was developed for detection of organophosphate
pesticides.

AChE-Chitosan/Pd-Cu NWs/GCE was utilized as an effective sensing platform.

The biosensor displayed sensitive detection of malathion and the LOD was 1.5 ppt.



Palladium-copper nanowires were employed to construct a highly sensitive
acetylcholinesterase electrochemical biosensor for the quantitative determination of
organophosphate pesticides in vegetables and fruits.
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ABSTRACT

A highly sensitive acetylcholinesterase (AChE) etmxhemical biosensor for the
guantitative determination ajrganophosphate pesticides (OPs) in vegetables and
fruits based on palladium-copper nanowires (Pd-CWWsN was reported. AChE
immobilized on the modified electrode could catalygdrolysis of acetylthiocholine
chloride (ATCI), generating an irreversible oxidatipeak. When exposed to the OPs,
the activity of the AChE was inhibited and the ewtr significantly decreased. The
detection mechanism is based on the inhibition GhE. The Pd-CINWs not only
provide a large active surface area (0.268 + &0t )for the immobilization of AChE,
which was approximately 3.8 times higher than theelglass carbon electrode, but
also exhibit excellent electro-catalytic activitgdaremarkable electron mobility. The
biosensor modified with Pd-Cu NWs displayed a gaffiohity to ATCI and catalyzed
hydrolysis of ATCI, with a low Michaelis—Menten cstant Ky) of 50.56uM. Under
optimized conditions, the AChE-Cs/Pd-Cu NWs/GCEsbitsor detected malathion
with wide linear ranges of 5 ~ 1000 ppt and 50000Bppb, and the low detection
limit was 1.5 ppt (4.5 pM). In addition, the OP®4$®nsor has been applied to the
analysis of malathion in commercial vegetable andt fsamples, with excellent
recoveries in the range of 98.5% ~ 113.5%. Thiskwwovides a simple, sensitive
and effective platform for biosensors and exhildiisure potential in practical
application for the OPs assay.

Keywords: Acetylcholinesterase biosensor; Pd-Cu nanowiregja@phosphate

pesticides; Malathion.



1. Introduction

Organophosphate pesticides (OPs) play a significaiatin modern agriculture
all over the world owing to their high efficienceyrfinsect eradication. However,
pesticide residues pose an overwhelming threat @th thuman health and
environment owing to their high toxicity and bioaocwulation effect [1-3]. Therefore,
the establishment of a rapid, accurate, sensitideraliable analytical technique for
monitoring OP compounds is very necessary to prdtamans and environmental
safety. Compared with conventional analytical mdtho such as liquid/gas
chromatography-mass spectrometry, high-pressureiidligchromatography and
enzyme-linked immuneoabsorbant assays, electrochénsensors have drawn
increasing attention attributing to their potential miniaturization and portability,
high sensitivity, rapid response, inexpensive ursgntation and simplicity of
construction [4-6]. AChE biosensors have emerged gsomising alternative for
rapid detection of pesticide residue [7-10]. Howeteere is still an urgent demand
for fabricating an efficient and sensitive AChE s#asor with a low detection limit.

Various nanomaterials have been synthesized andnsxely utilised as
electrochemical sensing platform to improve the domivity, stability,
biocompatibility, sensitivity and catalytic actiyjtas well as increase the loading of
biomoleculesfor example, enzymes, proteins and antibodies fl1-Recently, the
applications of bimetallic alloy nanomaterials éihgreat potentials for constructing
sensitive electrochemical sensing platforms [15-19Compared to the

single-component nanostructures, the bimetalliconaaterials not only generate a



synergic effect between catalytic activity and aactivity to facilitate the electron
transfer, but also show the chemical stability aady functionalization, resulting in a
highly sensitive biosensing platform [20-23]. Theg®d performances are related to
the electronic interactions, change of atomistramgements and surface strain [24].
Bimetallic nanomaterials involving Pd are generadlgarded as ideal candidates for
modification of biosensors owing to the relativdbw cost, earth abundant and
versatility of Pd [25,26]. In these nanomateriéls, is often a second metal employed
to combine with Pt or Pd to further enhance thalgtt activity of the noble metals
[27]. Pd-Cu alloys were synthesised and then agpt® develop sensors for
electrochemical assay of melamine [28], glucose],[29ydrogen [21] and
carcinoembryonic antigen [30]. However, thereftidelireport about the application of
Pd-Cu alloy for organophosphate pesticides.

