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Functionalized gold nanoparticles (FuAuNP) have a bright future because of its specific functional groups.
p-Aminothiophenol (p-ATP) possesses double functional groups which can be used to form S-Au bond
and oligoaniline. Based on molecular imprinting technology and electrochemical technology, a novel
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enzymeless Methy-parathion (MP) sensor is constructed with nanocomposites. The template molecule
(MP) is embedded in imprinting sites by p-ATP molecular self-assembly and FuAuNP electro-
polymerization. The imprinting effective sites and the conductive performance are improved by gold
nanoparticles decorated carbon nanotubes nanocomposites (AuNP-MCNT). The linear relationships
between peak current and MP concentration are obtained in the range from 0.1 to 1.1 ng mL™" and 1.1 to
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11 ng mL™" (respectively). The detection limit can be achieved as low as 0.08 ng mL™ (36) with relative
standard deviation 3.8% (n = 5). This sensor was also applied in the detection of MP in appler and
vegetables with average recoveries between 95.2% and 105.7% (RSD < 5%). The results mentioned
above show that the novel electrochemical sensor is an ideal device for the real-time determination of MP
in real samples.

and high temperature environments due to its poor chem-physical
» Introduction stability. Accordingly, it is still a great challenge to develop a
rapid, inexpensive, reliable and sensitive method for the detection
of MP in environments?* ',

Because of its high selective recognition and a wide choice of
templates and functional monomers, molecular imprinting
technique (MIT) has attracted increased attention >*’. Owing to
its unique advantages over natural biological receptors in terms of
physical and chemical stability, ease of preparation, low cost, and
applicability in harsh environmental conditions™°, molecularly
imprinted polymers (MIP) have been widely explored for
mimicing natural receptors’ . However, a variety of traditional
so imprinted materials suffer from some drawbacks including small
binding capacity, slow mass transfer and irregular material
shape®* ¥. As we all know, the quantity of effective recognition
sites and conductivity determine the sensitivity of the imprinted
sensor. Binding sites increased with the thickness of imprinted
membrane, but thick imprinted membranes can lead to slow
diffusion of the analytes to the recognition sites and inefficient
communication between the imprinted sites and the transducers®®.
2 LONGDONG UNIVERSITY-FLUOBON Surfactant Engineering To further increase the amount of effective binding sites on the
Technology Center, College of Chemistry & Chemical Engineering, sensor surface, the simplest solution is to modify present
Cooperative Innovation Center of Industrial Surfactant, Longdong electrode through the assembly of nanoparticles, by which the

University, 45 Lanzhou Road, Qingyang China. Fax: +86-931- . . .. .
7971323: Tel: +86-15701709818: E-mail: qywbowan@gmail.com resulting electrode can offer high conductivity, large specific
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With the development of intensive agricultural practices,
pesticides (herbicides, fungicides, insecticides) are widely used
throughout the world, and millions of tons of pesticides are used
each year in agriculture, medicine, industry and related activities'.
25 Methyl-parathion (MP) as a kind of organophosphorus pesticide
is widely used in agriculture due to their high toxicity to insects
and limited persistence in the environments >*. Nevertheless, low
levels of MP pesticides in agricultural products and the natural
environment is extremely harmful to human health and zoology.
30 Nowadays, these are many classical methods for the detection of
MP 5! they are high efficiency and allow discrimination among
different types of organophosphorus compounds, but they are
expensive, time-consuming, and sometimes require highly
qualified technicians and not apt for real-time detection.
35 Furthermore, enzyme/antibody-based immunoassay has also been
developed for the detection of organophosphate '*'°. However,
the antibodies or enzymes can be easily destroyed in the harsh
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® Key Laboratory of Bioelectrochemistry & Environmental Analysis of surface area, and good biocompatibility. In recent years, scientists
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nanofibers "%, This technique is based on the small dimension
with extremely high surface-to-volume ratio of nano-imprinting
materials, which enable the imprinting technique to create more
effective recognition sites than those obtained by traditional
approaches which only use porogens >*°.

