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A B S T R A C T

In this research work, a biosensor with a dual recognition system was fabricated and founded on a combination
of aptasensing and the molecular imprinting union of the chloramphenicol (CAP) selective detection. CAP, is an
antibiotic, was applied in veterinary and human in order to treat gram-positive and gram-negative infections. It
is worth mentioning that CAP residue brings about earnest side effects on human health. According to this, in
this sensing system, 3-aminomethyl pyridine functionalized graphene oxide (GO) (3-ampy-RGO) has been coated
on the surface of GCE. Afterwards, the silver nanoparticle (AgNPs) was coated on the 3-ampy-RGO/GCE and,
then, the CAP complex-amino-aptamer (NH2-Apt[CAP]) was attached to the AgNP/3-ampy-RGO/GCE using a
kind of bonding formation of Ag-N. In this sense, it is worth noting that the resorcinol electropolymerization
around the complex of aptamer/CAP would confine the complex and, then, retain the aptamer. Following the
CAP removal, the MIP cavity, as it was supposed, synergistically acted with that of the embedded aptamer in
order to construct a nanohybrid receptor. Interestingly, the double exact property of the molecular imprinting
polymers and aptamers led to the superb sensing properties. In the mentioned system it was illustrated that the
linear range was from 1.0 pM to 1.0 nM with the detection limit of 0.3 pM; consequently, as observed, it was
better than or as good as other similar assays. Moreover, the mentioned system whose activity was observed in
the various interferences presence showed great selectivity in detected the CAP. Finally, the designed sensor
exhibited outstanding results when applied to detect CAP in milk samples.

1. Introduction

Chloramphenicol (CAP) which has been regarded as a broad spec-
trum antibiotic can be applied in veterinary and human to cure Gram-
positive and Gram-negative infections [1]. In this respect, CAP can have
significant side effects in humans; i.e. aplastic anemia, leukemia, and
gray-syndrome which were banned by the European Union to be used in
both human and food producing animals [2–4]. But, in opposition to
these legal bans, CAP can still be found in some animal-derived foods
because of its low cost, easy access, its significant effects on the infec-
tion control, and also its effects on the production increase [5]. Thus,
there exists a great demand for developing sensitive methods for the
CAP residue detection in serum and foods derived from animal. In this
way, some specific analytical approaches have been developed in order
to determine CAP i. e. liquid chromatography mass spectrometry
(LC–MS) [6,7], high performance liquid chromatography (HPLC) [8,9],

capillary electrophoresis (CE) [1], colorimetry [10,11], ion chromato-
graphiy [12], gas chromatography [13], molecularly imprinted poly-
mers [14–16], chemiluminescence [17], photoelectrochemical apta-
sensor [18,19], and fluorescence [20,21]. Moreover, some other
analytical approaches which have attempted to apply aptamers have
been accurately launched for the CAP detection [5,22–24].

Molecular imprinting process was applied in which polymerizing
functional monomers were used around a template in order to form the
polymer-binding cavities which present chemical and steric selectivity
for the target and template molecular kinds [25]. In theory, one can
prepare the imprinted polymers for any interest analyte. It can be
concluded that around 10,000 biological structures and molecules have
been successfully imprinted in relation to the templates as multiple as
proteins, inorganic ions, viruses, drugs, nucleic acids, and even cells
[26,27]. MIPs, as being compared to the biological receptors, e.g. an-
tibodies and aptamers, possess numerous advantages such as high
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selectivity, physically and mechanically stability, low cost of prepara-
tion, and resistance. Nevertheless, MIPs would poor-binding attachment
[26]. Aptamers which can be considered as oligonucleotides with high-
binding affinity possess specificity for target molecules. Thus, Aptamers
have been applied in order prepare a reliable ground for molecular
diagnostics [5]. Hence, when biological ligands are combined in MIPs,
it would provide selective binding to target molecules [28]. The hybrid-
MIP system has been very helpful for macromolecular imprinting in
order to generate hybrid-synthetic receptors which show higher binding
characteristics [29].

