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A selective aptasensor was developed using the electrochemical transduction method for the ultrasensitive detection of cocaine. In this
method, dendrimer-quantum dot (Den-QD) bioconjugate was utilized as a specific nanocomposite to efficiently fabricate the aptasensor.
CdTe QD, which carries highly significant properties, was immobilized on the surface of a glassy carbon electrode (GCE), and
polyamidoamine (PAMAM) dendrimer (Den) was covalently attached to the carboxyl-terminated surface of the CdTe QDs. This clever
combination of QD and Den provides a highly stable matrix for the increased loading of aptamer (Apt) as a cocaine molecular receptor via
covalent attachment. The Apt was functionalized with AuNPs leading to the amplification of the electrochemical signal. In this study, upon
the incubation of cocaine on the aptasensor surface, the peak current of the redox probe decreased due to the hindered electron transfer
reaction on the sensing surface. This study shows that the proposed aptasensor can detect cocaine by electrochemical impedance
spectroscopy (EIS) technique at a linear range (5.00  10-3-6.00 nM) and a capability of detection down to 1.60 pM. The excellent
specificity of this sensing system is demonstrated using some common analgesic drugs, and finally, the proposed aptasensor was
successfully used to measure cocaine in the human serum sample. The proposed methodology may hold great promise for the design of
other aptasensors and immunosensors based on the use of the Den-QD bioconjugate as a nanocomposite with high performance.
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INTRODUCTION
Today, cocaine is one of the most dangerous and
illegally available abused drugs because of its instantaneous
and overwhelming effects on the central nervous system
[1,2]. The latest statistic data have indicated that
approximately 17 million people have used cocaine at least
once in 2011, which is equivalent to 0.37% of the global
population at aged 15-64 [3]. Therefore, the quantification
of the trace amounts of cocaine is very important for law
enforcement and clinical medicine. Up until now, as shown
in Table 1, several methods such as non-electrochemical
and electrochemical methods have been introduced for
the detection of cocaine. Despite their advantages,
speed, and selectivity of most of these methods have been
*Corresponding author. E-mail: m.roushani@ilam.ac.ir

unsatisfactory. Therefore, it seems necessary to develop a
rapid, and economical approach for the ultrasensitive and
selective measurement of cocaine.
Dendrimers (Dens), as regular tree-like and highlybranched macromolecules, are an unrivaled class of
polymeric materials [4]. Unlike classical polymers, they
have nonpareil properties such as globular shape and
defined size, multivalency, great uniformity, internal void
spaces, high ligand density, high drug loading capacity, and
high functionalized surface [5,6]. These nano-scaled
polymeric architectures are receiving considerable attention
for applications in many fields such as chemicals and
biological fields because of their numerous terminal groups
that can be functionalized and conjugated with nanoparticles
(NPs) and molecules of interest [7-11]. Furthermore,
because of their small sizes, they can form attachments
with biomolecules such as aptamer (Apt). Apt molecular
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Table 1. Analytical Performance of the Cocaine Developed Aptasensor with some other Methods
Method

LOD

Linear Range

(nM)

(nM)

Ref.

Non-electrochemical Methods
3.29  102

1.60  106-3.29  108

[37]

LC-MS

16.48

16.48-988.94

[38]

Capillary electrophoresis

6.60

GC

NR

[39]

Electrochemical methods
Fluorescence

1.25  104

1.25  10 4-15.00  106

[40]

Colorimetric

10 4

NR

[41]

Absorbance

5.00  102

NR

[42]

1.00

5.00-3.00  10 2

ECL

2

6

[43]

CV

33.00

1.00  10 -10

[44]

DPV

1.00

1.00-5.00  10 2

[45]

SWV

500

1.00  103-1.50  103

[46]

EIA

5.00  102

5.00  10 2-106

[47]

EMPAS

9.00  102

2.00  103-5.00  104

[48]

DPV

0.15

2.00-2.50  10 3

[32]

EIS

1.60  10-3

5.00  10-3-6.00

Present
study

GC Gas Chromatography; NR not reported; LC-MS Liquide chromatography/Mass spectroscopy;
ECL Electrogenerated chemiluminescence; SWV Square-wave voltametry; EIA Enzyme
immonoassay; EMPAS Electromagnetic piezoelectric acoustic sensor.