Furthermore, carbon nanotubes (CNT)* are ideal materials for
construction of electrochemical sensors due to their exceptional
mechanical properties, unique electrical properties, high surface
area, high aspect ratio, and enhanced catalytic properties.
Accordingly, researchers have continue to develop novel uses for
these nanomaterials in electrochemical sensors at a rapid pace *!"
*. Gold nanoparticles (AuNP) are being used increasingly in
many electrochemical applications since they have the ability to
enhance the electrode conductivity and facilitate the electron
transfer *>*¢. More recently, integration of metallic nanoparticles
with CNT has attracted much interest in the construction of
electrochemical sensors because of the low resistance ohmic
contacts of these composites 19,47 48 I addition, these nano-
hybrid materials often exhibit interesting properties that are not
available to the respective components alone. Therefore, nano-
hybrid materials can offer new opportunities for the development
of new sensors and biosensors with high analytical performance
4933 Electrochemical techniques have many advantages in the
sensors field including low cost, simplicity, easy miniaturization
and automation, high stability, and so on. Molecularly imprinted
electrochemical sensors (MIECS) combine the advantage of both
MIT and electrochemical sensors, and are widely used in the
research of environmental monitoring®, biological/chemical
analysis®, pharmaceutical analysis®®, residue detection of
3 pesticides and overdose®” >, and so on.

In this paper, a novel sensor for determination MP based on MIP
and electrochemical technology was constructed. Molecularly
imprinted film was modified on the electrode surface, and MP
was linked to the cavities constructed by binding sites of
35 molecularly imprinted film. We hypothesized the combination of
surface molecular self-assembly and hybrize nanomaterials with
polymerization of the functionalized gold nanoparticles (FuAuNP)
and template molecule (MP) on glass carbon electrode (GCE)
will produce the total amount of effective imprinted sites and
enhance its conductivity. The nanocomposites film has a high
stability since AuNP/MCNT can succeed in being incorporated
into the latticework of the formation of FuAuNP-ATP film. So
we developed a new electrochemical sensors which is sensitive to
detect MP.

Experimental
Materials and chemicals

Multi-walled carbon nanotubes (MCNT) with diameter of 20-
40nm are obtained from Shenzhen Nanotech Port Co., Ltd.
Hydrochloroauric acid (HAuCly;-4H,O) is obtained from
Shanghai Chemical Factory. Nafion solution (perfluorinated ion-
exchange powder 5 wt% solution in a mixture of lower aliphatic
alcohols and water, DE520) is obtained from DuPont Co. Methyl-
parathion (MP) and p-aminothiophenol (p-ATP) is obtained from
Aladdin Chemistry Co. Ltd. 2-mercaptoethane sulfonic acid is
ss purchased from TCI (Shanghai, China) development Co., Ltd. All
other reagents are at least analytical reagent grade. Phosphate
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buffer solution (PBS) is prepared by using disodium hydrogen
phosphate (Na,HPO4) and sodium dihydrogen phosphate
(NaH,POy), and the buffer is adjusted to appropriate pH with
sodium hydroxide (NaOH) and phosphoric acid (H;PO,). Stock
solution of MP is prepared with ethanol and kept in refrigerator at
about 4°C. Double distilled water is used in all aqueous solution

preparation and washings. High-purity N, is used. All
experiments are carried out at ambient temperature.
i S
H3C—O—I|3—04©7N02 H3Cfof‘F‘LO@
HC—0O HsC—O
Methyl-parathion Phoxim
i Pl
HeCOTh ST CHOOCHs HsC—0—P—S—C ~C—NH—CH,
H,C—O CH,COOC,Hs H,C—O
Malathoate Omethoate
Cl
CI@OCHZCOOH
2,4-D
Scheme 1. Structural formulas of the pesticide compounds used in this
study
Apparatus

Electrochemical measurements were carried out on a CHI832
electrochemical ~ workstation (ChenHua Instruments Co.,
Shanghai, China) with a conventional three electrode system
comprising platinum wire as auxiliary electrode, Ag/AgCl
electrode as reference and the bare or modified glass carbon
electrode (GCE) or MIP electrode as working electrode.
Electrochemical impedance spectroscopy (EIS) experiments were
performed on a VMP2 Multi-potentiostat (Princeton Applied
Research, USA), which was controlled by EC-Lab (V9.24)
software (Bio- Logic SA). UV-vis absorption spectra were taken
by absorption mode with a UV-1102 UV-vis spectrophotometer
(Shanghai, China). The surface morphologies and size
distribution of the prepared electrodes were characterized by
using a Field-emission Scanning Electron Microscope (FESEM,;
JEOL JSM-6701F, operating at 5 keV). High-resolution
Transmission Electron Microscopy (HRTEM) was performed by
using a FEI Tecnai TF20 TEM operated at 200 kV. For TEM
measurement, the sample was suspended in double distilled water
solution and was drop cast onto carbon-coated copper grid
followed by solvent evaporation in air at room temperature. X-ray
powder diffraction (XRD) data was obtained by an X’ Pert PRO
Multi-purpose Diffractometer (PANalytical, Netherlands) using
Cu K, radiation (k=0.15418nm). The pH measurements were
performed with PB-10 pH meter (Sartorius, Germany).