This study aims at developing a hybrid-MIP receptor to be used in
an electrochemical sensor which targets the CAP antibiotic quantitative
analysis and ultrasensitive detection. Aptamers, as bio receptors, have
been applied in hybrid-MIP approaches [30–32]. In this study, 3-ampy-
RGO and AgNPs, as well-organized nanocomposites, were used for
aptamer immobilization. Firstly, we aimed at coating 3-ampy-RGO on
the GCE from without. Afterwards, we had the coating of the AgNPs on
the electrode which was modified with 3-ampy-RGO, then, the amine-
group of the 3-ampy-RGO was attached to the AgNPs. The resulted
combination can be regarded as a suitable platform to attach aptamer-
MIP nanohybrid receptor onto the electrode surface. This study aims at
combining the advantages of the 3-ampy-RGO with that of AgNPs
performance on the 3-ampy-RGO surface. Having in mind the men-
tioned strategy, the CAP amino-aptamer (NH2-Apt), with the bonding
Ag-N formation, was attached to the AgNPs, as were seen as attache-
ments to the exterior parts of GCE. Besides, it was modified by the 3-
ampy-RGO. It is by attaching the aptamer[CAP] complex onto the na-
nocomposite surface and also the polyresorcinol electropolymerization
of this surface that the aptamer[CAP]-MIP nanohybrid was achieved.
During the imprinted polymer electrodeposition, the polymer matrix
trapped CAP in a way that its molecules would be able to form an in-
terrelation with the resorcinol units. Hydrogen bonding occurs between
the NO2, NeH and OeH groups as being present in CAP, and that of the
hydrogen atoms of the OeH groups in the resorcinol units. Accordingly,
during the electropolymerization step, we witnessed that it acted as a
protective scaffold and also restricted the molecules of the aptamer. In
the following step, we washed the modified electrode and, as a result,
CAP was removed from the restrained aptamer. In this sense, we
achieved a template nanohybrid surface (aptamer-MIP) with CAP re-
binding properties. In this sense, we witnessed a change in the electron-
transfer quality of [Fe(CN)6]3−/4−, made by the incubation of CAP
molecule as the target. It is worth mentioning that one of the most
significant advantages of the mentioned system is its ability to detect
CAP at 1.0 pM concentration. As far as we know, aptamer-MIP nano-
hybrid application for targeting the detection of CAP has not been yet
reported.

2. Experimental section

2.1. Materials

Chloramphenicol (C11H12Cl2N2O5), silver nitrate (AgNO3), sodium
citrate (Na3C6H5O7·2H2O), sodium borohydride (NaBH4), Sodium hy-
droxide (NaOH) and 3-(aminomethyl)pyridine (C6H8N2) were pur-
chased from Sigma-Aldrich Co. LLC (USA). For preparing the phosphate
buffered solutions we used 0.1 M Na2HPO4 and NaH2PO4 and, then, the
solutions with different concentrations were prepared by being dis-
solved in phosphate buffer solution (pH 7.4). Then, we dissolved them
in the distilled water in order to obtain DNA solutions. K3Fe(CN)6, K4Fe
(CN)6, and all other analytical grade reagents were also purchased from
Merck or Fluka and, then, used without further purification. For our
assays and solutions, we used deionized water. Moreover, throughout
our experiments, a solution which contained 5mM K3Fe(CN)6/K4Fe
(CN)6 at a ratio of 1:1 and 0.1M KCl was applied. All experiments were
carried out at room temperature 25 ± 0.5 °C.

The sequence of oligonucleotide follows:

5ˊ-NH2-ACTTCAGTGAGTTGTCCCACGGTCGGCGAGTCGGTGGTAG-
3ˊ

Was purchased from Bioneer Company (South Korea, http://www.
bioneer.com) and, then, the aptamer was dissolved in 0.1M phosphate
buffer solution with pH 7.4 was and kept frozen.