receptors are artificial DNA or RNA oligonucleotides which
can be used for basic research [12-15]. Apt-Den attachments
combine the advantageous features of entities and have
many applications [16-18].
Quantum dots (QDs) are a unique class of
semiconductor nanoparticles which offer some advantages
in many aspects because of their unique properties such as
magnetic, optical and electrical properties [19,20]. Because
of the their small size, they are similar to biological
macromolecules such as proteins, nucleic acid, and Apts and

can form conjugates with them [21]. Also, they hve a large
surface area which can absorb more Apt molecules onto the
electrode surface and produce a larger electrochemical
signal [22]. Furthermore, they have been found to play the
role of an efficient electron-conducting tunnel in electron
transfer which gives rise to their potential use in a variety of
fields [19]. CdTe QD as a well-known example of the QDs
has received increasing attention because of its several
advantages, and has been used in various fields such as
electrode modifying systems [23]. Although functionalized
14
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QDs show excellent electrochemical properties, their use in
electrochemical systems for analytic purposes is at the onset
[24]. The utilizing benefits of QDs and Dens, combined with
those of Apt manifested in the preparation of Den-QDs
bioconjugate as a specific platform, can give rise to many
exciting material properties and enjoy great potential in
various applications [25]. Generally, there are seven major
advantages of the Den-QD bioconjugate in the attachment of
an Apt: 1) QDs have been found to lead to an increase in the
surface area [22,26]; 2) The specificity of Apts ensures a
targeted detection or binding, which is the most important
factor in the detection of biomolecules [27,28]; 3) The ease
of synthesis and modification makes Apts attractive in
deferent kinds of practical applications; 4) Flexible three
dimensional (3D) structure and other inherent desired
properties of Dens which allows to use them in almost every
area of research; 5) The clever combination of Dens and
Apts increases the detection signal level of aptasensors
when compared with their use in isolation [29]; 6) QDs
show excellent electrochemical properties and their use in
biosensing systems for analytic purposes are at the onset
[24]; 7) The Apt-Den-QD attachment strengthens the
properties of each of them individually and increases their
range of applications. Although a limited number of
researchers have reported methods for the application of the
Apt-Den-QD attachment in various fields [25], the
electrochemical sensing applications of this bioconjugate
have rarely been reported.
To the best of our knowledge, this paper is the first
report based on the combination of the advantages of CdTe
QDs, Den and Apt for utilizing Den-QD bioconjugate as an
efficient nanocomposite in the electrochemical aptasensor
for the diagnosis of a target. The results of this combination
are the CdTe QDs size effects and increase in the surface
area to the volume ratio of GCE [22]. Also, because of the
multiplicity of the functional groups on the Den surface, the
targeted loading of Apt as a cocaine molecular receptor is
increased remarkably on the surface of GCE [22]. Based on
this protocol, thioglycolic acid (TGA) capped CdTe QDs
(TGA/CdTe) is immobilized on the GCE surface and the
polyamidoamine Den of the fourth generation (PAMAM
G4) is covalently attached to the carboxyl groups on the
CdTe QDs via amide coupling. Finally, the 5′-NH2-3′AuNPs terminated Apt as the cocaine specific Apt is

covalently attached to the amine groups on the surface of
Den via terephthalaldehyde as the linker agent. The presence
of AuNPs at the end of the Apt can provide electrochemical
signal improvement. Cocaine incubation and the formation
of the Apt/cocaine complex on the modified electrode
surface change the electron transfer characteristics of
[Fe(CN)6]3-/4- as the redox probe; this can be monitored by
the electrochemical impedance spectroscopy (EIS)
techniques. Due to the use of Den-QD bioconjugate as an
efficient nanocomposite and the covalent attachment of the
cocaine specific Apt onto the GCE surface, this strategy is
ultra-sensitive and selective. The elimination of enzymes or
antibodies and the use of the Apt-Den-QD attachment as a
unique platform, which is a covalent attachment on the
electrode surface, are some advantages of the proposed
aptasensor.