Preparation of MP MIP Electrochemical Sensor

Prior to modification, the GCE was polished with 0.3 and 0.05pm
alumina slurry and rinsed thoroughly with doubly distilled water
between each polishing step. Then, it was washed successively
with doubly distilled water and ethanol in an ultrasonic bath, and
finally dried with high purity nitrogen steam at room temperature.
Preparation of Functionalized AuNP

Au nanoparticles functionalized with 2-mercaptoethane sulfonic
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acid and p-ATP (FuAuNP) were prepared by mixing a 10 mL
solution containing 197 mg of HAuCl, in ethanol and a 5 mL
solution containing 42 mg of mercaptoethane sulfonate and 8mg
of p-ATP in methanol. The two solutions were stirred in the
presence of 2.5 mL of glacial acetic acid in an ice bath for 1h.
Subsequently, 7.5 mL of aqueous solution of IM sodium
borohydride, NaBH,, was added dropwise, resulting in a dark
color solution associated with the presence of the AuNP. The
solution was stirred for 1h additionally in an ice bath and then for
14h at room temperature. The particles were successively washed
and centrifuged (twice in each solvent) with methanol, ethanol,
and diethyl ether. The TEM image of the FuAuNP is shown in
Fig. 1. The particle has a size less than 5 nm and distribute
uniformly with spherical morphologies, which may be related to
the preparation method used in this work. The FuAuNP shows
good monodisperse distribution, without obvious aggregation in
copper net of TEM, which suggests that the surface
functionalization is effective to improve the dispensability of
AuNP. The electron diffraction graph(See Fig. 1B) of FuAuNP is
the typical diffraction pattern of metal particles, implying a
polycrystalline characteristic.
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(B): The electron diffraction graph of FuAuNP.
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Fig. 2. XRD pattern of FuAuNP.

The XRD pattern of FuAuNP (See Fig. 2) shows five diffraction
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peaks appeared at 20 of 38.6°, 44.4°, 64.9°, 77.5° and 82.2°,
which can be ascribed to (1 11),(200),(220),(311)and (22
2) planes of Au face-centered cubic crystallographic structure.
According to the Scherrer equation ***, the average diameter of
the FuAuNP was calculated to be 3.5 nm, which is consistent
with previous reports -6,

Preparation of the molecularly imprinted electrochemical
enzymeless sensor

The carboxylic acid-functionalized MCNT (MCNT-COOH) were
synthesized according to the published method®® and the MCNT
modified GCE(MCNT/GCE) were obtained according to our
previous research®. To electrodeposit AuNP on the surface of the
MCNT/GCE, MCNT/GCE was immersed into 0.2 M Na,SOy,
solution containing ImM HAuCl,. The modification of AuNP
onto MCNT/GCE was conducted by CV scanning from -0.2 to
1.0 V with a scan rate of 50 mV s~ for 6 cycles (Fig. 3A). The
AuNP-MCNT hybrid modified GCE (AuNP-MCNT/GCE) was
taken out and rinsed with doubly distilled water and finally blew
dry with nitrogen. To obtain MP-ATP-AuNP-MCNT/GCE, the
AuNP-MCNT/GCE was immersed in 0.1M phosphate buffer
solution (PBS, pH 7.4) containing 1 mM p-ATP and 1 mM MP
for 2h. Finally, the MP-ATP-AuNP-MCNT/GCE was immersed
in PBS (pH 7.4) that contained 1 mg mL™' of FuAuNP and 0.2
mg ¢+ mL” MP. The polymerization was performed by the
application of 15 potential cycles between —0.35 and 0.5 V, with
a potential scan rate of 50 mV s *® %% (Fig 3B). After the
electropolymerization, the composite membrane modified
electrode (FuAuNP-ATP-MIP-AuNP-MCNT/GCE) was washed
with the background electrolyte solution to exclude any residual
monomer in the electrode. Then the imprinted electrode was
rinsed with double distilled water and finally dried under nitrogen
for further usage. Similarly, a non-MIP control electrode was
prepared by following the same procedure but without MP
template molecule to ensure that the effects were observed only
due to the imprinting features and not to the subsequent
treatments undergone by the electrode. The MP template
molecule was removed from the MIP film by CV scanning three
times in PBS (pH 7.0) solution at room temperature. The
complete removal of MP from the electropolymerized film was
verified electrochemically. Fig. 3C shows the process of template
removal by CV between 0.3 and -0.85 V with the scan rate of 100
mV s ! in PB7 containing 0.1 M KCL. It indicated that the
template molecule was easily to be removed from composite
membrane. In contrast, for the Non-MIP-GCE (No shows), the
redox current almost do not appears, because the FuAuNP-ATP-
AuNP-MCNT film covered the surface of the GCE prepared in
the absence of MP where no cavities with binding sites are
obtained.
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Fig. 3. (A) CV of AuNP electrodeposit onto MCNT/GCE in 0.2 M
Na,SO;, solution containing 1 mM HAuCl, with a scan rate of 50 mV s
for 6 cycles. (B) CV corresponding to the electropolymerization of the
FuAuNP on MP-ATP-AuNP-MCNT/GCE in the presence of 0.1 M
PBS(pH=7.4) containing 1 mg mL™ FuAuNP and 0.2 mg mL™' MP with a
scan rate of 50 mV s™'. (C) The template was removed from the
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imprinted polymer by CV in PB7 with a scan rate of 100 mV s™'.