2.2. Apparatus and procedures

We performed Electrochemical Impedance Spectroscopy (EIS),
Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV)
measurements for which we used μ-AUTOLAB electrochemical system
type III and FRA2 board computer which was controlled by
Potentiostat/Galvanostat (Eco-Chemio, Switzerland) and driven with
NOVA software. It is worth noting that a modified GCE was applied as
our working electrode, a Pt wire as the counter-electrode and Ag/AgCl
electrode as the reference. The DPV measurements were executed in
0.1 M KCl solution which contained 5mM K3Fe(CN)6/K4Fe(CN)6 with
50ms pulse period, 25mV step height, 0.5 s pulse width and 9mV
potential steps. Moreover, within the frequency range of 0.1–10 kHz
with 5mV amplitude, we witnessed the recorded EIS measurements.

The powder X-ray diffraction (XRD) patterns were obtained by a
Bruker AXS (D8, Avance) instrument employing the reflection Bragg-
Brentano geometry with CuKα radiation. FT-IR spectra were taken with
a Jasco FT/IR-680 plus spectrometer. Raman spectra were recorded
from 4250 cm−1 to 100 cm−1 on a high resolution dispersive Raman
Thermonicolet (LabRAM HR UV/Vis/NIR, Electrooptics). Transmission
electron microscopy (TEM) images were taken with a Philips CM-10
microscope operated at 100 kV. The 3-ampy-RGO nanohybrid was
prepared using reported method [33].

2.3. Preparation of actual sample

In order to prepare milk samples, 1 mL of the samples, in 5mL
phosphate buffer solution, was spiked with the suitable CAP con-
centrations.

2.4. Synthesis of 3-ampy-RGO

It was from flake graphite that Graphene oxide (GO) was prepared
applying a modified Hummers method [34–36]. Dispersing (0.01 g) of
GO in 100mL distilled water led to the GO exfoliation by sonication for
10min. Consequently, a mixture which contained 3-(aminomethyl)
pyridine (3-ampy) (0.01mmol) and 0.01 g NaOH, in distilled water,
was then added to the final mixture and subsequently refluxed for 24 h
at 80 °C. Finally, there were the black solids that were isolated, washed
with distilled water and ethanol and, then, air-dried at room tempera-
ture. Besides, 1 mg of 3-ampy-RGO was dispersed to 1ml of the distilled
water for 1 h and was used in the electrode modification step. The
synthesis of 3-ampy-RGO are illustrated in Scheme 1.

2.5. Preparation of silver nanoparticles

In accordance to the literature, AgNPs were synthesized [37]. In this
method, 24mL of 100mM trisodium citrate, l mL of 100mM silver
nitrate aqueous solution, and l mL of 25mM NaBH4 (which was freshly
prepared) were respectively added dropwise to 400mL of boiled water
which had been cooled while stirring. After the reaction was completed
under vigorous stirring for 2 h, a transparent, yellow, and homogenous-
colloidal solution of AgNPs was reached without any other precipitate.
The prepared solution of AgNPs was kept without light for 24 h before
use. Besides, UV–Vis spectroscopy and TEM were used for the char-
acterization of the as-synthesized AgNPs.
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2.6. The preparation of GCE modified with 3-ampy-RGO and silver
nanoparticle

Firstly, the GCE was polished with alumina powder on polishing
cloth. Then, in order to remove the adsorbed particles, it was sonicated
for 10min in an ethanol/water (1:1) ultrasonic bath. After drying, 10 μL
of 3-ampy-RGO solution was used to cover the GCE surface and, then, it
was dried at room temperature in order to form a homogeneous layer.
10 μL of the AgNPs solution was applied to cover the 3-ampy-RGO /GCE
for 4 h, then, the amine groups of 3-ampy-RGO were attached to the
AgNPs with an Ag-N bonding formation. For the following steps, the
prepared electrode was kept for future uses and, also, the resultant
platform was denoted as AgNP/3-ampy-RGO /GCE.

