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Abstract
A highly selective and sensitive aptasensor is described for voltammetric determination of the pesticide chlorpyrifos (CPS). The
sensor was constructed by modifying a glassy carbon electrode (GCE) with gold nanorods and a polymer that was molecularly
imprinted with an aptamer against CPS. This results in double specific recognition. Under optimal conditions and a working
potential as low as 0.22 V (vs. Ag/AgCl), the nanotools has a dynamic range that covers the 1.0 fM - 0.4 pM CPS concentration
range, and the detection limit is 0.35 fM. This is lower than any of the previously reported methods. This MIP-aptasensor is
selective over structural analogs, stable, and adequately reproducible. It was successfully applied to the determination of CPS in
spiked food samples.
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Introduction

Chlorpyrifos is one of the many organophosphate pesticides
(OPPs). According to previous reports, exposure to chlorpyr-
ifos (CPS) can lead to change of polyamine metabolism and
induce oxidative stress and can also cause DNA damage [1].
Chlorpyrifos is considered extremely toxic because when it
enters food, it has detrimental effect on humans and animals
[2]. Therefore, monitoring the behavior of CPS residues is
important for human health. Significant efforts have been de-
voted to developing direct techniques for the determination of
pesticides [3–10] Among these methods, electrochemical
aptasensors play an important role and this is due to their high

sensitivity, excellent specificity, convenience, easily detect-
able signals and simplicity; thus, decreasing the analysis time
and cost [11].

Aptamers are synthetic single-stranded functional DNA or
RNA molecules which are selected from random oligonucle-
otide libraries by an in vitro evolution process named SELEX
(systemati evolution of ligands by exponential enrichment)
[12]. Aptamers were replaced by antibodies as diagnostic el-
ements in bioavailability because of the ease of producing,
more stability, easy labeling and lower cost. Due to these,
aptamer-based assay were established using various detection
methods [13–15]. Among these methods, electrochemical
aptasensors play an important role for their excellent specific-
ity, high sensitivity, easily detectable signals, and simplicity
and is easily modified for their detection and immobilization
by the introduction of reporter molecules and functional
groups [16, 17].

Metal nanoparticles with different nanostructures including
rings, spheres, rods and cages have been used in various ap-
plications [18–22]. Among them, the subtle behavior of gold
nanorods (AuNR) revealed that they have the ability to pro-
mote faster electron transfer and distinct optical properties
depended on their shape and thus, electron transfer between
electrode and analytes reactions in electrochemical reactions
[22]. Therefore, to further enhance the amount of effective
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binding sites in the assay and supply larger electrochemically
active surface areas, the aptasensor was decorated with nano-
particles such as AuNR [23].

Molecularly imprinted polymer receptors (MIPs), as novel
materials and biomimetic molecular recognition elements have
been widely applied in various fields [24–26]; this is due to the
presence of such unique properties as desired selectivity, su-
perb physical and chemical stability, commercial availability as
well as low cost, compared to those of enzymes, antibodies and
receptors [27]. Usually, typical MIPs include template mole-
cules, functional monomers, cross-linking reagents; which
nowadays, MIP films are most commonly polymerized by
sol-gels, bulk polymerization and precipitation polymeriza-
tion. Behind the polymerization, the template molecules
are removed from the final polymer matrixes [28–30].
These methods often have limitations such as partial
template removal, slow mass transfer and rebinding ki-
netics in sensor applications [31]. Therefore, the electrochem-
ical polymerization was suggested because it is one of the
efficient ways of solving these limitations by generating a
rigid, uniformed compact MIP film with controlled thickness
onto the work electrode surface of any shape and size [32, 33].

The aim of this study was to develop a highly sensitive
electrochemical aptasensor based on electro polymerized
MIP and AuNR for the determination of CPS. The exploita-
tion of gold nanorods improved the electron transfer rate and
provided a high surface area for immobilization of the MIP-
aptamer. The fabricated MIP-aptasensor shows excellent se-
lectivity, sensitivity, as well as satisfactory results for the de-
tection of CPS in real samples.

Experimental

Materials and reagents

The aminomodified aptamer against CPSwas purchased from
Bioneer Co, (South Korea, http://www.bioneer.com). The
sequence of nucleotides in the aptamer is shown below; the
sequence contained 91 bases. (5′-NH2 modified) (5′-CCTG
CCACGCTCCGCAAGCTTAGGGTTACGCCTGCAGC
GATTCTTGATCGCGCTGCTGGTAATCCTTCTTTAAG
CTTGGCACCCGCATCGT-3′). They had been HPLC-
purified and freeze-dried by the supplier and was kept for
further use. Cetyltrimethyl ammonium bromide (CTAB),
Sodium borohydride (NaBH4), Tetra chloroauric acid
(HAuCl4), Silver nitrate (AgNO3), o-Dihydroxybenzene (o-
DB), o-phenylenediamine (o-PD) and CPS were received
from Sigma–Aldrich Co. (https://www.sigmaaldrich.com),
LLC (USA) (www.usa-corporate.com) or Merck (www.
merck.com) companies.