Electrochemical Measurements

Cyclic voltammetry (CV) and liner sweep voltammetry (LSV)
measurements were performed in the potential range from 0.3 to -
0.8V with a scan rate of 50mVs ', The electrochemical cell was
connected to a VMP2 Multi-potentiostat with interfaced to a PC.
An electrochemical impedance software EC-Lab was used to
carry out impedance measurements. EIS was scanned at the
formal potential of 0.25 V in the frequency range from 100 kHz
to 100 mHz, using an AC voltage of SmV amplitude. A simple
equivalent circuit could be used to simulate the experimental EIS
data gained from the modified GCE coated with a less conductive
polymeric film. The impedance data (Rct) thus obtained were
fitted to the R(Q(RW)) equivalent circuit using the ZsimpWin
(Princeton Applied Research) program. All measurements were
performed at room temperature.

Real samples preparation

Apple and cucumber samples were obtained from the
supermarket (Lanzhou, China). The real samples were prepared
as follows: peel the samples, and chop them into small pieces.
Extraction of 10 g of the homogenized sample was performed
with ethanol (30mL). The extract was simply filtered through a
membrane filter and evaporated to dryness. And then ethanol (2
mL) was added. After mixing, the solution was diluted to 100 mL
with 0.1 M PBS (pH=7.0) solution. Spiking of the sample was
achieved by injecting MP stock solution into the sample and then
homogenizing.

Results and discussion
Preparation of FuAuNP-ATP-MIP-AuNP-MCNT/GCE

GCE

Electrodeposit
AuNP (@)

Self-assemblin
p-ATP(¢@» ) *
MP (480 )

Electropolymerization

5@5 n
.

Extraction

_Cxtraction
Rebind

' Imprinted siter "]

Scheme 2. Schematic representation of MP MIP sensor fabrication
process.

Scheme 2 illustrates the preparation procedures of the FuAuNP-
ATP-MIP- AuNP-MCNT/GCE. Prior to the polymerization, the
AuNP-MCNT/GEC was immersed into p-ATP and MP solution
for 2h. A self-assembled monolayer of p-ATP molecules was
formed on the AuNP surface by Au-S bonds between gold and
the thiol groups (-SH) of p-ATP molecules. The p-ATP
monolayer was chemisorbed on the AuNP and exposed an array
of amino groups towards the solution. Then, MP molecules in
solution phase could be assembled onto the surface of p-ATP-
AuNP-MCNT/GCE by hydrogen bond interactions between
amino groups (-NH,) of p—ATP and nitro(-NO,) groups of MP.
The intermolecular interactions among p-ATP, MP and FuAuNP
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could be confirmed by UV absorbance spectra. The maximum
absorption wavelength of p-ATP showed red shifted in the
presence of MP, and the maximum absorbance of p-ATP also
increased with the addition of MP (See Fig. 4). They
demonstrated that the formation of hydrogen bond interactions
between the amino group (-NH,) of p-ATP and nitro(-NO,)
groups of MP are formed in the system. Therefore, the strong
hydrogen bond interactions would drive MP molecules to
assemble onto the surface of the p-ATP modified electrode. And
then, MP are embedded into the imprinted ATP-FuAuNP
membranes on AuNP-MCNT/GCE to form surface imprinted
sites, which would increase the amount of imprinted sites on the
electrode surface and enhance sensitivity and selectivity of the
sensor.