EXPRIMENTAL
Chemicals and Reagents
The cocaine Apt sequence was purchased from the
Bioneer company (South Korea), coupled with 5′-amino
modified containing a space (6CH2) on the one end and 3′thiol on the other end of the Apt: 5′-C6-NH2AGACAAGGAAAATCCTTCAATGAAGTGGGTCGSH2-3′. Polyamidoamine (Den PAMAM G4) 10% in
methanol, analytical grade tellurium powder, CdSO4.8H2O,
TGA, N-hydroxysuccinimide (NHS), sodium borohydride
(NaBH4), C8H17N3HCl (EDC HCl), Na3C6Hs5O7.2H2O,
sodium valproate, sodium diclofenac (DCF), codeine (COD)
and acetaminophen (APAP) were purchased from SigmaAldrich and used without further purification. Other
addictive substances such as cocaine, pethidine, and
methadone (MTD) were taken from the center of narcotics
prevention and the sanitation ministry, respectively (Tehran,
Iran). All other reagents were obtained from Merk or Fluka.
All drugs and addictive substances solutions with various
concentrations were prepared by direct dissolution in a 0.10
M phosphate buffer solution (PBS) (pH: 7.40).
For analysis of the real sample, healthy people's serum
specimen from four men provided by a local clinical
laboratory and subjected to ultrafiltration by loading into a
centrifugal filtration tube at 5000 rpm (30min). Afterward,
the serum samples were diluted 5 times with PBS (0.10 M,
15
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pH 7.40) at ratio 1:1. Twelve samples were prepared by
spiking different concentrations of the cocaine solutions into
the blood serums.

applied method in our previous work [30], AuNPs were
synthesized with some modifications [31]. In brief, in a 1 l
round-bottom flask equipped with a condenser, 500.00 ml
HAuCl4 (0.01% w/v) was heated -while being stirred -to
boiling point. To this solution, 7.50 ml of an aqueous
solution of Na3C6Hs5O7.2H2O (1% w/v) was added quickly.
Finally, the color of the solution turned to blue and then
changed to red-violet. Boiling continued for an additional
10.00 min. When the color of the obtained solution had
turned to deep red, the heat was removed. After 15 min of
vigorous stirring, a homogenous transparent red solution of
AuNPs was obtained without any precipitate. The
synthesized AuNPs was stored in a brown glass bottle at
4 °C when it was not in use. To functionalize the cocaine
specific Apt with the AuNPs, a mixture containing PBS
(0.10 M, pH 7.40), NaCl (0.10 M), 5′-NH2-3′-SH2
terminated Apt (0.50 μM) and the obtained AuNPs colloid at
ratio 1:1:2:2 was prepared and stirred for 24 h (at room
temperature). Thus, the small size of AuNPs was well
bonded to the 3′-SH2 terminated Apt via covalent S-Au
bonds and was used for subsequent experiments.

Apparatus and Electrochemical Measurements
EIS, DPV and cyclic voltammetry (CV) experiments
were performed on a μ-AUTOLAB electrochemical system
type III and FRA2 board computer controlled Potentiostat/
Galvanostat (Eco-Chemie, Switzerland) driven with NOVA
software which was in conjunction with a conventional
three-electrode system. A GCE with Apt-Den employed as
the working electrode and a platinum wire as a counter
electrode. All potentials were referred to an Ag/AgCl/KCl
(3.00 M) electrode as a reference electrode. For all
experiments, a solution containing 5.00 mM K3Fe(CN6)/
K4Fe(CN6) and 0.50 M KCl (at a ratio of 1:1:1) as an
electrolyte solution was applied. The EIS analysis was
performed in a frequency range between 0.10 Hz and 100
kHz with a modulation voltage of 5.00 mV. The DPV
measurements were recorded with common parameters: 5.00
mV potential steps, 25 mV modulation amplitude, 0.50 s
interval time and 50.00 ms modulation time. UV-Vis
absorption spectra of the synthesized AuNPs was recorded
using a VARIAN 300Bio CARY UV-Vis spectrophotometer
in the range of 190-800 nm. TEM image was recorded by a
Hitachi H-800 electron microscope at 80 kV and a VegaTescan electron microscope. Furthermore, for study AFM
(atomic force microscopic) image of the synthesis CdTe
QDs, the AFM apparatus model nanosurf Mobile S software
version 1.8 at operating mode of dynamic force and
noncontact scan type was used.