More recently, considerable attention has been tédevto nanowire structures
due to their fascinating properties including hgirface-to-volume ratio, excellent
electrical conductivity, no particle aggregationdaenhanced catalytic capacity.
Multi-component wire-like nanostructures were prepga such a$d-Ni nanowires
[31], Pt-Ag nanowires [32], Pd-Au nanowires [23]hel nanowires exhibited
considerable stability, improved mass transfercedficy, large surface areall
contributing to their favorable electrochemicalfpenance. However, to the best of
our knowledge, there is no report on the employn@nPd-Cu NWs for AChE

biosensor.



In this study, an ultrasensitive, simple and cdigetive biosensor was
constructed for the determination of pesticideghmbasis of Pd-Cu NWs, coupled
with Chitosan (Cs) to immobilize AChE. As a natulsidrophilic polysaccharide,
Chitosan was employed to entangle with enzyme amdomaterials due to its
excellent biocompatibility, good adhesion, film f@ng capacity, nontoxicity and a
susceptibility to chemical modifications [7]. Owing its network-like nanostructure
and synergistic electronic effect between Pd and Ri:Cu NWs are expected to
immobilize more enzyme molecules and accelerateldwtron transfer. The proposed
biosensor showed high performance for monitoringatheon and the limit of
detection (LOD) is 1.5 ppt (4.5 pM), which is muldwer than those reported in
previous researches [7], [34], [35], [36], [38]9]3[40], [44], [45], [46] and [47]. The
simplicity, high accuracy at low cost and easefterate of the proposed approach
offers a promising strategy to develop OPs biosetisat can be applied to on-site
detection of pesticides in vegetables and fruits.

2. Experimental
2.1. Reagents and Materials

Acetylcholinesterase (Type VI-S, E.C.3.1.1.7, 500ny from electric eels),
acetylthiocholine chloride (ATCl)>( 99% purity), chitosan, Cu(N{p-3H,O and
Triton X-114 were purchased from Sigma-Aldrich, USAalathion,> 95% purity,
was obtained from LGC Promochem (Wesel, Germ&ggylium borohydride (NaBH
98%, powder) and NRdCl, were purchased from Aladdin. The AChE stock sofuti

(0.2 UuL) was prepared by dissolving AChE in 0.1 M pH pHosphate buffered



saline. Phosphate buffered saline (PBS) was prégmrenixing the stock solutions of
NaH,PO, and NaHPQO,. A 1.25% (w/v) chitosan solution in 0.1 M aceticicawas
prepared as reported previously [33]. A5 mMMRe(CN)])/K4Fe(CN)] in 1 M KCI
solution was used in electrochemical impedance tspEopy experiments. All
agueous solutions were freshly prepared with higftywater.
2.2. Apparatus

Electrochemical measurements were performed usingCldl 750E
electrochemical working station (Shanghai Chen Bae, China) with a standard
three-electrode cell consisting of a platinum véatiliary electrode, a KCl saturated
calomel reference electrode and a Pd-Cu NW coatemn3diameter glassy carbon
working electrode. The electrochemical impedancectspscopy experiments were
carried out in 5 mM Fe(CNY”*7in 0.1 M KCI solution with the frequency ranging
from 10° to 10 Hz. All other electrochemicaheasurements were performed in 0.1 M
(pH 7.4) PBS. All measurements were performed atoastant temperature of
20+1°C.

The morphology and structure of the Pd-Cu NWs waxestigated using a
transmission electron microscope (JEOL JEM-200Eafad) and X-ray diffraction
(XRD) patterns. X-ray diffraction (XRD) patterns B-Cu NWs were obtained on a
D/max-2500/PC X-ray diffractometer with CuzKDetection of malathion in samples
was performed using a 1290-6460 LC-MS/BStem.