Apparatus

All electrochemical experimental data including differential
pulse voltammetry (DPV), electrochemical impedance
spectroscopy (EIS), and cyclic voltammetry (CV) data,
were carry out with μ-AUTOLAB electrochemical system
type III and FRA2 board computer controlled Potentiostat/
Galvanostat (Eco-Chemie, Switzerland) driven with NOVA
software in conjunction with a conventional three electrode
system and in 5 mM Fe(CN)6

3−/4- solution. The working
electrode was a modified GCE, and the auxiliary and ref-
erence electrodes were a platinum wire and an Ag/AgCl
(satd 3.0 M KCl), respectively. The impedance analysis
was performed in a frequency range between 0.1 Hz and
100 kHz with a modulation voltage of 5 mV. Cyclic volt-
ammetry measurements were taken from −0.2 to 0.7 V as
initial and stop potential. The DPV measurements were
carried out by scanning the potential of −0.2 to 0.7 V
with modulation time of 50 ms and modulation amplitude
of 25 mV. Scanning electron microscopy (SEM) images
were obtained by using FESEM apparatus (Model:
Hitachi S4160). Transmission electron microscopy (TEM)
image was recorded by a Hitachi H-800 electron micro-
scope. The absorption measurement was investigated using
an ultraviolet-visible (UV–Vis) spectrophotometer
(VARIAN 300Bio CARY) in dual beam mode with a
1 cm quartz cuvette.

Synthesis of the gold nanorods (AuNR)

The AuNR was synthesized by making reference to reported
methods in previous literatures and by making some modifi-
cations to them [20]. This section is presented in Electronic
Supplementary Material.

Preparation of aptamer-MIP

The aptamer-MIP was synthesized by referring to the re-
ported methods in previous literatures [34, 35]. Aptamer-
MIP solution was prepared in the following procedure:
first, 0.1 mM CPS was added to 0.05 M phosphate buffer
(pH = 7.6) containing 1 μM of the aptamer to form the
CPS–aptamer complex and stirred for 5 min. Then, 0.01 g
of o-Dihydroxybenzene (o-DB) and 0.01 g of o-
phenylenediamine (o-PD) were dissolved in 6 mL of
0.05 M Tris-HCl buffer (pH = 8.0) and afterwards 4 mL
of the CPS–aptamer complex (prepared above) was added
and mixed for 5 min. Subsequently, non-imprinted poly-
mer (NIP) modified electrode were prepared analogous to
the MIP without adding CPS (template).
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Fabrication of MIP-aptasensor

The fabrication process for the electrochemical aptasensor is
shown in Scheme 1 and the procedure is described thus: the
GCE was polished carefully with alumina powder (0.05 μm)
on a soft polishing cloth; and then rinsed thoroughly with
ultrapure distilled water and dried before use. Thereafter,
10 μL of synthesized AuNR solution was dropped onto the
surface of the freshly polished GCE and dried at room tem-
perature. In the following, the obtained AuNR/GCE was im-
mersed in a solution containing polymerization solution
(aptamer-MIP prepared in section preparation of aptamer-
MIP). By applying a potential range between 0 to 1.0 V for
10 cycles, with scan rate of 50 mVs−1, the aptamer-MIP was
electropolymerized on the AuNR/GCE surface and the
aptamer-MIP/AuNP/GCE as the aptasensor was achieved.
Then, the washing solution containing methanol–nitric acid
(4:1, v/v) was used to remove the CPS molecules from the
cavities and holes in the MIP on the modified electrode sur-
face. The aptamer-NIP/AuNP/GCE was fabricated by the
same method, but without the CPS template.

Sample preparation

Food samples including apples and lettuce purchased from the
supermarket were washed, dried, chopped into 3 × 3 mm par-
ticles 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 (1/9, v/v) was added to the above
samples.. Then the suspension was separated from the insol-
uble materials by centrifugation for 20 min at 1008 rcf and
finally, it was filtered to remove the large particles [36]. The
residue was diluted with water and detects the advance assay
by standard addition method.

