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An ultrasensitive aptasensor for chlorpyrifos based on ordered
mesoporous carbon/ferrocene hybrid multiwalled carbon
nanotubes

Yancui Jiao™?, Huiying Jia"?, Yemin Guol’z*, Haiyun Zhangl’z, Zhigiang Wangl’z, Xia Sun**" and Jing
zhao'

In this study, we designed a novel and ultrasensitive aptamer sensor for quantitative detection of chlorpyrifos. To improve
sensitivity of the aptasensor, mesoporous carbon (OMC) functionalized by chitosan (OMC-CS) and ferrocene hybrid
chitosan (CS) dispersed multiwalled carbon nanotubes (Fc@MWCNTs-CS) were modified on the electrode surface. OMC-CS
has high specific surface area, high porosity and ideal dispersibility which was used to efficiently capture more amount of
materials. FcC@ MWCNTSs-CS can efficiently capture more aptamer and increase electron transfer between work electrode
surface and potassium ferricyanide due to the good biocompatibility and electrical conductivity. The fabrication of
aptasensor was characterized by cyclic voltammetry, scanning electron microscope and energy dispersive spectrometer.
Under optimal conditions the designed aptasensor exhibited a wide linear range from 1 to 10° ng/mL with a low detection
limit of 0.33 ng/mL (S/N=3) for chlorpyrifos. The proposed chlorpyrifos aptasensor exhibited high selectivity,
reproducibility and stability performance, which may open a new door for ultrasensitive detection of chlorpyrifos residues

in vegetables and fruits.

1. Introduction

Chlorpyrifos(0,0-diethyl-O-3,5,6-trichloro-2-pyridylpho-
sphorothioate, CPF) is a kind of organophosphorus pesticide
which has a broad spectrum, efficient and moderate toxicity, a
long residual effect period, and good stomach toxicity. It
mainly used for prevent and control harmful insects and mites
on cotton, vegetables, tea, fruit and cropsl. Moreover, it is one
of the largest used tonnage pesticides in the international
market’. The presence of pesticides residues in vegetables
may pose a risk to humans' health due to the pesticides’
potential toxicity3. In some cases, it has been suggested that
some diseases, such as acute neurological toxicity,
neurodevelopmental impairment, cancer, allergies,
neurological disorders and reproductive disorders, may be
related to pesticides exposureM.

To date, many analytical technologies have been developed
for pesticides detection, such as high-performance liquid
chromatography (HPLC)s'm, gas chromatography (GC)“’lZ.
These instrument-based techniques have high sensitivity and
low detection limit, but they are expensive, tedious and
require trained operators. ELISAs posses the advantages of
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rapidness and simplicity, while it is wvulnerable to the
interference from organic solvent or matrix components™.
Compared with these methods, electrochemical biosensors
with advantages of fast response, high sensitivity, low cost,
and on-site analysis, have been a promising alternative to
rapidly detect pesticides”. For instance, AChE electrochemical
biosensors are particularly attractive due to their fast response
and high sensitivityls’le. But it can only be used to detect a
class of pesticides. Immunosensor, with its high sensitivity and
specificity, has been widely used to detect pesticide17, viruses
and bacterials, which based on antigen and antibody
interaction®. However, antibody is temperature sensitive and
exhibits dissociation constant that is strongly influenced by the
physiological condition®’. Compared with antibodies and
enzymes, aptamer-based biosensors have exceptional merits
among various application521.

Aptamers are RNA or DNA molecules with specific 3D
structures. They can be selected through an in vitro selection
process called systematic evolution of ligands by exponential
enrichment (SELEX), and they are capable of recognizing and
binding a variety of targets ranging from small molecules to
organisms. Owing to their unique advantages of chemical
recognition, accuracy, ease of modification, in vitro synthesis,
high purity and stability, aptamers have been widely used in
analysis applicationszz. Moreover, due to their relative ease of
tailored binding affinity, modification, isolation and storage23,
aptamers exhibit several unprecedented advantages compared
with antibodies®. Electrochemical aptasensor is a kind of
biosensor which measuring the electrochemical signal changes
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before and after affinitive interactions between the aptamer
and target. Until now, electrochemical aptasensors have been
rapidly developed to detect different targets by combining
various electrochemical techniques with aptamer-based signal
conversion strategieszs. Especially, label-free electrochemical
aptasensors play an important role due to their simplicity,
convenience, and low cost®®. Recently, a label-free DNA
aptasensor based on loop-mediated isothermal amplification
has been reported for the detection of Ochratoxin AY. While
the aptasensor used for pesticide detection has been still less
reported.