2.3. Synthesis of Pd-Cu NWs



Pd-Cu nanowires were synthesized using a surfadieetted aqueous method
as reported previously [41]. Briefly, 2 mL of metakecursor NgPdCl, and
Cu(NGs)2- 3H,O with a total metal ions concentration of 1 M @ning 0.5%wt
Triton X-114 were prepared. Then, the freshly pregaNaBH (0.1 M, 5 mL)
solution was quickly added into this solution undggorous stirring. After 30 min,
the resulting solution was centrifuged by deionizemter and ethanol, respectively.
The Pd-Cu nanowires were re-dispersed in waterddfother characterization.

2.4. Preparation of the AChE-Cs/Pd-Cu NWs/GCE liisse

Firstly, the glass carbon electrode (GCE) was satplly polished in 0.3um
and 0.05um alumina slurry, ultrasonically rinsed for 1 miacé in ethanol, nitric acid
and high purity wateSecondly, the electrode was electrochemically @dan 0.5 M
H,SO, solution by scanning in the potential range frov @ 1.2 V vs. SCE at a
scanning rate of 100 mV/s. After being rinsed witgh purity water and dried in an
argon atmosphere, Pd-Cu NWs (2D, 1 mg/mL) were loaded onto the electrode
surface. Finally, 11.L of a mixture containing AChE and chitosan (ACHEhitosan
ratio= 1:10, 1.25%wt chitosan) was further immaati on Pd-Cu NWs /GCE, which
was then kept at 4°C for 8 h. The AChE-Cs/Pd-Cu MMZE biosensor was stored at
4 °C for future use.

2.5. Sample pre-treatment for LC-MS/MS analysis

The samples (courgettes, carrots, lettuces andyeyarsed in spiked experiment

were prepared according to a Chinese Official Steshdlethod [42]. Briefly, 20 g of

a homogenised sample was dissolved in 40 mL adeterand 5 g sodium chloride.



Then, 20 mL of the supernatant was evaporated 20mk on a vacuum rotary
evaporator at 40 °C. The concentrate solution obthiwas purified using a
carbon/NH cartridge and eluted with acetonitrile: toluenel(3v/v). Finally, the
eluate was concentrated to dryness before recoiestitvith acetonitrile: water (1:1,
v/v) containing 0.1% formic acid. Prior to injeatiinto the LC-MS/MS system, each
sample was filtered through a 0.2& polytetrafluoroethylene filter.

After the pretreatment, the prepared samples wetected by the proposed
biosensor and LC-MS/MS method. The concentratiomatathion in the sample was
evaluated based on a calibration plot.

2.6. Electrochemical analysis

Malathion is an AChE inhibitor and chosen as a rhé#@eause it is the most
commonly used organophosphate insecticide. Thexeforthe present work it was
chosen as standard pesticide for the AChE inhihitidifferential pulse voltammetry
(DPV) measurements at 0.55 V were carried outirMd(pH 7.4) PBS containing 3.0
mM ATCI. The original DPV response was recordedbefincubation in malathion.
Then, the electrode was slightly rinsed with PBSI ammerged in a given
concentration of malathion for 20 min, subsequetrysferred into another ceif
0.1 M PBS containing 3.0 mM ATCI for DPV measuretserThe inhibitions of
malathion were calculated as follows:

Inhibition(%) = |(To = I1) / To| x 100
Here, b and |were the peak currents of 3.0 mM ATCI on AChE-CsRANWs/GCE

without and with malathion inhibition, respectively



3. Resultsand discussion
3.1. Characterization of the Pd-Cu NWs
3.1.1. Transmission electron microscope charaeteoiz

The morphology of Pd-Cu NWs was investigated bygmaission electron
microscope (TEM). As shown in Fig. 1A, the nanomiate contain large frameworks
and consist of high-quality intertwining nanowirésthe enlarged TEM images (Fig.
1B), Pd-Cu NWs showed ultrathin characteristics &arde surface area with an
average diameter of 3 nm. Furthermore, these naeswdisplay no significant
aggregation and there were no byproducts such aspadicles in the entire
micrograph.

The crystal structure of the PdCu NWs was furtherestigated by X-ray
diffraction (XRD) (Fig. S1). The PdCu NWs presentlassic face-centred cubic
(FCC) structure, where the (111), (200), (220) &3idl) planes derived from the Pd
FCC structure are apparent without any obvioustalyse peaks corresponding to Cu
or Cu oxide. The strongest (111) plane diffracip@ak of the PdCu NWs was located
between those of pure Pd (JCPDS. N0.46-1043) andJC&DS. No. 04-0836),

demonstrating the formation of the alloyed struetur



Fig. 1. TEM images of (A, B) Pd-Cu NWs.