0.9
a—MP
08 b— p-ATP
0.7 c—— p-ATP+MP(0.1)
d—— p-ATP+MP(0.2)
0.6 e—— p-ATP+MP(0.3)
v 0.54
Q
<< 0.4+
0.3
0.2
0.1
0.0 =

300 350
Wavelengh/nm

250 450

Fig. 4. UV spectra of MP(a), p-ATP(b), different amounts of MP into
0.067 mg mL™" ATP solution(c,d,e).

Morphological characterization of the FUAUNP-ATP-MIP-
AuNP- MCNT/GCE

Fig. 5. SEM images of MCNT(A), AuNP-MCNT(B), and FuAuNP-ATP-
MIP-AuNP-MCNT(C and D)

The surface morphologies of the different films modified are
studied by means of SEM. Fig. 5 shows the SEM images of
MCNT (Fig. 5A), AuNP-MCNT (Fig. 5B) and FuAuNP-ATP-
MIP-AuNP-MCNT composites (Fig. SC and D at different
resolution). Homogeneous spaghetti-like tangled MCNT (Fig. 5A)
decorated with a little of AuNP was observed in Fig. 5B. The
diameter of the nanoparticles was between 20 and 50 nm. After
self-assembling and electropolymerizing the FuAuNP, it was
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found that the FuAuNP nanoparticles distributed uniformly
between MCNT and AuNP, the diameter of the FuAuNP was less
than 10 nm (Fig. 5C, D). The 3-dimensional structure was formed
after AuNP decorated MCNT were further modified with MIP-
ATP-FuAuNP on the electrode surface. The recognition sites,
conductivity and specific surface area of the electrode are
improved by the decoration nanocomposites effectively.

Electrochemical characterization of the FUAUNP-
ATP-MIP-AuNP- MCNT/GCE

CV and EIS experiments are used to characterize the different
modified electrodes in 5 mM [Fe(CN)g]* /[Fe(CN)s]* containing
0.1 M KCI solution(see Fig. 6A). The reversible one-electron
redox behavior of ferricyanide ions is observed on the bare GCE.
After being modified with MCNT, the peak current of
[Fe(CN)¢J* /[Fe(CN)]* is increased. Also, becsuse of AuNP
deposition on the MCNT/GCE, the peak current of
[Fe(CN)6]37/[Fe(CN)6]47 increase again. Thus, the introduction of
AuNP-MCNT hybrid play a role in the increasement of the
electroactive surface area and provide a conducting bridge for the
electron-transfer of [Fe(CN)g]* /[Fe(CN)¢]*". The FuAuNP-ATP-
MIP-AuNP-MCNT composite membrane is porous with fine
conductivity and large specific surface area, so the peak current
of [Fe(CN)s]> /[Fe(CN)g]* increase again.

EIS is an effective method for studying interfacial properties of
modified electrodes. Nyquist plots of GCE, MCNT/GCE, AuNP-
MCNT/GCE, and FuAuNP-ATP-MIP-AuNP-MCNT/GCE are
shown in Fig. 5B. The impedance data (R) are obtained by fitted
to the R(Q(R(Q(RW)))) equivalent circuit model (inset of Fig. 6B)
using the ZsimpWin program. The impedance data obtained

30 contain the electron transfer process (modeled as a resistance to

charge transfer, R.,) and the diffusion process (modeled as the
Warburg-type impedance, W). Both R, and W are in parallel
with the constant phase angle element (Q)’°. The angle of the line
in semi-infinite region is observed less than 45°. This is a typical

35 porous electrode surface character. The above EIS results reveal

that AUNP-MCNT/GCE exhibits a improved charge transfer rate
than that of bare GCE. The EIS of FuAuNP-ATP-MIP-AuNP-
MCNT/GCE behaves like a porous electrode®”, which are
consistent with that of CV.

Current/le-4A

/ b——MCNTIGCE
o AUNPSMCNTIGCE
G FUAIPS ATPAMP-
AUNPS MCNTIGCE

01 00 01 02 03 04 05 06
Potential/V (vs.Ag/ACI)