In recent years, various carbon nanomaterials have been
widely employed to improve the performance of electrode.
The ordered mesoporous carbons (OMCs) are one type of new
advanced carbon materials, initially synthesized in 1999%, Ever
since, the OMCs have been the matter of concern due to their
unique properties such as high specific surface area, ordered
mesostructure, tunable pore size, low density, high
conductivity, chemical stability, and biocompatibilityzg. oMC
can be used as building blocks in hybrid materials, and
provides an excellent platform and microenvironment for
immobilized biomolecules such as DNA, enzyme and protein30.
Accordingly, the existing report31 provides strong evidence
that OMC could be acted as an effective candidate for
fabricating type of electrochemical and
biosensors. However, OMC lacks enough film forming ability to

new sensors
immobilize aptamer on the electrodes and strongly requires an
additional material to help it form film, such as chitosan (CS).
CS containing abundant amino groups with pK, 6.3 is soluble in
slightly acidic solution due to the protonation and insoluble in
solution above pH 6.3 for the deprotonation, it exhibits robust
film-forming ability. In addition,
biocompatibility, cheapness and a susceptibility to chemical
modification. Because of its desirable properties, CS has been

CS displays nontoxicity,

widely used as an immobilization matrix for biosensors and
bioreactors>>.

Ferrocene (Fc) is attracting keen interest in the area of
electroanalysis for the unique redox behavior. Because Fc is
one of the most popular electrochemical active groups and the
redox reaction of Fc'/Fc is completely reversible, many
scientists have used it in chemical modified electrodes®™>.
However, Fc can be poorly adsorbed onto the electrode
surface. Thus, many materials had been used to improve the
attachment of Fc and its derivatives to the electrode surface
such as CS and MWCNTs*>%
high surface to volume ratio, and their chemical and thermal
stability37, multi-walled carbon nanotubes (MWCNTSs) exhibit a
high ability to promote some types of electron-transfer
reactions, minimize fouling of electrode surfaces, enhance

. Due to their good properties i.e.

electrocatalytic activity, and facilitate the immobilization of
molecules such as enzymes or antibodies on their surface with
a view to developing biosensors®. Recently, Zhou et al. has
successfully synthesized multiwalled nanotubes
/ferrocene-branched chitosan composites and the sensor
showed very good performance towards electrocatalytic
determination of sulfite®>.

carbon
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In the present work, a novel amperometric aptasensor was
prepared by using mesoporous carbon (OMC) functionalized
by chitosan (OMC-CS) and multiwalled carbon
nanotubes/ferrocene-branched chitosan composites covered
glassy carbon electrode. In this system, OMC functionalized
with chitosan served as electronic bridge. The integration of
CS-Fc and MWCNTs for the development of electrochemical
aptasensor acted as signal amplifier, in addition, it also
controlled the efficient immobilization of aptamers on the
electorde. Based on the above mentioned advantages of these
materials, we took advantage of their synergistic effects to
fabricate a simple and sensitive aptasensor for detection of
chlorpyrifos in real vegetable samples.

2.Experimental
2.1 Apparatus

Cyclic voltammetry (CV) measurements were performed with
CHI660D electrochemical workstation (Shanghai Chenhua Co.,
China). A conventional three-electrode system was employed
with a saturated calomel electrode (SCE) as the reference
electrode, a platinum electrode as the auxiliary electrode, and
a glassy carbon electrode (GCE) (d = 3 mm) or modified GCE as
the working electrode. Scanning electron micrographs (SEM)
was studied by JSM-6360LV SEM (Japan). An attached energy
dispersive spectrometer (EDS) in the FE-SEM was applied to
chemical composition analysis.