3.1.2. Electrochemical characterization of modigectrode

To study the electroactive surface area, cyclitamimetry (CV) was carried out
at a Pd-Cu NWs modified electrode using 0.1 M K€lsapporting electrolyte. Fig.
2A shows the voltammogram of Pd-Cu NWs modified G®Er a range of scan rate.
As shown in the Fig. 2A, a pair of stable and vdafined reversible redox peaks due
to FE'/F€* redox couple for Pd-Cu NWs/GCE is observed. In Big, the plots of
anodic peak current (a) and cathodic peak curt@naile proportional to the square
root of scan rate with R=0.998 (N=3) for j-~v"? and R =0.997 (N=3) for j-~v"?,
respectivelyAccording to the Randles—Sevsic equation [6] ard], [(heelectroactive
surface area of Pd-Cu NWs/GCE had been calculaté.268 + 0.01) cifrom the
slope of versusv'’?, which was about 3.8 times larger than the surtaea of the
bare glass carbon electrode 0.0707 ¢BCE, =3 mm) and it was about 1.25 times
larger than 0.214 cm(GCE, 9=4 mm) [23]. The increase of the active surfaceare

was advantageous to the adsorption and enrichnighesubstance being detected.



The results indicated that Pd-Cu NWs featured yelaurface area could be utilized

as immobilization platform.
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Fig. 2. (A) Cyclic voltammetry curves of Pd-Cu NWs/G@E5.0 mM Kg[Fe(CN)J/K JFe(CN)] (1 : 1) solution
containing 0.1 M KCI at scan rate of (a) 10, (b) @),30, (d) 40, (e) 50, (f) 60, (g) 80, (h) 10,200 and (j) 240

mV-s™. (B) Plots of anodic peak current (a) and cathpeik current (b) versug’?, respectively.

3.2. Electrochemical behavior of the biosensor
3.2.1.Electrochemical impedance spectroscopy (EIS)

EIS is a powerful electrochemical measurement bzt become increasingly
popular in biosensing due to its good performamcerobing interfacial properties of
different modified electrodes [6]. A typical Nyqtsot is composed of a semicircle at
high frequencies that is related to the electrandfer-limited process and a linear
part at low frequencies that is correlated withfudifon-limited process. In the
semicircle, its diameter is often used to estintlageelectron transfer resistance (Rct).
In Fig. 3, curve a depicts the EIS plot at a bat@EGwith an electron-transfer
resistance about 3X0. At the Pd-Cu NWs modified electrode, the semieidomain
has dramatically decreased (the Rct is approxima@l) and the plot appears to be

nearly linear, indicating the excellent electricahductivity of the Pd-Cu NWs (curve



b). After the immobilization of AChE, the EIS ofdhAChE-Cs/Pd-Cu NWs/GCE
(curve c) resulted in an apparent increase in lngtren transfer resistance 18500,
which was attributed to the macro-biomolecule aliding electron transfer reaction.
The results of the Nyquist plots indicated that BteCu NWSs could either enhance

the conductivity of the electrode interface or litaie the electron transfer.
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Fig. 3. EIS of (a) bare GCE (b) Pb-Cu NWs/GCE (c) AGéZPd-Cu NWs/GCE bare and modified electrodes in
1.0 M KCI containing 5 mM [Fe(CN)*7* (1:1) with a frequency range from 0.01 Hz to 10@zkwith an
amplitude of 5 mV.
3.2.2.Cyclic Voltammograms (CV)