Fig. 6. (A) CVs of GCE(a), MCNT/GCE(b), AuNP-MCNT/GCE(c), and
FuAuNP- ATP-MIP-AuNP-MCNT/GCE(d) in 5 mM [Fe(CN)s]*
/[Fe(CN)s]* containing 0.1 M KCl solution with a scan rate of 50 mV s .
(B) Nyquist plots of GCE(a), MCNT/GCE(b), AuNP-MCNT/GCE(c),
and FuAuNP-ATP-MIP-AuNP-MCNT/ GCE(d) in 5 mM [Fe(CN);]*
/[Fe(CN)s]* containing 0.1 M KCl solution. The frequency range is from
100 mHz to 100 kHz. Inset of B is equivalent circuit model.
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Effect of solution pH on the peak currents and peak potential
The effects of solution pH on peak currents and peak potentials
were performed by linear stripping sweep voltammetry (LSSV)
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and the results were shown in Fig. 7. With the increase of pH
value, the peak potentials shift negatively (shown in Fig. 7b). At
the same time, the experimental results also show that pH has a
significant influence on the cathodal peak current of MP on MIP-
AuNP-MCNT-GCE (shown in Fig. 7a). It can be seen that the
values of the peak current changes with the different pH in the
range from 3.5 to 11. Obviously, the maximum response of peak
current appears at pH 7.0. In this work, the optimum pH value of
7.0 was selected in the following experiments.
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Fig. 7. LSSV response of the MIP sensor in 1 pg/mL MP containing PBS
at various pHs: 3.5, 4.0, 4.5, 5.0, 5.8, 6.4,7.0,7.5, 8.0, 8.5, 9.2, 10.1, 10.9.

Effects of scan rate and accumulation time on the
electrochemical response of MP

The CV curves of MP on the FuAuNP-ATP-MIP-AuNP-
MCNT/GCE were investigated at different scan rates (see Fig. 8).
The reduction peak currents for 5 ng mL"' MP in 0.1 M PBS (pH
6.8) are linearly proportional to the scan rates from 50 to 450 mV
s ! with a linear regression equation of i, = 3.781 X 10 +v
7.72502 X 10~ ¥ (r=0.9993), it is indicated that the electron
transfer processes are controlled by surface adsorption process. In
addition, the reduction peak potentials shift with the increase of
scan rate, which can be attributed to the catalytic effects of
surface of imprinted composite on template molecules. The
proposed catalysis mechanism is shown in the following equation

(1)_(3)71-73.

S
1) Hacfoﬂ“:‘fo—<i>7ruo2 + 4e + 4H*
o

]
CHs

S
I

H3C*O*T*04©7NHOH +H,0

Hy

0—0

S

S
I I
(2) HsC—0—H> OONHOH " HC—0—P—0 NO + 2e + 2H*
? ?

cl

-
T
Hs CHg

s S
T T

3) chfofpfoONo +2e +2HY — > Hsc—ofprfoONHOH
o

i b
CHs CHs

Scheme 3. The electrochemical reaction mechanism of MP.

It is reported previously that different incubation time may
cause different responses. Hence the effect of incubation time on
peak current was investigated by kinetic experiment in this work.
The incubation step is usually a simple and effective way to
enhance the sensitivity of the imprinted sensor. Fig. 9 shows the
change of LSSV with different incubation time. The figure shows
that the LSSV peak currents increase with the increase of
incubation time. When the incubation time less than 4 min, the
peak current increase rapidly, however, it increase slowly after 4

9 min. Considering the efficiency and reproducibility of experiment,

the incubation time of 6 min is selected in subsequent experiment.
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Fig. 8. Effect of scan rate(v) to CV on the FuAuNP-ATP-MIP-AuNP-
MCNT/GCE in 0.1 M PBS containing 5 ng mL ' MP (pH 7.0). (A) CVs
5 with different scan rate(Vv). (B) The peak currents(ip) and peak
potentials(Ep) vs. scan rate(V).
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Fig. 9. LSSV response with different times of preconcentration.
Electrochemical detection of MP

10 In this study, LSSV was employed to evaluate the performance of
sensor on detection of MP. After FuAuNP-ATP-MIP-AuNP-
MCNT/GCE is immersed in different concentrations of MP
solutions for 6 min, a significant peak current increase is then
observed in Fig. 10. It is seen there were two linear relationships

1s between current and MP concentration from 0.1 to 1.1 ng mL™" (R
=0.9983) and 1.1 to 11 ng mL" (R = 0.9996). Therefore, two
different slopes of linear curves are obtained, resulting from the
different mechanism of molecular recognition in two different
ranges of concentration. In the range of 0.1 to 1.1 ng mL”,

20 because of the low concentration levels of MP in solution,
hydrogen bonding adsorption is the main mode of the action
between the MP molecular and binding sites. As a result, the
large slope of the linear relationship is obtained. However, when
the concentration of MP is high in the solution, strong Vander

s Waals force between MP molecular occurs besides hydrogen
bonding adsorption. It has deleterious effects for template
molecules to reach the imprinted sites, leading to a low slop in
the range of high concentration. Most importantly, it is
noteworthy that the detection limit of 0.08 ng mL™ can be

30 achieved, which is the lowest value reported so far, indicating

high sensitivity of the sensor designed in this
detection of MP?',

paper for the

A
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T
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35 Fig. 10. (A) LSSV responses of FuAuNP-ATP-MIP-AuNP-MCNT/GCE
to different concentration of MP in 0.1M PBS with a scan rate 50 mV s™.
(B) Calibration curves corresponding to analysis of MP.