2.2 Reagents and materials

Chlorpyrifos was purchased from Sigma (USA). Bovine serum
albumin (BSA) was from BioDev -Tech. Co. Ltd (Beijing, China).
The Chlorpyrifos oligonucleotides purchased from Shanghai
Sangon Biological Engineering Technology & Services Co., Ltd.
(Shanghai, China) with the following sequences39: 5-
CCTGCCACGCTCCGCAAGCTTAGGGTTACGCCTGCAGCGATTCTTG
ATCGCGCTGCTGGTAATCCTTCTTTAAGCTTGGCACCCGCATCGT-
3’. Chitosan (CS) was purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). Ordered mesoporous carbons (OMC) which
the external diameter is 3.9 nm was purchased from Nanjing
Yoshikura nanotechnology co., LTD. Ferrocene(Fc) was
purchased from Hongyan chemical reagent factory(Tianjin,
China). 0.01 M Phosphate buffer solution (PBS, pH 7.4, high-
pressure sterilization) was used for dissolving the chlorpyrifos
oligonucleotides. A PBS (0.1 M, pH 7.0) containing 5 mM
[Fe(CN)6]3"/4' and 0.1 M KCI was used as the detection solution.
All of the other chemicals were analytical reagent grade. All
the solutions were prepared with ultrapure water which was
purified with a Milli-Q purification system (Branstead, USA).

2.3 Preparation of composites

Chitosan stock solution (CS) (0.20% (w/v)) was prepared by
dissolving chitosan in an aqueous solution of 2.0 M acetic aced
and the pH was adjusted to 5.0 by addition of concentrated
NaOH solution. Then added 2 mg OMC into the CS solution and
sonicating for 1 h to get 0.5 mg/mL OMC-CS solution. The
solution was stored in refrigerator.

This journal is © The Royal Society of Chemistry 20xx
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FC@MWCNTs composites were synthesized via a simple
chemical strategy“. Briefly, excessive Fc was added into 10 mL
CS solution (pH=5.0) to get the stable host-guest complexes by
fully stirring. Then, 25 mg MWCNTs was dispersed into the 5
mL supernatant liquor and sonicated until it became stable
dispersion. Therefore got FC@MWCNTs-CS composites.

2.4 Fabrication of Fc@ MWCNTs/OMC/GCE aptasensor

Procedure of the electrode preparation included five assemble

processes, i.e. pretreatment of GCE, immobilization of OMC-CS,

FC@MWCNTs-CS, aptamer and BSA on the electrode surface
(shown in Scheme 1). (1) GCE was polished successively with
1.0, 0.3, and 0.05 um alumina powder, and sonicated in a 6.0
M nitric acid/ultrapure water and ethanol/ultrapure water for
20 min, respectively. Then, GCE as working electrode was
subjected to cyclic scanning in 0.5 M H,SO, solution in a
potential range from -0.1 V to 1.0 V. When the cyclic
voltammogram was almost unchanged, the electrode was
taken out, cleaned with ultrapure water and dried under a
stream of nitrogen. (2) A 7 pL of the OMC-CS solution was
coated onto the surface of the pretreated GCE using a
microsyringe and dried at room temperature for over 2 h
(denoted as OMC/GCE). (3) A 7 uL of Fc@ MWCNTs-CS solution
was coated onto the surface of the OMC/GCE using a
microsyringe and dried at room temperature (denoted as
Fc@MWCNTs/OMC/GCE). (4) To immobilize the chlorpyrifos
aptamer onto electrode interface, the electrode was immersed
in chlorpyrifos aptamer solution at 4 @ for about 12 h (denoted
as Apt/Fc@MWCNTs/OMC/GCE). (5) Afterwards, the
multilayer modified electrode was incubated with 0.5% BSA
(denoted as BSA/Apt/Fc@MWCNTs/OMC/GCE) at 4 B for 2 h
to eliminate nonspecific binding effect and block the remaining
active groups, following by rinsing with PBS. The finished
aptasensor was stored at 4 B when not in use.