The CV measurements of 3 mM ATCI| was conducted@AChE biosensor in
0.1 M (pH 7.4) PBS over the 30-150 mV-gange are shown in Fig. 4A (curves a-f).
These voltammograms showed an oxidation peak grisim 3.716uA to 6.154uA
as the scan rate increased from 30 to 150 MVFigy. 4B demonstrated a good linear
relationship between the oxidation peak current #rel square root of scan rate
(R?=0.997, N=3, for ~v'/?). According to the diffusion reaction, we dedubattthe

enzyme retained its biological activity and was wm@sorbed in process of the



employment of the biosensor. Consequently, the @s mvade use of immobilizing
AChE, successfully prevented the loss of the AChEyme molecules, established a

biocompatible microenvironment for enzyme and eifety improved the stability of

the biosensor.
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Fig. 4. (A) CV of AChE-Cs/Pd-Cu NWs/GCE in 0.1 M pH PBS containing 3mM ATClI at scan rate of (a) 3p, (b
50, (c) 80, (d) 100, (e) 130 and (f) 150 mV:B) Plot of oxidation peak current versus the seuaot of scan
rate.
3.3. Optimization of experimental parameters

To further improve the performance of the biosensee optimized critical
experimental parameters, such as the quantity eCwPdWs, thechitosan to AChE
ratio, the PH of the PBS, the incubation time ia pesticide and the amount of AChE.
To optimize each parameter, all other parametegsnaaintained at their optimal
conditions.

As shown in Fig. S2A, the quantity of Pd-Cu NWs laagreat effect on the
current response of the constructed biosensorrd$ponse increased with increasing

the quantity of Pd-Cu NWs and decreased aftepul2q1 mg/mL) which may be



attributed to an increase in electrode resistaimberefore, 2QuL Pd-Cu NWs were
used to prepare the biosensor.

The bioactivity of the immobilized AChE dependstba pH of the PBS (0.1 M).
The pH effect on the performance of AChE-Cs/Pd-GMINGCE was studied in 0.1
M PBS (pH from 5 to 10) containing 3 mM ATCI by DPAccording to the results
shown in Fig. S2B, the current response increasedbd range of 5-7 ardkcreased
with the increasing pH value of PBS. When pH redchd, the maximum current can
be obtained. As a result, this pH value was usddrther electrochemical detections.

The influence of the chitosan to AChE ratio on teeponse of biosensor was
also investigated. In Fig. S2C, the current respaesiched a maximum when the
ratio of chitosan to AChE was 10:1. Hence, 10:1 alagsen as the optimal ratio of
chitosan to AChE.

Another important parameter was the incubation timéhe pesticide. In Fig.
S2D, the current showed significant decrease with increase of inhibition time
within 20 min. When the incubation time in pestesdexceeded 20 min, the current
signal did not obviously change. The result mayheal that the binding interaction
between OPs and active target groups in the AChiesaturated. Thus, the optimum
inhibition time was selected as 20 min.

The amount of enzyme also plays an important roléhe response of biosensor.
In Fig. S2E, with increasing the amount of immatatl AChE enzyme from 0.05 U to
0.2 U, the current obviously increased, and thexhed the maximum value at 0.2 U.

However, to further increase the amount of enzytme,current response decreased,



as a result of the over-thickness of immobilized W&Clayer obstructing electron
transfer reaction. In summary, pH 7.4, ll1of mixture of chitosan and AChE (10:1),
20 uL (1 mg/mL) Pd-Cu NWs, 20 min incubation time and O AChE were selected
as the optimum conditions in the subsequent meamnes (see the Supplemental
Information, Fig. S2).
3.4. Amperometric response toward ATCI

The current-time curve of AChE-Cs/Pd-Cu NWSs/GCE sbitsor was
investigated by successively adding ATCI into arsti 0.1 M (pH 7.4) PBS and the
results obtained are shown in Fig. 5A. The bioserdisplayed a good liner
correlation between the oxidation current (I) ane toncentration of ATCI (C) in the
range from 5uM to 175uM. The equation was I= 0.00269C+0.02924<(®998) (Fig.
5B), with a sensitivity of 2.6@A/mM. In order to value the enzymatic affinity and
the ratio of microscopic kinetic constarks, was calculated from the electrochemical
version of Lineweaver—Burk equation [34] (Fig. 5The Ky, value for the proposed
biosensor was 50.58V, which is lower than those of 1@/ [35], 67.4uM [36] and
131uM [37] reported by previous papers, implying themobilized AChE had a
higher affinity towards ATCI. In addition, as shownFig. 5A, the detection limit of
ATCI was as low as 0.pM, illustrating the AChE has been effectively imniaed

and the catalytic activity of AChE was successfudifained.