Selectivity of the MIP enzymeless sensor

The anti-interference ability of the proposed sensor has also been
40 studied. In order to detect the selectivity of the MIP sensor, four

types of organophosphate pesticides (phoxim, malathoate,

omethoate and (2,4-dichlorophenoxy) acetic acid (2,4-D)) which

have a similar structure to MP are selected to conduct the control

experiments.
45 The experimental results show that the FuAuNP-ATP-MIP-
AuNP-MCNT/GCE in 0.1 M PBS containing 5 ng mL™ MP (pH
7.0) gains no obvious interferences from organophosphate
pesticides such as phoxim, malathoate, omethoate and 2,4-D,
and other inorganic ions (PO,", SO, NO;). These results
clearly indicate that the MIPs sensor have a good recognition
ability towards the target molecule. The high specificity is mainly
attributed to the unique binding modes of the imprinted sites to
the target molecule, eliminating the possibility to bind with other
analogues.

Reproducibility and Stability of the Molecularly Imprinted
Sensor

To characterize the reproducibility of the sensor, a series of

repetitive measurements were carried out in 0.1M PBS containing

5 ng mL~' MP (pH 7.0) under identical experimental conditions.
6 The electrode can be renewed easily by CV in PBS after each
determination. For 5 ng mL ™' MP, relative peak current change is
obtained by the use of each sensors. Relative standard deviation
(RSD) of 4.2% (n=5) is obtained and indicated good
reproducibility. The stability of the sensors is an important factor
for practical applications. It is found no obvious change in peak
current is observed after the MIP sensor is stored at 4 ‘C over 10
days. After one month, it decreased by approximately 43%. This
result indicates that the MIP sensor possesses excellent stability.
Sample analysis

5

S

5

a5

6!

A

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 10



Page 7 of 10

[

RSC Advances

The feasibility of the MIP sensor for practical applications was
investigated by the determination of MP in distilled water, tap
water, apple and cucumber samples according to the proposed
method. None of these real samples had electrochemistry
responses when analyzed by using the MIP sensor. They were
spiked with different levels of MP and the results are presented in
Table 1.

Table 1 The determination results of MP in real samples (n=5)

Sample Spiked Found / Recovery  RSD(%)
/ng/mL ng/mL (%)
Distilled
water
1 0.50 0.493 98.6 1.8
2 1.00 1.012 101.2 2.0
Tap water
1 0.50 4.856 97.12 2.3
2 1.00 1.046 104.6 2.6
Apple
1 0.50 0.476 95.2 32
2 1.00 1.054 105.4 3.5
3 5.00 5.286 105.7 3.7
Cucumber
1 0.50 0.483 96.6 2.8
2 1.00 1.052 105.2 33
3 5.00 4.795 95.9 3.8

S

a

<}
S

As shown in Table 1, the sensor used to detect MP is not greatly
affected by MP in different samples. The average recoveries
ranges between 95.2% and 105.7%, with less than 3.8% RSD
(n=5). The presented results demonstrate that the proposed
method is a promising approach for MP determination in real
samples.

As shown in Table 2, the proposed sensor was compared with
other published methods. It can be seen that the sensor exhibits
remarkable advantages, such as higher sensitivity, wider linear
range and lower detection limit, which provide an attractive
perspective for its wide application.

Conclusions

A novel electrochemical sensing strategy for sensitive detecting
MP was developed. The proposed method relies on the hydrogen
bond interactions among MP, p-ATP and FuAuNP. The tailor-
made cavities formed in the imprinted film showed good
selectivity toward MP. The reproducibility, repeatability and
stability of the MIP sensor were satisfactory. The good sensitivity
and selectivity on the sensor is attributed to following reasons.
Firstly, the employment of MCNT in the Nafion film enlarges the
electro-active surface area. Secondly, the nano-hybrid materials
of AuNP-MCNT improve the conductivity of the assembled film
and increase the quantity of template molecule in the unit area.
Finally, the 3-dimensional structure is formed by electro-
polymerization and self-assembly of FuAuNP-ATP-MIP-AuNP-
MCNT on the electrode surface. The network-like nanocomposite
not only provided a microenvironment to increase the recognition
sites, conductivity and specific surface area of electrode, but also
exhibited a strong synergetic effect on improving the sensing
properties of MP. Therefore, this novel, fast and facile strategy
reported herein can be further expected to fabricate various
electrochemical sensors for detecting pesticide residuals and
other environmentally deleterious chemicals.