2.7. Aptamer-MIP nanohybrid preparation

In continuation of our study, we incubated 30 μL of 10 μM of the
aminoaptamer in phosphate buffer solution (pH=7.4) was incubated
with 30 μL of 10 μM of CAP at 37 °C (1 h). Then, onto the surface of the
AgNP/3-ampy-RGO/GCE, 10 μL of the resulting aptamer[CAP] complex
was dropped for overnight with the purpose of becoming immobilized
on the surface. Before performing the molecular imprinting step and in
order to saturate any free aminoaptamers on the surface of the aptamer
[CAP] complex formation, we applied a drop of 10 μL of 10 μM of CAP
to incubate the aptamer[CAP] complex/AgNP/3-ampy-RGO /GCE for
35min. Then, ultrapure water was used to rinse the electrode as it was
dried under N2 gas. Afterwards, the MIP step was performed using re-
sorcinol monomer polymerization. In this sense, electropolymerization
conditions were applied to the 10mM phosphate buffer solution (pH
7.4) containing 5mM resorcinol and then electropolymerised using CV
(14 cycles, 0–1.2 V vs. Ag/AgCl, scan rate of 100mV s−1).

Finally, distilled water was used to wash the conditioned electrode
and, then, it was stirred overnight in 10mL of the polar washing so-
lution which contained phosphate buffer solution (2mL), acetic acid
(2mL), ethanol (4mL), and acetonitrile (2 mL) at the optimized volume
ratio of 2:2:4:2. We used 2mg of sodium dodecyl sulfate (SDS) for re-
moving the CAP molecules from the surface of the electrode. Because of
the CAP polar molecular structure, it is very significant to use the
washing solution in order to delete the CAP. Afterwards, we used the
distillated water to wash the electrode with the aim of removing the
physically weak adsorbed substrates, detergent and remaining solvents.
It is worth noting that in the absence of the temple a NIP ‘control’
electrode (Apt-NIP) was similarly prepared. The synthesis of aptamer-
MIP nanohybrid are illustrated in Scheme 2.

3. Results and discussion

3.1. Characterization of the synthesized 3-ampy-RGO

The preparation process of the 3-ampy-RGO is summarized in Fig.

S1. FT-IR spectra of GO and 3-ampy-RGO have been illustrated in
Fig. 1(1). The FT-IR spectrum of GO which illustrate the peaks at 1054,
1226, 1729 and 3407 cm−1 indicate that GO was successfully made
[34–36] (Fig. 1(1a)). Besides, Fig. 1(1b) illustrates the 3-ampy-RGO FT-
IR spectrum. The peaks at 2865 and 2927 cm−1 show vibrations of
symmetric νs CH2 and asymmetric as CH2 of the 3-ampy, respectively.
In this sense, the appearance of the bands at ca. 1575 cm−1 (NH) and
ca. 1199 cm−1 (CeN) gives us more evidences for the 3-ampy presence.
Due to the fact that the GO sheet contains reactive groups of epoxy, its
exposure to amine groups would bring about a ring opening reaction of
the reactive three-membered epoxide ring, constructing CeN and eOH
new functional groups. Raman spectroscopy which would be very ef-
fective to probe structural and electronic characteristics of graphene
materials provides practical information on the defects (D peak) and in
plane vibration of sp2 carbon atoms (G peak) [38]. Fig. 1(2) illustrates
the results from Raman spectra of GO and 3-ampy-RGO. The prominent
D peak appears from the structural imperfections which have been
constructed by attaching epoxide and hydroxyl groups on the carbon
basal plane [39]. Moreover, as compared to the G-band position in GO,
which is centered at 1583 cm−1, the 3-ampy-RGO G-band shifts to
1598 cm-1 (Fig. 1(2)). The G peak blue shift which exists at about
15 cm−1 for the 3-ampy-GO corresponds to a possible interaction of 3-
ampy molecules and the GO. It would also indicate a better exfoliation
of graphene layers [40]. The intensity ratios of ID/IG for GO and 3-
ampy-RGO are 0.95 and 1.45, respectively, implying that the size of the
sp2 domains upon localized chemical reduction of the GO by 3-ampy
would decrease. The changes in the structure can be studied using XRD
patterns. Fig. 1(3) illustrates powder XRD results of graphite, GO and 3-
ampy-RGO. Fig. 1(3a) illustrated graphite which showed a very strong
002 peak at 26.3° [41]. While a small change in the principal reflection
position was witnessed with oxidation, it was for GO that the most
striking difference was the broadness and intensity of the observed peak
at 2θ˜10° which corresponded to the (002) plane of the GO illustrated in
Fig. 1 (3b) [35]. As it is clear from the Fig. 1(3c), a part of the peak
shifted back to the original 002 peak at 25.55° specifically after being
functionalized with 3-ampy.