A" B C 14
0.141
13
-
0.12 < 12]
< < 3
= - = 0.10 - 114
-~ — -
- ' 0.08- = 10
c - g c
o @ 0.06 @ o
= E =
3 - 0.044 3 5]
(&) (& (&]
0.02 74
100 200 300 400 5 002 003 004 005 006 007

0.16

Time /s

T
0

T T T
10 20 30

ATCI/ pM

T
40

50

ATCI" / pM-*

Fig. 5. (A) Amperometric responses for the sensosuccessive addition of ATCI (O, 5 uM, 15 uM, 25 uM,
45 uM) to pH 7.4 PBS, at 0.55 V, constantly stirring. (B)e calibration curve for ATCI determination. (C)eTh

Lineweaver—Burk plot of 1{lvs. 1/C.

3.5. Pesticide determination

Fig. 6A shows the DPV responses of malathion aAa@hE-Cs/Pd-Cu NWs/GCE
before and after being incubated in malathion fornZin. No peak was observed,
without the addition of ATCI in the PBS (curve After injecting 3.0 mM ATCI in the
cell, an oxidation peakppeared at 0.564 V (curve a). This peak has nikesly |
resulted from the oxidation of thiocholine, whichasvgenerated by the catalysed
hydrolysis of ATCI by AChE. In the presence of asing malathion, the
corresponding peak current (curve b-h) decreagedudgests that the activity of
AChE was reduced, which could be ascribed to ttexaction between pesticides and
serine hydroxyl groups of AChE.

Fig. 6B shows that the relationship between inlghit percentages of

AChE-Cs/Pd-Cu NWs/GCE biosensor and malathion. drirelibration plots (Fig.
6C, Fig. 6D) were obtained in two

ranges, from 5t pgp 1000 ppt,

(1(%)=14.34+0.029C(ppb), &0.999, N=3 ) and from 500 ppb to 3000 ppb



(1(%)=65.19+4.624C(ppm), R0.997, N=3). The limit of detection was estimated

be 1.5 ppt (signal-to-noise ratio of 3). Compardthwhe previous studies [7], [34],
[35], [36], [38], [39], [40], [44], [45], [46] and47], it displayed either much lower
detection limit or wider linearity ranges. The riégstare summarized in Table 1. It
suggests that the Pd-Cu NWs-based biosensors satisfly the need for the fast and

sensitive detection of malathion.
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Fig. 6. (A) DPV responses of AChE-Cs/Pd-Cu NWs/GCB.IhM pH 7.4 PBS solution with (a-h) or withou (i
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show the calibration curves for malathion deterrmama

Table 1 Comparisons of this proposed AChE biosenstbr other biosensors for the
detection of malathion.



(15-3000 pM and
1500-9000 nM)

AChE biosensors Linear range mK | Detection | References
(mM) limit
AChE/Chit-PB-MWNTSs 0.05-75 nM 0.21 0.05 nM [7]
-HGNs/Au
AChE-MWCNTs-Au-CHIT/GCE 3-3000 nM 0.268 1.8 nM [34]
and
6-45uM
CS/AChE/PB-CS/ERGO 24-6000 pM 0.106 12.4 pM [35]
-AuNPs$-CD/GCE
AChE/CNT-NH,/GCE 0.2-1 and 1-30 | 0.067 0.08 nM [36]
nM
AChE/PAN-PPy-MWCNTs/GCE| 0.03-1.5 and 3-Y5------- 3nM [38]
uM
AChE-AuNPs-CaCgsilica 0.1-100 nM |  ------- 0.1 nM [39]
sol-gel/AuE
AChE/CPBA/AUNPS/RGO-CS/G( 1.5-30 and 0.16 1.5 nM [40]
E 60-300 nM
AChE/sol-gel/SPE 10-500 nM | - 3.6 nM [44]
Fe;O,NP/c-MWNT/Au 0.1-40nM__ | - 0.1 nM [45]
AChE/MWCNT/CA/NPG 3-1500 nM | ------- 1.5nM [46]
AChE-FgO,NPs/c-MWCNTs/ITO 0.1-70nM | = ------- 0.1nM [47]
AChE-Cs/Pb-Cu NWs/GCE 5-1000 ppt and 0.05 1.5ppt | Thisissue
500-3000 ppb (4.5 pM)

SPE: screen printed carbon electrode

NPG: nanoporous gold film
AU/AUE: gold electrode

3.6. Reproducibility and stability

To evaluate the reproducibility of the as-prepare$ensor, DPV measurements
were carried out by six different AChE-Cs/Pd-Cu N@/SE electrodes in pH 7.4

PBS containing 3.0 mM ATCI after being incubatedLthppb malathion for 20 min.