R

OMC/GCE Fc@MWCNTs-CS Fec@MWCNTs/OMC/GCE

A l§

=

BSA Apt/Fc@MWCNTs/OMC/GCE

OMC-CS

~—

v
BSA/Apt/Fc@MWCNTs/OMC/GCE

Scheme 1. Stepwise preparation of the aptasensor.
2.5 Electrochemical detection of pesticides

All electrochemical measurements were performed in 0.1 M PBS
(pH 7.0) containing 5 mM K;[Fe(CN)¢]/Ks[Fe(CN)g] (1:1 mixture as a
redox probe) and 0.1 M KCI. CVs were performed over a potential
range from -0.2 to 0.6 V at a scan rate of 50 mV/s. The chlorpyrifos
detection was based on change in the current response (AI(Al = (lg—
11)), where |y is the peak current of the CV after blocking nonspecific
binding sites by BSA and I, is the peak current of the CV after
chlorpyrifos coupling to the immobilized chlorpyrifos aptamer on
the prepared aptasensor. In addition, the experimental parameters

This journal is © The Royal Society of Chemistry 20xx
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including aptamer concentration, incubation time and the pH of PBS
were optimized. After the optimization, the proposed aptasensor
was applied for detection of chlorpyrifos. All measurements were
carried out at room temperature.

2.6 Preparation and determination of real samples

Fresh pakchoi, lettuce and leek bought from a local supermarket
were washed, dried, chopped into 3x3 mm particles approximately.
10 g of each sample was sprayed with different concentrations of
chlorpyrifos. After equilibration for 3 h at room temperature to
make pesticide absorbed into the samples, 10 mL mixed solution of
acetone and 0.1 M pH 7.5 phosphate buffer solutions (1/9, v/v) was
added to the above samples. The suspensions were treated by
ultrasonicating for 15 min and then centrifuged for 10 min at 2000
rpm. The clear supernatant was analyzed for pesticide detection by
employing the obtained aptasensor.

3. Results and discussion
3.1 SEM characterizations of modified electrodes

The morphologies of the OMC and Fc@ MWCNTs composites were
characterized using scanning electron microscope (SEM). As shown
in Fig. 1(A), OMC nanofibers was distributed on the surface of GCE
orderly and formed the current passages. Fig. 1(B) presented the
SEM image of FC@MWCNTs in 1 um, and clearly illustrated a
number of bright dots adulterate with the nanofibers, suggesting
that the Fc had been dispersed into MWCNTs successfully. And Fig.
1(C) clearly revealed that Fe element distributed in the FC@ MWNTs.
The SEM image of Fc@ MWNTs/OMC as shown in Fig. 1(D), which
illustrated that OMC was covered with Fc@ MWNTSs successfully.

RSC Adv., 2015,5,1-11 | 3
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Fig. 1. SEM images of (A) OMC, (B) Fc-MWNTs, (D) Fe-MWNTs/OMC; (C) EDS for Fe
elemental distribution on the surface of FEC@MWNTs

3.2 Electrochemical behavior of the modified electrodes

The immobilisation of each functionalised layer on GCE surface was
confirmed through CV measurements. Figure 2 showed the cyclic
voltammograms obtained for different modified electrodes in 0.1 M
PBS (pH 7.0) containing 5 mM K;[Fe(CN)g]/K4[Fe(CN)¢] and 0.1 M KCI
at the scan rate of 50 mV/s. There was a pair of well-defined redox
peaks observed on the bare GCE with the anodic (Epa) and cathodic
(Epc) peak potential of 0.26 V and 0.15 V, respectively, and a peak
to peak potential separation of about 95 mV (Fig. 2a). The peak
current increased after OMC-CS was modified on the surface of GCE
(Fig. 2b), revealed that the OMC-CS film functioned as an electron-
conducting tunnel. Furthermore, after coated with Fc@WMCNTs-
CS, the peak current of obtained electrode further increased (Fig.
2c), indicated that the FC@WMCNTs-CS film could promote the
electron transfer between electrode surface and [Fe(CN)6]3'/4'
generate synergy on electrochemical properties. However, the
redox peaks decreased obviously when aptamer (Fig. 2d) and BSA
(Fig. 2e) were modified onto the electrode. It was reasonable that
their non-electrochemical activity which partially blocked the
electron transfer between the [Fe(CN)6]3'/4'
electrode.