Results and discussion

Choice of materials

Ortho-phenylenediamine (o-PD) and o-dihydroxybenzene (o-
DB) was chosen as functional monomer because of several rea-
sons. First, after electropolymerization, the skeleton of MIP film
can form groups such as –NH and –OH, these groups can more
effective imprinted site [34]. Second, the o-PD layer appears to
confer selectivity by limiting access of large molecules to the
surface. Thus, biochemicals larger than o-PD cannot penetrate
the film. For this reason, we chose to use o-PD tomake selective
CPS assay. Also, the amino group and benzene ring can provide
recognition sites through hydrogen bonds and Bп-п stacking^
interaction with analyzing CPS. The o-PD proved to be easily
electropolymerized on various substrate materials and form
films with good chemical and mechanical stability. O-
Dihydroxybenzene have been used as electron transfer media-
tors in electrochemical processes due to their high electron trans-
fer efficiency, excellent redox reversibility and low cost. AuNR
based platforms can providemore stable biosensing systems due
to their rods-like shapes compared to nanoparticles. Besides, the
modification of the electrodes using AuNR can facilitate a
higher conductive surface by providing an enhanced electron
transfer, and thus they offer the enhanced modified electrode
response with in a high sensitivity. Compared with similarly
sized spherical nanoparticles, AuNR exhibit higher absorption
cross section in near-infrared (NIR) frequencies. The character-
istic surface plasmon band of colloidal gold nanoparticles is
observed in the visible range; however, AuNR have a surface
plasmon band in the near-infrared region with a coexisting
weaker band in the visible region. Moreover, the experimental
protocols used in the synthesis of AuNR allow tuning their
surface plasmon resonance into the biological window of the
electromagnetic spectrum [37–42]. The designed nanotools
based of aptamer-MIP [PmDB-PoPD] and AuNR had many
advantages, such as good mechanical and chemical stability,

Scheme 1 Schematic
representation of electrochemical
MIP-aptasensing assay for CPS
detection
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low–cost, high sensitivity, excellent selectivity, simple, and pos-
sibility of in–situ testing.

Characterization of synthesized gold nanorods

This section is presented in Electronic Supplementary
Material.

Characterization of the modified electrode

To evaluate the morphologies and surface of the differ-
ent modified electrodes, the SEM technique was used.
Fig. 1 shows the SEM images of the bare GC (A),
AuNR/GC (B) and aptamer-MIP/AuNR/GC electrodes.
After the AuNR on the surface of the bare electrode
which shows the uniform surface was immobilized (Fig.
1a), the structures of the rod corresponding to AuNR
(Fig. 1b) can be clearly observed. In the next step, after
electro polymerization, the complex MIP and aptamer
and the formation of the aptamer-MIP film on the surface
of AuNR/GCE (Fig. 1c), the surface morphology was
changed and became uneven and rough. The results also
showed that MIP linked to the surface of AuNR further
expands the surface area on the modified electrode for
more recognition of CPS. It was speculated that the
AuNR possibly form N-Au bonding with the inner sur-
face of o-PD molecules, which in turn results in the
dense layer of NIP multilayer nanofilms, in the absence
of CPS molecule (Fig. 1d).

Electrochemical characterization of the designed
MIP-aptasensor

EIS is a favored technique to investigate the surface features of
the modified electrodes at each immobilization step. According
to this technique, the information was obtained about the charge
transfer resistance (Rct). Fig. 2a shows the Nyquist plots of
impedance spectroscopy of bare GCE (a), AuNR/GCE (b),
MIP-aptamer/AuNR/GCE before (c) and after (d) extraction
of CPS and modified GCE after immersing in 0.1 pM CPS
solution (e) in anion redox probe solution (Fe(CN)6

3−/4-).
From the results, it can be observed that black curve (Fig. 2a,
curve a) shows a small semicircle (Rct = 406.0 Ω), which was a
characteristic feature of the diffusion controlled electrochemical
processes. With the addition of the 10 μL of AuNR to the
surface, GCE bear (Fig. 2a, curve b) obviously reduced the
resistance of the redox probe (Rct = 186.0 Ω), for a better elec-
tric conducting performance of AuNR. In the next stage, by
electropolymerization of the PoDB/PoPD and the CPS–
aptamer complex onto the AuNR/GCE surface, increase in
the semi-circular diameter (Rct = 18.07 KΩ) revealed that the
aptamer-MIP film impeded the transfer of electrons and re-
duced the electron transfer rate (Fig. 2a, curve c). This can be
due to the interaction between the –NH2 group of Apt and
AuNR. Afterwards, the resistance of the modified electrode
decreased with the removal of CPS from the MIP (Fig. 2a,
curve d); but since the CPS molecule can matched with MIP
cavity, it was enhanced again with the re-adsorption of CPS
onto the MIP (Fig. 2a, curve e).