The RSD was obtained to be 1.8%, indicating angabée reproducibility. Similarly,

the repeatability was investigated with six indegeit DPV measurements and the

RSD was 2.2%.




To investigate long-term stability, the currentpesses of the biosensor were
tested for 30 consecutive days. The fabricatedidotre@de was stored at 4 °C. After a
week, the response current of the biosensor destei@ms96% of the initial signal.
After a storage period of 30 days, the biosensontaiaed 91% of its original current
signal, showing a favorable stability of the electremical sensor.

3.7. Interference study

In order to demonstrate the selectivity of the AGDEPd-Cu NWs/GCE
biosensor, the effect of the most common interfprtectroactive substances was
investigated. Theamperometric responses of 3.0 mM ATCI in the abseacd
presence of interfering species including ascoabid, citric acid, glucose, metalions
(CU, P, p-nitroaniline,toluene, oxygen-containing inorganic ions (NCSQ?
and PQ*) in the PH 7.4 PBS were presented in Fig S3 (jopp&mental Information).
The results revealed that no significant changethénsignals were detected in the
presence of ascorbic acid, citric acid, glucose?*CREF*, NO;", SO and PQ*".
However, p-nitroaniline and toluene severely irdsztl with the determination.
3.8.Method validation

Method trueness and precision were evaluated bgvesg studies. Samples
confirmed as not containing the malathion by otoflatory were used as blank and
spike aliquots for recovery determination. Recoveitydies were carried out at the
concentration of 0.2 ppb and three replicates werdormed. The samples were

spiked with appropriate volumes of malathion antkérafards shaken for uniform



distribution, then held for 30 min before prepafelfowing the procedure describes
as sample pre-treatment. Recovery results and $ixsRvere listed in Table 2.

The recoveries of malathion from spiked vegetabld &uit samples ranged
from 98.5% to 113.5% and the RSDs were below 10%nptying with the
requirements of SANCO 2007/3131 [43]. This dematstt that the method has
relatively good accuracy and precision.

3.9. Application to real samples

To further assess the applicability of the prepdniedensor, the AChE-Cs/Pd-Cu
NWs/GCE wasmployed to detect malathion in courgettes, carri@guces and
orange samples, obtained from a local market. Bonparison, the same samples
were also analyzed by LC-MS/MS and the resultsinbthare tabulated in Table 2.
As shown in Table 2, the LOD of the sensors is loWan those of LC-MS/MS
method, in which the pesticides with concentratiower than 1.4 ppltannot be
detected. Moreover, the concentration levels detetly the biosensor were lower
than the European maximum residue levels (TablenS3upplemental Information).
Consequently, it was possibly concluded that thehBCs/Pd-Cu NWs/GCE
biosensor would be served as a promising monitormeghod for OPs residues

analysis.

Table 2. Correlation of the concentrations of midtis content in vegetables and fruits
determined directly by the proposed biosensor aBx{MS/MS.

Sample Malathion biosensors LC-MS/MS method
Measured | Averaged | Recovery| RSD (%) Averaged RSD (%)
Recovery (%)
value (1 %) value (%) n=3 value n=3

Malathion® 9.87 ppb 98.7 3.4 10.39 ppb 103.9 1.6




24.33 ppb 97.3 2.1 24.73 ppb 98.9 2.3

Courgettes 8.34 N/A 5.1 N/AC
Carrots 3.24 N/R 34 N/AC
Lettuces 9.06 N/R 6.7 N/AC
Orange 5.17 N/R 2.3 N/A®

Added (0.2 ppb)

Courgettes 35.24 0.227 ppk 113.5 4.3 N/A
Carrots 21.87 0.197 ppb 98.5 7.9 R/A
Lettuces 27.93 0.218 pph 109 3.7 R/A
Orange 31.54 0.223 pph 111.5 5.4 N/A

a. Since the limit of detection (LOD) of the propdsAChE biosensor is much lower than the LC-MS/MShuad, the

standard samples for LC-MS/MS were diluted befoeasarement with AChE biosensor.

b. The inhibition rate is lower than 10%, so weuass that pesticides are not detected.

c. Concentration of malathion lower than 1.4 ppinca be detected out by LC-MS/MS method.