In order to investigate the morphology of the as-synthesized 3-
ampy-RGO, TEM analysis has been employed. Fig. 2 illustrates TEM
images of GO and 3-ampy-RGO. After the reaction of GO functionali-
zation with 3-ampy, the TEM spectrum of 3-ampy-RGO exhibited more
bends and wrinkles as compared to that of the GO nanosheets implying
the decreased size of the sp2 domains under the localized chemical
reduction of GO by 3-ampy [42].

3.2. Characterization of the synthesized AgNPs

We examined the spherical AgNPs morphology with TEM image
(Fig. S2A). The size range from 8 nm to about 14 nm was observed for
NPs diameter. Besides, it is worth mentioning that the UV–Vis spectrum
of the ready AgNPs was recorded in the range of 200–500 nm as

Scheme 1. Schematic illustration of the process of as-synthesizing 3-ampy-RGO.
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illustrated in Fig. S2B. In accordance to what has been stated before, the
observed absorption peak at 398 nm approved the effective synthesis of
AgNPs.

3.3. Electrochemical characterization of the stepwise modification process

To probe the successful modification, we applied CV technique.
Fig. 3A illustrates the related CV curves in the steps and and also in a
solution which contains 5mM [Fe(CN)6]3−/4− at a ratio of 1:1 and

Scheme 2. The schematic diagram of the pre-
paration of the aptamer-MIP nanohybride for
CAP detection. (A) Covering of 3-ampy-RGO
on the GCE surface; (B) immobilization of the
AgNPs on the 3-ampy-RGO/GCE; (C) covalent
attachment of aptamer[CAP] complex on the
AgNP/3-ampy-RGO/GCE surface; (D) electro-
polymerization of resorcinol on the aptamer
[CAP] complex/AgNP/3-ampy-RGO/GCE; (E)
washing the modified electrode with washing
solution and removal of the CAP; (F) adding
CAP as a target and some antibiotic as inter-
ferents.

Fig. 1. (1) FT-IR spectra of (1a) GO and (1b) 3-ampy-RGO. (2) Raman spectra of (2a) GO and (2b) 3-ampy-RGO. (3) XRD patterns of (3a) graphite, (3b) GO and (3c)
3-ampy-RGO.
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0.5 mM KCl as a redox probe. Fig.3A and B show the bare GCE (a) 3-
ampy-RGO/GCE(b), AgNP/3-ampy-RGO/GCE (c), aptamer[CPA]/
AgNP/3-ampy-RGO/GCE (d), resorcinol/aptamer[CPA]/AgNP/3-
ampy-RGO/GCE (e), aptamer-MIP/AgNP/3-ampy-RGO/GCE (f) and the
incubation of CPA(g). Moreover, as it is evident in Fig. 3A, a pair of
reversible redox peaks can be perceived at the bare GCE proposing an
electrochemical process which is reversible (a). When the 3-ampy-RGO,
as a sub-layer, became immobilized on the surface of GCE, we

witnessed an increase in the peak current (b). Additionally, the curve b
manifested a couple of better-defined redox peaks as compared to that
of the bare electrode. Thus, it pointed out the layer of 3-ampy-RGO as
exclusive platform, in accordance to the ability of the higher electron
transfer, and the active surface area which could significantly increase
the present signal.