and

solution and the
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Fig. 2. CVs of modified GCE recorded in 0.1 M PBS (pH 7.0) containing 5.0 mM

[Fe(CN)6]3'/4' and 0.1 M KCl: (a) bare GCE; (b) OMC/GCE; (c) Fc@ MWCNTs /OMC/GCE;
(d) Apt/Fc@MWCNTs /OMC/GCE; (e) BSA/Apt/Fc@MWCNTs /OMC/GCE.

Fig. 3 shows the cyclic voltammograms of Apt/Fc@WMCNTs/
OMC/GCE at different scan rates in potential range of 20-200 mV in
0.1 M PBS (pH 7.0). As shown in the inset of Fig. 3, the peak
currents increased linearly with the scan rate between 20 and 200
mV s-1 as expected for a surface-controlled electrode process40.
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Fig. 3. Cyclic voltammograms of the Apt/Fc@WMCNTs/OMC/GCE in 0.1 M PBS (pH 7.0)
at scan rates (from inner to outer) 20, 40, 60, 80, 100, 150 and 200 mV st )
respectively. Inset: the relationship between scan rates and peak currents.

3.3 Optimization parameters of the biosensor performance

To achieve an optimal electrochemical signal, it was necessary
to optimize the experimental conditions including the aptamer
concentration, incubation time and pH of PBS. A series of
aptamers with the concentrations from 1 to 10 pM were
investigated to study the effect of the aptamer concentration.
As displayed in Fig. 4(A), the change in current responses, was
found to increase with the increasing of the aptamer
concentration ranges from 1 to 2 uM and then decrease as the
concentration increased further. responses
reached the maximum at the aptamer concentration of 2 uM.
The main reason

The current
is that for lower concentration of the

aptamer the system becomes saturated and the affinitive
reaction between chlorpyrifos and aptamer obeys the mass

This journal is © The Royal Society of Chemistry 20xx
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law®. As a result, 2 uM chlorpyrifos aptamer was chosen for
the subsequent assays.

Since it takes time for the chlorpyrifos immobilized on the
electrode to react with the aptamer molecules to reach the
saturated equilibrium, the effect of the incubation time was
carried out over the range of 25 to 85 min. As shown in Fig.
4(B), the current response reached the maximum in 40 min
and remained stable when the time was extended, indicated
that the interaction between aptamer and chlorpyrifos had
reached saturation. Thus, 40 min was chosen as the adequate
incubation time in all of the subsequent experiments.

In addition, the effect of pH on the sensor response was
examined by recording CVs for the chlorpyrifos-captured
electrode in 0.1 M PBS. The current increased as the medium
pH was increased from 5.5 to 7.0 and then decreased when
the pH value was higher than 7.0 (Fig. 4(C)). The maximum
current was observed at a pH of 7.0. Therefore, all subsequent

experiments were performed in 0.1 M PBS at pH 7.0.
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Fig. 4. (A) The optimum concentration of the aptamer; (B) The optimum incubation
time; (C) The optimum pH of PBS.
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3.4 Calibration curve of the aptasensor

On the basis of the optimal conditions, the proposed aptasensor
was applied for chlorpyrifos detection. The CV current response (Fig.
5(A)) is linearly related to the logarithmic values of chlorpyrifos
concentration range from 1 to 10° ng/mL with a detection limit of
0.33 ng/mL (S/N = 3). As Fig. 5(B) shown, the calibration plot shows
a good linear relationship between CV current response and
logarithmic values of chlorpyrifos concentration. The regression
equation of the calibration curve was Y=20.921X+6.175 (R2=0.994).
The results demonstrated an acceptable quantitative performance
of the proposed method used for chlorpyrifos detection.
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Fig. 5. The CVs (A) of the aptasensor after incubation in different concentrations of
chlorpyrifos standard solution (from a to f): 105, 104, 1000, 100, 10, 1 ng/mL under the
optimal conditions; and the calibration curve (B) of the relative current changes (Al) of
the proposed aptasensor versus the logarithm of chlorpyrifos concentrations.