Conclusion

In summary, a simple and reliable AChE-Cs/Pd-Cu NM¥@E biosensor was
constructed for monitoring OPs. The Pd-Cu NWs shibaevious advantages, such
as a large active area (0.268 Znremarkable catalytic activity and conductivity,
relatively low cost, unique synergy properties, dabrable chemical stability. The
biosensor was characterized by CV, DPV, EIS and eaompetry, exhibiting
unprecedented performance, such as a favorablataffo ATCIl (Ky = 50.56 uM),
acceptable precision and reproducibility, long-tistability, wide linear detection
range and a low detection limit for malathion. Tdetermination of spiked malathion
in vegetable and fruit samples (courgettes, cartetiices, orange) were tested with
excellent recoveries by the proposed biosensor.
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Table 1 Comparisons of this proposed AChE biosewgtbrother biosensors for the detection of matathi

AChE biosensors Linear range v KmM) Detection limit References
AChE/Chit-PB-MWNTs-HGNs/Au 0.05-75 nM 0.21 0.05 nM [7]
AChE-MWCNTs-Au-CHIT/GCE 3-3000 nM and 6-48/ 0.268 1.8 nM [34]
CS/AChE/PB-CS/ERGO-AUNP$-CD/GCH 24-6000 pM 0.106 12.4 pM [35]
AChE/CNT-NH,/GCE 0.2-1 and 1-30 nM 0.067 0.08 nM [36]
AChE/PAN-PPy-MWCNTSs/GCE 0.03-1.5and 3@ | = - 3nM [38]
AChE-AuNPs-CaCgsilica sol-gel/AuE 0.1-100nM | - 0.1 nM [39]
AChE/CPBA/AUNPs/RGO-CS/GCE 1.5-30 and 60-300 nM 160. 1.5 nM [40]
AChE/sol-gel/SPE 10-500nM | - 3.6 nM [44]
FeO,NP/c-MWNT/Au 0.140nM | - 0.1 nM [45]
AChE/MWCNT/CA/NPG 3-1500nM | - 1.5nM [46]
AChE-FeO,NPs/c-MWCNTSs/ITO 0.1-70nM | - 0.1 nM [47]

AChE-Cs/Pb-Cu NWs/GCE 5-1000 ppt and FWBO ppb 0.05 1.5 ppt (4.5 pM) This issue

(15-3000 pM and 1500-9000
nM)




Table 2. Correlation of the concentrations of pesticides content in vegetables and fruits determined directly
by the proposed biosensor and LC-MS/MS.

Sample Malathion LC-MSMS
biosensors method
Measured Averaged Recovery RSD (%) Averaged Recovery RSD (%)
value (I %) value (%) value (%)
n=3 n=3
Malathion a 9.87 ppb 98.7 3.4 10. 39 ppb 103.9 1.6
24.33 ppb 97.3 2.1 24.73 ppb 98.9 2.3
Courgettes 8.34 N/Ab 5.1 N/Ac
Carrots 324 N/Ab 3.4 N/Ac
Lettuces 9.06 N/Ab 6.7 N/Ac
Orange 5.17 N/Ab 2.3 N/Ac
Added (0.2
ppb)
Courgettes 35.24 0.227 ppb 1135 4.3 N/Ac
Carrots 21.87 0.197 ppb 98.5 7.9 N/Ac
Lettuces 27.93 0.218 ppb 109 3.7 N/Ac
Orange 3154 0.223 ppb 111.5 5.4 N/Ac

a. Since the limit of detection (LOD) of the proposed AChE biosensor is much lower than the LC-M SYM S method, the standard samples for

LC-MS/M S were diluted before measurement with AChE biosensor.

b. Theinhibition rate islower than 10%, so we assume that pesticides are not detected.

¢. Concentration of malathion lower than 1.4 ppb cannot be detected out by LC-MS/M S method.
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