Preparation of TGA/CdTe QDs
The syntheses of TGA/CdTe QDs was carried out by a
wet chemical method based on a previously described
method [26]. In a typical procedure, 278.80 mg NaBH4 and
7.00 ml water are deaerated with argon and stirred for 30
min (in a two-necked flask). Afterward, under the condition
in which stirring is accompanied by the blowing of a steady
draft of argon, 90.00 mg tellurium powder is added,
completely dissolved, and storage at 0 °C for 15 min. Then,
the obtained colorless suspension is filtered. Finally, 42.00
ml water is added to the resulting solution and deaerated
with argon and stirred for 120 min. The prepared fresh
NaHTe is cooled to room temperature. Meanwhile, in a
three-necked flask, 294.60 mg CdSO4.8H2O is dissolved in
176.00 ml water and 200.00 L of 14.09 M TGA is added.
The pH is then adjusted to 10.20 (by using concentrated
NaOH solution) and the resulting solution is stirred under
argon (for 30 min) followed by an injection of 49.90 ml
freshly prepared NaHTe, and finally, the mixture is refluxed
under argon (60 min). Afterward, the color of the resulting
mixture changes to orange, demonstrating the growth of
the synthesized nanocrystals. To prepare the CdTe QDs, the

Preparation of the 5′-NH2-3′-AuNPs-terminated
Apt
Our previous results demonstrated that two factors
should be considered for the successful functionalization of
the 5′-NH2-3′-SH2 terminated Apt with AuNPs and the
formation of thiol-Au covalent bonds on the end of the Apt;
1) The nanoparticle size of Au should be small because, in
small size, there is a strong interaction between the thiol
groups in the Apt and AuNPs and thus sensitivity is
increased; 2) The synthetic AuNPs chemical environment
must be such that the Apt will not be destroyed and remain
natural with a pH of about 7.00-7.40. Thus, based on the
16
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obtained solution is refluxed under nitrogen at 100 °C. The
reflux time may be adjusted to control the size of the
resulting CdTe QDs [26].

RESULTS AND DISCUSSION

Aptasensor Assembling as an Electrochemical
Nanotool

For the strong attachment of AuNPs to the thiolated end
of 5′-NH2-3′-SH2 terminated Apt, the synthesis of small size
AuNPs is preferable. The small size of AuNPs leads to the
strong interaction with the SH2 groups at the end of the Apt,
which is one of the advantages of the present study;
therefore, the electrochemical signal is improved. This
agrees well with the results previously obtained [30]. We
used a TEM image to prove the synthesis of AuNPs. As
shown in Fig. 1A, the presence of the spherical AuNPs with
an average diameter of less than 8 nm indicates their proper
formation of AuNPs. Also, as shown in Fig. 1B, the
absorbance peak which is approximately 520 nm, is
additional evidence confirming the AuNP synthesis.
Furthermore, the determination of the size and concentration
of the prepared AuNPs can be inferred from the UV-Vis
spectra [33].

Investigation of the Characterization of the
Prepared AuNPs

First, 10.00 l of TGA capped CdTe QDs was cast on
the GCE surface and air-dried freely overnight to form a
CdTe QDs/GCE (in darkness). A mixture of EDC: NHS at a
ratio of 1:1 (75.00 mM: 15.00 mM) was dropped onto the
CdTe QDs/GCE surface as a coupling agent to activate the
carboxyl-terminated of CdTe QDs [22]. 5.00 l of Den was
allowed to dry under an N2 stream and then diluted to
100.00 l with PBS with pH = 7.40. 15.00 l of the
prepared Den solution was dropped on the surface of CdTe
QD/GCE to enable the covalent binding between Den and
the activated -COOH groups of the CdTe QDs (2 h). This
time was optimized in accordance with the literature [29].
Thus, Den-QD bioconjugate as a nanocomposite was
prepared and covalently immobilized to the electrode
surface. In order to covalently attach the 5′-NH2-3′-AuNPs
terminated Apt on the amine groups of the immobilized
Dens, 10.00 l terephthalaldehyde aqueous solution (2.52 
10-2 M) was added and 90 min as an optimum time was used
for formation of the amide coupling [18]. Subsequently,
2l cocaine specific Apt (0.50 M) was dropped and the
amine-terminated end of the Apt was covalently attached to
the aldehyde group of the terephthalaldehyde via amide
linking. After each step, excess unreacted molecules were
eliminated by washing the electrode several times with
double distillated water and PBS buffer. The obtained GCE,
modified with 5′-NH2-3′-AuNPs terminated Apt/Den/CdTe
QD, was denoted as Apt/Den/CdTe QD/GCE and stored at
4 °C until use. The aptasensor fabrication procedure is
shown in Scheme 1. 2.00 l of cocaine solution was added
at the desired concentration on the aptasensor surface and
incubated for 45 min at 4 °C. This optimal incubation time
was based on our investigations in previous work [32]. The
incubation time was necessary for the preparation of the
modified electrode. After this time, the cocaine
measurement will be done quickly. The detection of cocaine
target levels was performed by measuring the increase in the
value of Rct in EIS induced by incubation of cocaine.