While the AgNPs were dropped onto the 3-ampy-RGO /GCE surface,
the Ag atoms formed a chelate by their interaction with the amine

Fig. 2. TEM images of (a) GO and (b) 3-ampy-RGO.

Fig. 3. (a) CVs curve for each steps of modified Electrode, inset is magnification of the last three steps and (b) EIS plots for the Different step of modified Electrode,
inset are magnification of the first four steps and the equivalent circuit.
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groups and the Ag-N bonding formation. Consequently, it resulted in a
positive partial charge of amine groups on the 3-ampy-RGO nanoma-
terial. Thus, the increased peak current was attributed to reduce the
repelling between the redox probe anions and 3-ampy-RGO positive
partial charge. As a result, the phenomena caused increasing the elec-
tron transfer between redox probe and that of the electrode surface (c).
This nanocomposite layer would suggest that the AgNP/3-ampy-RGO/
GCE is able to accelerate the electron transfer and also to increase the
electrode surface area.

As it has been clarified, the peak current of the d curve is lower than
that of the CAP, ascribing the attachment of electrodeposited AgNP/3-
ampy-RGO/GCE to aptamer[CAP] complex. After the mentioned at-
tachment was done, an obvious decrease of the peak current was wit-
nessed. In this sense, it implies that the aptamer would hinder the
electron transfer. When we did the resorcinol electropolymerization on
the surface of the aptamer[CAP]/AgNP/3-ampy-RGO/GCE aiming to
form MIP cavities, we observed an important decrease in the peak
current (e). After washing the imprinted electrode, we witnessed a little
increase in peak current (f). It is significant to note that when the re-
sorcinol/aptamer[CPA]/AgNP/3-ampy-RGO/GCE surface is washed
with that of the polar washing solution, CAP molecule is generated from
the aptamer-MIP fence and, consequently, a better electron transfer is
witnessed. Hence, in the aptamer MIP/AgNP/3-ampy-RGO/GCE, the
peak current which was lower than that of the aptamer[CAP]/AgNP/3-
ampy-RGO/GCE indicated that the polymer remained on the surface
after being washed. This small peak current increase showed that both
of the CPA removal and also the loss the related resorcinol polymer
resulted in the decrease of the steric/conformational restrictions be-
tween the redox probe and the surface of the modified electrode
[34,43]. By incubating the CAP onto the aptamer-MIP nanohybrid

surface and as the sizes of the CAP molecule and the MIP cavity are
exactly the same, CAP molecule can match with this space. Thus, we
witnessed an increase in the conformational restriction and a decrease
in the peak current related to the redox probe (g). The results indicated
that aptamer-MIP nanohybrid was successfully prepared.

Next proof for checking the effective synthesized aptamer-MIP na-
nohybrid was EIS technique. In this regard, two points must be put into
consideration: 1) During each modification step, EIS was carried out to
characterize the interface of the GCE 2) In order to fix the experimental
data, Randles equivalent circuit [Rs (Cdl [RctW])] was carried out. As it
has been clarified from the inset of Fig. 3B, where Rct is the electron-
transfer resistance, RS is considered as the solution resistance, Cdl is the
double layer capacitance and Zw is the Warburg impedance. We ob-
served changes in the Rct values upon the stepwise modification of the
electrode. When one compares the curves which are related to GCE and
3-ampy-RGO/GCE (a, Rct= 0.750 kΩ, and b, Rct= 0.605 kΩ), a lesser
electron-transfer resistance was reached at the 3-ampy-RGO/GCE. After
AgNP immobilized on the 3-ampy-RGO/GCE surface, a smaller re-
sistance was witnessed (c) pointing out to the good AgNP/3-ampy-
RGO/GCE conductivity (Rct= 0.450 kΩ). The aptamer[CAP] complex
was added onto the AgNP/3-ampy-RGO/GCE surface which caused the
Rct to become significantly increased (d, 1.45 kΩ) signifying the fact
that the electron transfer became more difficult. This value of the Rct

indicated that a successful immobilization of the complex of CAP and
aptamer was achieved on the surface of the nanocomposite with that of
the AgNP in the nanocomposite and amine groups. Afterwards, the
attachment of the resorcinol layer in electropolymerization step caused
an increase in the Rct value (e, Rct= 24.8 kΩ). This refers to the fact
that the electron exchange was significantly blocked between the
modified electrode and the redox probe. Then, washing the modified