Apart from the ESI technique, the fabricated MIP-
aptasensor which was used to validate the immobilization of

Fig. 1 SEM images related to
bare GCE (A), AuNR/GCE (B)
and MIP-aptamer/AuNR/GCE
(C) and NIP-aptamer/AuNR/
GCE (D)
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the substrates in each step was characterized by cyclic volt-
ammetry in 5 mM Fe (CN)6

3−/4-solution. Fig. 2b indicates the
cyclic voltammograms of the different steps of modification
processes. The CVs displayed the bare GCE (Fig. 2b, curve a).
When the AuNR was pipetted on the bare GCE surface, a
height current appeared which was attributed to the significant
enhancement of the effective surface area of the electrode in
the presence of AuNR resulting in facilitating the electron-
transfer rate. In the following, a very small current illustrating
the successful electropolymerization of the immobilized
PoDB/PoPD and the CPS–aptamer complex onto the surface
of the AuNR/GCE indicated that the level was completely
blocked. However, after the removal of CPS from the MIP,
the blockade receded, and the current response was enhanced
again (Fig. 2b, curve d). In the next stage, the MIP-aptasensor
was once more immersed in the 0.1 pM CPS solution and the
blockade was strengthened again. This led to the current de-
crease in the redox via the CPS adsorbed to the copolymer.
The results above are in accordance with the characterization
by ESI.

Molecular imprinted electropolymerization

In order to confirm the process of electropolymerization MIP-
aptasensor on the surface of AuNR/GC electrode, this

parameter was investigated by recording of related CV. As
shown in Fig. S2 that the PoDB/PoPD and the CPS–aptamer
complex were formed via gradually depositing the non-
conducting film onto the AuNR/GCE surface with an increas-
ing number of CV scans. Formation the PoDB/PoPD and the
CPS–aptamer complex onto the AuNR/GCE surface obstruct
the electron transfer from/to the redox probe [Fe(CN)6]

3−/4-.
Presence the sharp oxidation peak and equable oxidation peak

Fig. 2 (A) Nyquist curves and
(B) CVs of 5 mM [Fe(CN)6] 3−/4-

in 0.5 mM KCl recorded for bare
GCE (a), AuNR/GCE (b),
aptamer-MIP/AuNR/GCE before
(c) and after (d) extraction of CPS
and aptamer-MIP/AuNR/GCE
after immersing in 0.1 pM CPS
solution (e). The EIS was
performed in a frequency range
between 0.1 Hz and 100 kHz with
a modulation voltage of 5 mV

Fig. 3 (A) DPV responses of the aptasensor in 5 mM [Fe(CN)6]
3−/4- after

incubation with 0.001, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, and 0.4 pMof
CPS. Inset is the calibration plot of peak current vs. CPS concentration
The DPV measurements are performed from −0.2 to 0.7 V, with
incubation time 9 min, amplitude of 50 mVand a pulse width of 50 ms.
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in the potential of 0.43 V and 0.7 V, respectively, show the
oxidation peak might be assigned to the easily oxidative
amine group and hydroxyl group of the monomers and elec-
trochemical polymerization of o-PD and o-DB was irrevers-
ible. Finally, in the potential range of 0–1.0 V, the chemical
s t r u c t u r e doe sn ’ t c h ange w i t h t h e p ro c e s s o f
electropolymerization.

Optimization of method

To obtain excellent analytical efficiency of the prepared
MIP-aptasensor, optimization of the elution time and
incubation time parameters was done by the CV method.
Respective data and Figures are given in the Electronic
Supporting Material Thus, 25 min was chosen as the optimal
time for CPS removal (Fig. S3) and 9 min was chosen as the
optimal time for incubation of CPS (Fig. S4) and applied to all
further experiments.

Analytical performance of the MIP-aptasensors

Under optimal working conditions (desorption time: 25 min
and incubation time: 9 min), the MIP-aptasensor was used for
the sensitive detection of CPS. Fig. 3a displays the DPV cal-
ibration plot of the designed aptasensor using 9 different CPS
(0.001 to 0.4 pM) standards in 5 mM [Fe(CN)6]

3−/4− solution.
The results from these analyses demonstrated that the DPV
response of the aptasensor diminished with enhancement of
the CPS concentration and gave two linear ranges from
0.001–0.03 pM and 0.03–0.4 pM. Furthermore, the linear re-
gression fit was ΔI (μA) = 486.24 [CPS] (pM) + 7.76 (R2 =
0.98) and ΔI (μA) = 25.03 [CPS (pM) + 21.935 (R2 = 0.98).
The detection limit (LOD) based on S/N = 3 was calculated to
be 0.35 fM and the value of the LOD is lower than that of
other reported methods in the literature (Table 1).