Study of the Synthesized Water Soluble CdTe QDs
Obviously, the use of Apt-Den-QD bioconjugate as a
specific platform plays a vital role in the fabrication of the
developed aptasensor. It has been found that the use CdTe
QD layer for the modification of the electrode surface not
only remarkably increases the surface area but also provides
a quite suitable interface for the subsequent conjugation of
biomolecules [22]. Thus, the presence of COOH groups
related to the CdTe QD layer on the surface of GCE leads to
covalent attachment of the Den with high density on the
electrode surface (via amide coupling). Therefore, more Apt
bonds with Den (via terephthalaldehyde as the linker agent)
and cocaine are detected with more sensitivity. The study of
the morphology and structure of TGA-stabilized CdTe QDs
prepared in the aqueous phase gives relevant information
concerning the synthesis of these nanoparticles. As can be
seen in Fig. 2A, the absorbance peak related to the UV-Vis
spectrum of the prepared CdTe QDs, which is
approximately 470 nm, can be a confirmation of the
synthesis of this sample. The size and concentration of the
CdTe QDs can be found by the UV-Vis spectra [26]. We
used AFM to study the morphology of these nanoparticles.
As shown in Fig. 2B, there exist different geometrical
17
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Scheme 1. Schematic illustration of electrochemical aptasensor for cocaine detection

Fig. 1. (A) TEM image and (B) UV-Vis adsorption spectra of the synthetic AuNPs.
18
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Fig. 2. (A) TEM image, (B) AFM image and (C) UV-Vis spectra of the prepared CdTe QDs.

shapes of the CdTe QD particles, which can lead to a better
immobilization of Den on the surfaces of CdTe QD
particles. Furthermore, the recorded TEM image indicated
the synthesized CdTe QD nanoparticles with sizes less than
200 nm (Fig. 2C). All of these tests showed that CdTe QDs
were successfully synthesized and were capable of loading
biomolecules [22].

to the C=O and O-H stretching vibrations related to the
COOH group in the TGA in CdTe QDs. As indicated in Fig.
3B, the absorbance band at 3463.75 cm-1 is related to NH2
groups in Den. The formation of the amide coupling and the
attachment of Den to TGA in CdTe QDs are proved by
comparing the stretching vibrations of N-H in both Fig. 3B
(N-H: 3463.78 cm-1) and Fig. 3E (N-H: 3400.72 cm-1). The
existence of terephthalaldehyde as a linker to be attached to
the surface of Den is proved by the bands at 1400-1638.22
cm-1,which is related to C=C bands in the aromatic ring (in
this range, 1637 cm-1 is related to C=O band, 2829.82 cm-1
and 2829.95 cm-1 are related to aldehyde C-H, and 3472.04
cm-1 is related to O-H in H2O as a solvent) assigned to the
stretching vibrations (Fig. 3C). The formation of the imine
coupling between NH2 group in Den and aldehyde group in
the terephthalaldehyde is confirmed by 3400.55 cm-1 (Fig.

FT-IR Study of the Apt-Den-QD Attachment
We used the FT-IR technique to investigate the
formation of Den-QD bioconjugate as the sensing layer and
the attachment of the Apt to it. Figure 3 shows the FT-IR
spectra related to each of the substrates such as CdTe QD,
Den, terephthalaldehyde, and the Apt for the verification of
layer by layer attachment. As shown in Fig. 3A, the
absorbance bands at 1637.31 and 3452.85 cm-1 are ascribed
19
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Fig. 3. FT-IR spectra related to (A) CdTe QDs, (B) Den, (C) terephthalaldehyde and (D) Apt, interactions between
(E) CdTe QDs and Den, (F) Den and terephthalaldehyde and (G) terephthalaldehyde and Apt.
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Fig. 4. (A): Nyquist curves of the Recorded modified electrode for each steps: GCE (a), CdTe QDs/GCE (b), Den/CdTe
QDs/CE (c), Apt/Terephthalaldehyde/Den /CdTe QDs/GCE (d), the modified GCE after incubation with 0.005
M cocaine, and (e) the modified GCE after incubation with 0.05 M of the cocaine (f). Inset a′ is the equivalent
circuit. (B) Recorded CVs for the different steps of the modified electrode (scan rate 50 mV s-1).