Fig. 4. (a) EIS plots of the aptamer-MIP (b) and aptamer-NIP then incubating with different concentrations of CAP such as 0, 1.0, 150, 300, 450, 600, 800 and
1000 pM. The inset is the plots of the impedimetric response related to aptamer-MIP against of different concentrations of CAP.
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electrode surface and removing the CAP caused a decrease in the steric/
conformational restriction. This clarified the fact that electron transfer
between the aptamer-MIP nanohybrid surface and that of the redox
probe was increased (f, Rct = 6.50 kΩ). CAP incubation on the prepared

aptamer-MIP nanohybrid surface hindered the electron transfer and,
accordingly, the Rct value was increased to 11.03 kΩ (g). The reaction
between CAP and cavity of the aptamer-MIP nanohybrid indicated two
specific points: 1) the aptamer molecule captured the CAP 2) in the
nanohybrid cavity, we saw the formation of the aptamer[CAP] com-
plex. Here, in this study, the reported EIS data confirmed the results
which were obtained by CV disclosing the fact that the sensing interface
was successfully achieved.

The electroactive surface area of the sensing platform was calcu-
lated by using following Randles Sevcik equation and performing CV at
different scan rates [44]:

= ×I n AD C v(2.69 10 )p
5 3/2 1/2 * 1/2

In this equation; Ip, n, D (cm2 s−1), A (cm2), C*(mol cm−3) and v
(Vs−1) denote the peak current of probe, electron transfer number,
diffusion coefficient, electroactive surface area, concentration 1.0 mM
of K4Fe(CN)6 + 0.1M KCl and scan rate of potential sweep, respec-
tively. From the slope of Ip vs v1/2 plot the electroactive surface area
value of the AgNP/3-ampy-RGO/GCE and GCE was calculated to be
0.32 and 0.06 cm2, respectively. These results showed a significant
improvement in surface area, after modification with AgNP/3-ampy-
RGO nanocomposite.

3.4. Analytical application of the CAP aptasensor

In order to probe the method’s analytical performance of the, the
analytical parameters i. e. the detection limit (LOD) and the con-
centration linear range were assessed for aptamer-MIP or aptamer-NIP.
Analyzing the Rct value of the modified electrode under the CAP pre-
sence caused the realization of the CAP detection. Under optimal con-
ditions, the aptamer-MIP or aptamer-NIP have been incubated by var-
ious concentrations of CAP for almost 35min. As it is clear from the
Fig. 4a, the amount of Rct is at a minimum amount in the CAP loss, and,
consequently, it is progressively increased when the CAP concentration
is increased. The ΔRct was linearly increased with the increase of the
CAP concentration in the range of 1.0 pM to 1.0 nM and as
R2=0.9816. The regression equation was attained as ΔRct

(Ω)= 0.0142 [CAP] (pM) + 3.7727.
Moreover, based on S/N=3, a LOD of 0.3 pM was reached. Yet,

considering the aptamer-NIP and by the incubation of CAP different
concentrations, no important response was witnessed (Fig. 4b). This is
because of the aptamer-NIP/GCE possess CAP molecules inside of the

Fig. 5. The ΔR response of the 5 electrodes which modified under the same
conditions.