Selectivity, reproducibility and stability
of the aptasensor

The selectivity of molecularly imprinted aptasensor was in-
vestigated by interferents which included structurally similar
molecules and similar property with CPS by higher concen-
trations than that of CPS. This case was studied by identifying
the current response, when the aptasensor was immersed in
the 100.0 nM of each interfering substance such as Asulam,
Aflatoxin-B1, Dimethoat, Acetamiprid, Carbofuran and
Malathion. The results are illustrated in Fig. 4.

Table 1 Comparison of analytical methods for the detection of CPS

Method Modified Electrode LOD (nM) Linear Range (nM) Ref.

Cyclic voltammetry Apt/Fc@WMCNTs/OMC/GCE 0.33 1000–108 [36]

Differential puls voltammetry Apt/AMP/CuO NFs SWCNTs/Nafion/GCE 0.07 0.1–150 [43]

Cyclic voltammetry Apt/GO@Fe3O4/CB/GCE 0.033 0.1–105 [44]

Chemiluminescence – 0.92 0.001–2.0 [45]

Differential puls voltammetry AuNPs-CSs modified BDD 1.29 × 10−4 0.01–100 [46]

Square Wave Voltammetry C3N4 NTs@GQD/GCE 0.001 0.01–1.00 [47]

Differential puls voltammetry MIP-aptamer/AuNR/GCE 0.35 × 10−6 1 × 10−6– 400 × 10−6 This work

Fig. 4 Histogram of the DPV response change related to the designed
nanotools after being incubated with pesticides compound: 1) Asulam, 2)
Aflatoxin-B1, 3) Dimethoat, 4) Acetamiprid, 5) Carbofuran, 6)Malathion
(100 nM) and CPS (1 pM)

Table 2 The resultant data for CPS detection in real samples with this
electrochemical nanotool (n = 4)

Sample Added CPS (fM) Found CPS (fM) RSD% Recovery%

apples 20 19.53 2.7 97.65

100 102.56 3.1 102.5

200 198.34 2.9 99.1

Lettuce 20 19.64 3.2 98.2

100 103.2 3.8 103.2

200 203.8 3.3 101.9
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Also, the reproducibility of the prepared aptasensor was
evaluated with the use of five aptasensors into a 5 mM
[Fe(CN)6]

3−/4- solution. All the modified electrodes exhibited
similar electrochemical responses and the RSD = 3.1%, indi-
cating a good reproducibility of the explained strategy.

The repeatability of the designed strategy was estimated
into a 5 mM [Fe(CN)6]

3−/4- solution by analyzing a certain
amount of CPS by five aptasensors, for 18 days. It was ob-
served that about 97.9% and 92.3% of the initial response of
the nanotool for CPS remained after being stored at 4 °C for
5 days and 18 days, respectively. The obtained data illustrated
the relatively high repeatability of this electrochemical
nanotool.

Analysis of real samples

The analytical effectiveness of this strategy for the real quan-
tification of CPS was assayed through the analysis of fruit and
vegetable samples. The determinations were performed using
a standard addition method and analyzed using independently
prepared aptasensors. As shown in Table 2, the determined
values were in good agreement with the added pesticide con-
centrations and indicated the excellent reliability the biosensor
for the detection of CPS in real samples.

The promising results obtained with aptamer/MIP-
based electrochemical assay for the detection of analyte
in complex matrices have some advantages such as low
cost, easy preparation, high sensitivity and higher selectivity
and stability.

Conclusions

In summary, in the present study, a double recognition method
for the ultra-selective detection of CPS is reported. Interest of
this strategy is combination of aptasensing and molecular im-
printing strategies for designing a highly sensitive system to
overcome some of the faced challenge by other methods. The
AuNR excellent characteristics as sensing interface make this
nanoparticle as an attractive matrix for covalently aptamer-
MIP immobilization. By following removal of CPS, the dou-
ble recognition imprinting cavities were formed, indicating
recognition properties superior to that of aptamer or traditional
molecularly imprinting alone. The analytical usefulness of this
nanotool was finally demonstrated by analyzing the real sam-
ples. Overlay, it can be easily extended and it has the potential
to be applied for detecting other pesticide in food and envi-
ronmental samples.

Compliance with ethical standards The author(s) declare
that they have no competing interests.
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