Fig. 5. Investigation of the stability of the cocaine aptasensor after 2th cycle and 100th cycles.
21
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3F). As shown in Figure 3D, the spectra of the Apt contain
the bands at 2985.28 and 2947.14 cm-1 related to aliphatic
C-H, 1640.13 cm-1 related to the C=O band, and 3464.67
cm-1 related to NH2 group. The attachment of the Apt to Den
by the terephthalaldehyde as a linker is verified by
comparing the stretching vibrations in the spectra in Fig. 3G
and Fig. 3D. The formation of the imine coupling between
NH2 group in the Apt and aldehyde group in the
terephthalaldehyde is confirmed by 3423.81 cm-1 in Figure
3G.

probe and sensing surface was decreased (curve d). This
behavior was due to the negative charge of the phosphate
groups on the Apt; also the negative charge related to
AuNPs on the end of the Apt leads to a greater repulsion of
the electrode surface by the redox anions, and the electron
transfer was more prohibited [30]. When cocaine, as the
target, was incubated onto the surface of the modified
electrode, the Apt conformation was switched to form a
three-way junction complex [36] which increased the steric
hindrance on the surface of the electrode. Therefore, the
diffusion of the redox probe on the modified electrode
surface was inhibited (curve e). With an increase in the
concentration of cocaine, the diameter of the semicircle
increased (curve f) which indicated the specific attachment
of cocaine to the Apt on the electrode surface.
In order to examine the most suitable approach for the
sensing layer to be used as the immobilization platform for
Apts against cocaine, the CV technique was applied on the
different surfaces of the electrode: 1) Bare GCE, 2) CdTe
QD/GCE, 3) Den/CdTe QD/GCE, 4) Apt/ Den/CdTe
QD/GCE and 5) the incubated cocaine on the modified
surface. The potential variation in the anodic and cathodic
peaks (E = E pa  E cp ) of the CV plots related to different

Electrochemical Study of the Sensing Principle of
the Proposed Aptasensor
After selecting Den-QD bioconjugate as the most
appropriate platform for the fabrication of the aptasensor,
the electrochemistry based EIS technique was applied for
demonstration the progressive formation of the sensing
layer. The strategy for the attachment of the sensing layer
relies on the immobilization of CdTe QDs that allows the
covalent bond of Dens to be utilized as a means for the
signal enhancement and consequently the anchoring of the
Apt molecules. The EIS experiments confirmed this layerby-layer immobilization by changes in the value of the
charge transfer resistance (Rct). These changes are related to
the hindering of the electronic communication between the
redox markers and electrode interface which are indicated as
semicircles in the Nyquist plot. A big semicircle in the
Nyquist plot corresponding to CdTe QD immobilization is
the result of repulsion between the negative charge related to
the TGA in the CdTe QDs and the indicator [Fe(CN)6]3-/4[18,26]. So, the electrons from the redox marker diffuse
more slowly (Fig. 4A, curve b). In the next step, adding Den
to the surface of CdTe QDs/GCE decreased the Rct value
because of the presence of -NH2 groups in Den which were
attached to the activated -COOH groups of CdTe QDs
(curve c). This signal improvement was most likely due to
the positive surface charge of Dens that allowed the closer
proximity of the redox probe anions to the surface of the
aptasensor; this leads to the more efficient charge transfer.
Evidently, the used Den molecules which have 64 primary
amino groups on their surface can facilitate the attachment
of more Apts on the sensing surface [34,35]. By introducing
5′-NH2-3′-AuNPs terminated Apt to the surface of Den/
CdTe QD/GCE, the electronic transfer between the redox