Table 2. Comparison with other methods for the determination of MP

Methods Linear range LOD/M Ref.
— -
MWCNTSs MIP/GCE 2.0-10 5 ;Al‘o”o 6.7<10°°M 39
5.0X107°-1.0 X 2.0X107°
MWCNTs-PAAM/GCE L5 M M 74
4.0X107-8.5% 7.0X1078
Surfactant—clay/GCE 107 M M 75
1.9X1078-1.1 X 7.6%X107
Zr0,/CPE 105 M M 76
3.8X107-5.3X 1.9%1077
Pd/MWCNTs/GCE 105 M M 77
5.0X107-1.2X 1.0x107
Au - nafion/GCE 104 M M 78
1.0X107*-8.0X 4.0x107°
pSCs—AgNPs/GCE 10° M M 79
9.0X107%-6.1 X 7.6X107
OMC/GCE 105 M M 80
. 1.0X107-1.0 X 1.0x10°®
Silicate-CTAB/GCE 107 M M 81
. 3.8%X107°-3.8 X 1.5X107
C/p—NiTSPc/CFME 10° M M 82
MWCNTs— 1.9X107-7.6 X 1.9%X10°® 3
chitosan/GCE 10°M M
1.9X107°-6.1 X 1.9%1077
Au/MWCNTs electrode 107° M M 84
Imprinted PQu-PRe— 7X10°-1X10°  3.4x107"° g5
AuNPs/GCE M M
-1
GR-CS/GCE 40ngmL 7400 o0 oMt g6
ng mL
AChE-SiSG-CPE 0.1-1 ppb 0.04 ppb 87
AChE-AuNPs- 0.019X107°-0.45 -
PPy/GCE X10°M 76X10°M 88
thlcal microbial 4-80X 10°°M 3% 10M 16
biosensor
MPH-
Sp@AUNPS/MWNTSs/G 0.001-5X 03ng/mL 89
CE 10 °g/mL
Matrlx ~solld phase B 4X10° M 90
dispersion
0.3—1.0 ppb, 1.0—
B —CD—graphene/GCE 500 ppb 0.05 ppb 12
-9
HNC-CNP-CPE 155 >§<1100*; 367 4q0x100 91
0.003-0.05 and o
LDHs-GNs/GCE 011 0pg mL " 0.6 ng mL 92
nano—Aw/SDBS/GCE 5.0x107 - 86x10°M 93
1.0x10* M :
FuAuNP-ATP-MIP— 0.1-1.1 and 1.1-11 0.08 ng This
AuNP-MCNT/GCE ngmL™ mL™ work
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A molecularly imprinted electrochemical enzymeless sensor
based on functionalized gold nanoparticles decorated carbon
nanotubes for methyl-parathion detection

Bowan Wu™”, Lijie Hou", Miao Du®, Tiantian Zhanga, Zhihua Wang", Zhonghua Xue”,
Xiaoquan Lu"*

Abstract

Functionalized gold nanoparticles (FuAuNP) have a bright future because of its
specific functional groups. p-Aminothiophenol (p-ATP) possesses double functional
groups which can be used to form S-Au bond and oligoaniline. Based on molecular
imprinting technology and electrochemical technology, a novel enzymeless
Methy-parathion (MP) sensor is constructed with nanocomposites. The template
molecule (MP) is embedded in imprinting sites by p-ATP molecular self-assembly and
FuAuNP electro-polymerization. The imprinting effective sites and the conductive
performance are improved by gold nanoparticles decorated carbon nanotubes
nanocomposites (AuNP-MCNT). The linear relationships between peak current and
MP concentration are obtained in the range from 0.1 to 1.1 ng mL™" and 1.1 to 11 ng
mL™" (respectively). The detection limit can be achieved as low as 0.08 ng mL" (30)
with relative standard deviation 3.8% (n = 5). This sensor was also applied in the
detection of MP in appler and vegetables with average recoveries between 95.2% and
105.7% (RSD < 5%). The results mentioned above show that the novel
electrochemical sensor is an ideal device for the real-time determination of MP in real
samples.
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Imprinted siler-ﬂ'

Schematic MP MIP sensor and the possible mechanism.