3.5 Comparison of different methods

As shown in Table 1, a comparison of the designed aptasensor and
other analytical methods. The detection limit of the designed
aptasensor is significantly lower than other methods. The lower
detection limit was attributed to the multiple amplified current of
Fc@MWCNTs and OMC-CS.

3.6 Selectivity, reproducibility and stability of the aptasensor

To investigate the selectivity of the aptasensor, we detected the
current response of the aptasensor to chlorpyrifos, other small
molecules (carbofuran, dichlorphos, phoxim) commonly present in
real samples with same concentration of 50 ng/mL and their
mixture. As seen from Fig. 6 (A), no apparent changes in the current

RSC Adv., 2015,5,1-11 | 5
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are observed toward these components, indicating the high
selectivity of the developed aptasensor for chlorpyrifos detection.

The reproducibility of the aptasensor, an important parameter,
was investigated by determining 50 ng/mL chlorpyrifos solution
with six electrodes fabricated in the same conditions. The relative
standard deviation (RSD) of the measurements for the six
electrodes was 4.3%, which indicated that the aptasensor has good
reproducibility.

The stability of the proposed aptasensor is evaluated by
successive cyclic scans for 30 cycles and long-term storage assay.
After 30 cycles’ continuous CV measurements under the optimal
conditions, a 4.8% decrease of the initial signal is found. In addition,
the storage stability of the proposed aptasensor was evaluated by
storing the aptasensors prepared under the same conditions at 4 ‘C
and measuring every week, and each reading represented the
average value of five assays. After 2 week, the current response of
the aptasensor had little change, only 3.6% (Fig. 6(B)). The initial
current response was not found to be significantly changed for 4
weeks and the aptasensor could remain about 89.3% of the initial

response. Thus, the aptasensor has acceptable storage stability.
50
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Fig. 6. (A) Selectivity evaluation of the aptasensor detection of chlorpyrifos (50 ng/mL)
against the interference molecules, carbofuran, dichlorphos, phoxim and the mixture
consisting of the above interference and chlorpyrifos. (B) The stability assessment of
the proposed aptasensor.

3.7 The detection of the real samples

To evaluate the practical application and potential prospects of the
proposed aptasensor, recovery experiments were performed by
standard addition methods in vegetable samples. The experiments
were carried out according to the aforementioned optimized
conditions for chlorpyrifos detection by the designed aptamer
sensor. The chlorpyrifos concentration recoveries were between

6 | RSC Adv., 2015, 5, 1-11

98.5% and 107.2% (Table 2), which clearly indicated that the
aptasensor was suitable for the detection of chlorpyrifos in real
vegetable samples.

4. Conclusions

In summary, a sensitive electrochemical aptasensor based on OMC-
CS and FC@WMCNTs-CS double-assisted signal amplification was
proposed for chlorpyrifos detection. The designed aptasensor
exhibited a linear response with a wide range (1-10° ng/mL), low
detection limit (0.33 ng/mL) and high levels of specificity,
reproducibility and stability. In addition, the aptasensor has been
applied to detect chlorpyrifos in real samples, and got a satisfactory
results. Therefore, the designed aptasensor may hold great
potential applications for food analysis.
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Table 1. Comparison of analytical methods for the detection of pesticide.
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Detection limit (ng/mL) References

Fuorescence methods

578.325-7711

CS-AuNPs-based colorimetric aptasensor 0.20-2.0

Quantum dot-DNA aptamer conjugates

R . . 112.1-3736.3
coupled with capillary electrophoresis
Gas chromatography with flame
X 4-1000
photometric
RAM-MIPs for selective solid-phase
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extraction

Aptasensor 1-1x10°

164.735 Azab et al., 2015%
39 Luoetal., 2015

37.363-52.076 Tang et al., 2016"

1-10 Zhao et al., 2014*
0.5-1.9 He et al., 2015*
0.33 this work

Table 2 The recovery of the proposed aptasensor in real samples.
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Lettuce — 5 5.16 103.2

Pakchoi — 10 9.85 98.5
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