steps were investigated. According to Fig. 4B, for a bare
GCE in [Fe(CN)6]3-/4- as the electrolyte solution, the E
value is 96.00 mV. By adding CdTe QD, due to the
repulsion between the negative charges related to the TGA
capped CdTe QDs and the redox probe, electron transfer is
inhibited. Thus, the E value is increased to 351.00 mV and
the current value is decreased. This behavior indicates that
the CdTe QDs layer is well attached on the surface of the
GCE. The immobilization of Den on the surface of CdTe
QD/GCE with E = 99.00 mV, which makes the redox
markers diffuse more rapidly, indicates the obvious
increment in the oxidation and reduction currents of the
redox marker [34,35]. By covalent attachment of the Apt to
the surface of Den/CdTe QD/GCE via terephthalaldehyde as
the linker, due to the negative charges of the phosphate
groups and the AuNPs functionalized Apt, the electron
transfer is prohibited. Therefore, the E value is increased
to 126.00 mV and the current is decreased. The incubation
of cocaine as the target on the aptasensor surface leads to the
Apt conformation switch. Thus, because of the created
steric/conformational restrictions on the sensing surface, the
22
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Fig. 6. EIS results for the developed aptasensor incubated with different concentrations of cocaine (from a to l:
0, 5.00  10-3, 0.05, 0.15, 0.35, 0.55, 0.75, 0.95, 2.00, 3.00, 3.50, 6.00 nM). Inset is the corresponding
calibration curves between the obtained signal and the cocaine concentration (data obtained were the
averages of three measurements).

Investigation of the Analytical Performance of the
Aptasensor for the Electrochemical Detection of
Cocaine

electron transfer decreases and, consequently, the E value
increases. Stability of the cocaine aptasensor was also
studied via the CV technique. The voltammetric behavior of
the modified electrode in the electrolyte solution was very
stable and it was found to have reserved its initial efficacy
(98%) after 100 repetitive cycles in one continuous
operation (Fig. 5); the electrode surface fouling did not
occur. Additionally, the long-term stability of the aptasensor
was evaluated. The results showed that the peak height and
peak potential of Apt/Den/CdTe QD/GCE as the modified
electrode remained nearly unchanged and the sensing layer
retained more than 97% of its performance after 12 days
storage at 4 °C (data not shown). High stability of the
proposed nanotool demonstrated that Den-QD bioconjugate
is well-stabilized as an integrated sensing interface.

To evaluate the efficiency of the fabricated
electrochemical nanotool, under optimal conditions, the
analytical calibration was performed. Due to the high ability
of the EIS technique for probing the interfacial properties at
the electrode surface and the possibility of performing labelfree detections, the EIS measurement was applied as an
efficient alternative detection system to confirm the
analytical performance of the proposed system. Figure 6
displays the Nyquist plots obtained at the modified electrode
after being incubated with different concentrations of
cocaine. As can be seen in Fig. 6, when the cocaine
concentration increases, the Rct increases accordingly, due
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Roushani & Shahdost-fard/Anal. Bioanal. Chem. Res., Vol. 6, No. 1, 13-27, June 2019.

Fig. 7. Bar chart of the changes of the proposed aptasensor response after incubation with cocaine and other common
drugs of COD, pethidine, DCF, APAP, Valproate sodium, and MTD with 10 5-fold higher concentration than
that of the cocaine.

Table 2. Cocaine Detection in Twelve Spiked Blood Serums, as Three
Categories of Four Samples, that Developed Aptasensor with
Three Concentrations of Cocaine (Means of Three Different
Determinations)
Serum sample

Added

Founded

Recovery

(means of four samples)

(nM)

(nM)

(%)

1

1.00

0.98 ± 0.03

98.00

2

2.00

2.02 ± 0.02

101.00

3

6.00

6.03 ± 0.04

100.50

to the formation of an increasing number of cocaine/Apt
conjugates, with the result of enhanced hindering of
the electron transfer reaction of the redox probe on the