Fig. 6. Bar chart of the ΔR response of the sensor after incubation with CAP (1.0 nM) and interferences such as sulfamethoxazole, spectinomycin, sulfafurazole and
nitrofurantoin (100 nM).
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synthetic MIP cavities. Moreover, by the addition of the CAP on this
surface and also there existed a lack of the empty cavities on the surface
of the modified electrode, the CAP molecules could not bind with ap-
tamer molecules. Consequently, aptamer[CAP] complex won’t be
formed on the surface of the aptamer-NIP/GCE and, also, with in-
creasing the CAP concentration, the semicircular diameter shows no
gradual increase. A comparison of performance of the proposed sensor
with some other methods are summered in Table S1. From Table S1, it
was found that the linear range and sensitivity of the aptamer-MIP
nanohybrid are similar or better than the newly reported methods.

3.5. Optimization of experimental conditions

Providing a sensor with the best performance forced us to optimize
the pH value of the solution and, also, the incubation time as our highly
important parameters for a high electrochemical response. Due to the
fact that the Apt is a biological molecular, the chemical environment
must be in such a way not to destroy the Apt. Therefore, there exists an
urgent need for a neutral environment. Thus, the experiments were
done in a phosphate buffer solution with pH of 7.4. Additionally, the
incubation time was examined and it was revealed that the DPV peak
current intensity decreased as the incubation time increased from 10 to
70min, and, more importantly, it reached the minimum value at
35min. In this sense, 35min was Selected as the optimal incubation
time (Fig. S3).

3.6. Stability, reproducibility, repeatability and selectivity of the method

We evaluated the stability of the mentioned aptasensor. In addition,
the response of the fabricated sensor was reported to be 89% of the
starting activity after it was kept in refrigerator at 4 °C for 7 days.
Besides, we tested the reproducibility of the aptasensor with 5 elec-
trodes. The results can be reproduced according to the fact that the RSD
calculation was about 4.3% (Fig. 5a). The repeatability was evaluated
by using the same electrode for 5 repeated analyzes. The RSD of the
measurements was determined to be 3.8%. These results indicated that
the reproducibility and repeatability of the proposed sensor was highly
acceptable (Fig. 5b). In order to estimate the method’s high selectivity,
different interferences, i. e. sulfamethoxazole, spectinomycin, sulfafur-
azole and nitrofurantoin, are challenged. Fig. 6 illustrates that all of the
interferences which created much lower signal, as compared to that of
the CAP, demonstrated the excellent selectivity. Performing CVs in the
presence of 600.0 pM CAP was used to evaluate the aptamer-MIP na-
nohybrid stability on the surface of the nanocomposites. The results
explained that the peak separation remained unchanged and just 4.8%
of the reduction in the peak current happened after at almost 50 re-
petitive cycles. Finally, it indicated the high stability of the modified
electrode (Fig. S4).

3.7. Application of the sensor in actual sample analysis

For the purpose of demonstrating the applicability of the developed
sensor, specific amounts of CAP in milk samples were spiked and, then,
tested by the recovery method. The results from aptamer-MIP were
compared with the results obtained from fluorescence aptasensing
analysis using the same samples. Table 1 which illustrates the results

confirms that this assay is capable of evaluating the CAP in the actual
samples.

4. Conclusion

This study introduced a hybrid probe of aptamer-MIP/AgNP/3-
ampy-RGO/GCE in order to construct an easily performed and highly
sensitive sensing system for the detection of CAP. The 3-ampy-RGO was
applied in order to modify the GCE. AgNPs were immobilized on the NH
groups of 3-ampy-RGO via Ag-N bonding formation. Aptamer[CAP]
was loaded on the surface of the electrode via the interaction between
AgNPs and -NH2 group of the aptamer. Afterwards, resorcinol electro-
polymerization around the aptamer[CAP] complexes were applied to
enclose the complex as we used molecularly imprinting techniques
which were aptasensing and imprinting the recognition safeguard, re-
spectively. After the CAP removal, we witnessed the formation of the
double recognition imprinting cavities clarifying the fact that the re-
cognition properties were greater than that of the aptamer. Finally, the
sensor’s analytical usefulness was demonstrated by analyzing the actual
samples. The sensor manifested high selectivity and sensitivity for the
detection of CAP because of its dual recognition, and it is also a po-
tential strategy for drug detection.
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