aptasensor surface. A good linear correlation existed
between the value of the aptasensor response and the
concentration of cocaine over the range of 5  10-3 nM to
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6.00 nM with two equations: it was Rct () = 14.646
[cocaine] (nM) + 1.747 (R2 = 0.9928) for low concentrations
and Rct () = 5.164 [cocaine] (nM) + 8.792 (R2 = 0.9882)
for high concentrations (inset of Fig. 6). The capability of
detection was estimated to be 1.60 pM based on the signalto-noise ratio of 3 and by determining the RSD from three
measurements and sensitive enough for cocaine detection in
the clinical samples. This behavior may be due to the fact
that by increasing the cocaine concentrations, more AuNPs
functionalized Apt is folded and more Apt/cocaine complex
is formed on the modified electrode surface. Thus, the
AuNP negative charge at the end of the Apt causes the
inhibition of the electron transfer from the [Fe(CN)6]3-/4anions as the redox probe to the electrode surface. These
results clearly indicate that the proposed aptasensor can be
used as an efficient ultrasensitive impedimetric nanotool for
cocaine detection. By comparing the results obtained from
the proposed aptasensor to those of other methods reported
in the literature (Table 1), we conclude that the fabricated
aptasensor, an electrochemical nanotool with having DenQD nanocomposite as a suitable platform, displayed
excellent analytical performance, which can be ascribed to
the following reasons: (a) Unlike the adsorption or the
electrostatic interactions between other receptors and their
substrates, the used cocaine receptor in this method is the
Apt, which has many inherent properties especially as
regards cocaine. (b) Utilizing CdTe QD and Den in the
proposed nanocomposite with the described strategy
facilitated the covalent attachment of the cocaine specific
Apt on the GCE surface and greatly enhanced the
electrochemical signal of the redox probe. (c) The presence
of the small size synthesized AuNPs leads to the
improvement of the electrochemical signal.

deviation (RSD) of about 3%) and good precision of the
proposed aptasensor. Furthermore, to evaluate the
repeatability of the fabricated aptasensor, the EIS data
related to the modified electrode, incubated with cocaine in
the same way, was recorded. This manner was repeated six
times. A relative standard deviation (RSD) <4% was
achieved for 1.00 nM cocaine. The basic factor in preparing
of the good reproducibility, acceptable repeatability and
high performance of the fabricated aptasensor can possibly
contribute to the strong interaction between QD-Den
bioconjugate as a nanocomposite and Apt on the electrode
surface.
Selectivity is an important factor in the practical sensing
of biosensors. The selectivity of the aptasensor was
evaluated by conducting assays of other common analgesic
drugs including APAP, MTD, pethidine, COD, DCF and
valproate sodium under the same experimental conditions.
The bar chart of the selective response related to the DPV
technique of the developed nanotool is shown in Fig. 7.
Obviously, the changes in the electrochemical response
induced by the non-specific binding related to the addition
of these interfering drugs are much lower than those induced
by the specific binding of cocaine (even at a 105-fold higher
concentration than that of cocaine). The specificity of this
aptasensor relies on the highly specific and strong
interactions occurring between cocaine and the Apt which is
covalently attached to the sensing layer. This is also another
advantage of the proposed nanotool.
In order to estimate the applicability of the methodology,
the proposed nanotool was applied to measure the different
concentrations of cocaine in the spiked human blood serums
from four men. 2.00 μl of the solutions containing different
concentrations of 1.00, 2.00 and 6.00 nM of cocaine were
prepared separately and dropped on the surface of the
modified electrode independently of the others. Twelve of
the spiked blood serums, as three categories of four samples,
were analyzed under the same experimental conditions
described above using the EIS technique and standard
addition method. For investigation of their repeatability,
each sample was tested three times. The average quantities
of cocaine in these serum samples were calculated and
recoveries of different concentrations of cocaine were also

Investigation of Reproducibility, Repeatability, and
Selectivity of the Aptasensor and Real Sample
Analysis
To study the reproducibility of the aptasensor and the
reliability of the fabrication procedure, five modified
electrodes were independently tested with the concentration
of 1.00 nM cocaine in applying optimum conditions. The
results showed acceptable reproducibility (relative standard
25

Roushani & Shahdost-fard/Anal. Bioanal. Chem. Res., Vol. 6, No. 1, 13-27, June 2019.

investigated. The obtained recoveries for spiked cocaine
concentrations were 98.00, 101.00 and 100.50, respectively.
As listed in Table 2, these are in good agreement with real
values. It is well known that the basic factor contributing to
the high sensitivity and selectivity of the presented sensing
system is the use of Den-QD bioconjugate as a specific
platform with unique properties and the covalent attachment
of the Apt to it, that all occur on the electrode surface. So,
the developed aptasensor might be a processing system as a
reliable sensor for the detection of cocaine in the real
samples.
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