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Herein, a highly sensitive and selective aptamer biosensor for quantitative detection of amodel target, dopamine
(DA), was developed by using a gold (Au) electrode modified with highly dispersed gold nanoparticles (AuNPs)
and acid-oxidized carbon nanotubes (CNTs-COOH) functionalized with polyethyleneimine (PEI). Amine-termi-
nated12-mercaptureprobe (ssDNA1) as a capture probe and specific DA-aptamer (ssDNA2) as a detection
probe was immobilized on the surface of a modified electrode via the formation of covalent amide bond and hy-
bridization, respectively. Methylene blue (MB) was used as the redox probe, which was intercalated into the
aptamer through the specific interaction with its guanine bases. In the presence of DA, the interaction between
aptamer and DA displaced theMB from the electrode surface, rendering a lowered electrochemical signal attrib-
uted to decreased amount of adsorbed MB. The developed electrochemical DA aptasensor showed a good linear
response to DA from 5 to 300 nMwith detection limit of 2.1 nM. The biosensor also exhibited satisfactory selec-
tivity and could be successfully used to detect DA in blood serum sample.

© 2016 Published by Elsevier B.V.
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1. Introduction

Aptamers are synthetic DNA or RNA sequences that are selected
through SELEX (systematic evolution of ligands by exponential enrich-
ment) processes from a random sequence bank [1,2]. High affinity and
specific binding usually occur between a selected aptamer and its relat-
ed target molecule. The combination of good binding affinity and excel-
lent selectivitymakes aptamers as attractive as antibodieswhen used as
critical identification materials during protein analysis. Aptamers are,
however, more stable, easier to store, and cheaper than antibodies. Fur-
thermore, aptamers can be synthesized without using a host. Therefore,
aptamers have been used as alternatives to antibodies in various fields
for various applications [3–6]. Variety of aptasensors have been devel-
oped using different analytical methods including optical transduction
[7], circular dichroism [8], electrochemical techniques [9], fluorimetry
[10], colorimetry [11], atomic force microscopy (AFM) [12], surface
plasmon resonance (SPR) [13], and quartz crystal microbalance (QCM)
[9]. Among these methods, electrochemical aptasensors have attracted
particular attention because of themerits of fast response, high sensitiv-
ity, simple operation, miniaturization and relatively low cost [14–16].
t).
Dopamine (DA) is one of the most significant catecholamine, be-
longs to the family of excitatory chemical neurotransmitter. It controls
many biological functions such as emotion, endocrine regulation, moti-
vation, locomotion, and so on. Furthermore, some diseases such as
Parkinson, schizophrenia and Huntington's chorea are linked to ex-
treme abnormalities of DA levels [17–19]. Therefore, the development
of methods for the highly selective and portable determination of DA
is of significant importance and is the subject of constantly analytical
chemical research. Toward this goal, many researchers have been
attracted to work on the determination of DA [20,21]. DA aptamer
was discovered in recently [22]. And some methods based on the
aptamer technology were developed [23–25]. Although these methods
have made great contributions to the determination of DA, each of
these approaches exhibits some features that limit practical use, such
as the cross-sensitivity toward other chemicals, and the sophisticated
detectionmethods. Thus, the development of a simple and highly sensi-
tive aptasensor with low cost for measurement of DA remains a great
challenge.

In the present study, the AuNPs/PEI/CNTs-COOH nanocomposite was
used as a sensing platform for immobilization of DA-aptamer. MB was
chosen as the electrochemical indicator because of its specific binding
to dsDNA. The fabrication of the aptasensor was based on the covalent
attachment of amine-terminated capture probe on to the nanocompos-
ite by covalent amide bonds formed between the carboxyl groups on
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the nanotubes and the amino groups on the oligonucleotides. Immobi-
lization of the DA-specific aptamer on the surface of AuNPs/PEI/CNTs-
COOH was occurred through its hybridization with the capture probe.
In the presence of DA, the MB peak current decreased due to formation
of a complex between the aptamer and DA and desorption of intercalat-
ed MB from the electrode surface.

2. Experimental

2.1. Chemicals

Multiwall carbon nanotubes with purity 95% (10–20 nm diameters)
and 1 μm length were obtained from Nanolab (Brighton, MA).
Polyethylenimine (PEI, branched, Mw 10,000) ,hydrochloric acid
(37%), potassium ferricyanide (K3Fe(CN)6), potassium ferrocyanide
(K4Fe(CN)6·4H2O), hydrogen tetrachloroaurate (HAuCl4·4H2O) and
Scheme 1. Schematic representation of dif
potassium chloride (KCl) were purchased from Merck (Germany) and
Fluka. The sequence of 3′-amine-terminated capture probe contain-
ing12 bases was (3′-NH2-(CH2)6-CAG AGA CAC ACG-5′) and sequence
of aptamer probe containing 58 bases was (5′-GTC TCT GTG TGC GCC
AGA GAA CAC TGG GGC AGA TAT GGG CCA GCA CAG AAT GAG GCC C-
3′). This sequence was designed to hybridize with the 12-base capture
probe and specifically recognize DA. N-hydroxysuccinimide (NHS) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) were produced by Sigma and used as received without further
purification. All other chemicals were of analytical reagent grade and
usedwithout further purification. Solutionswere deaerated by bubbling
high purity (99.99%) of nitrogen gas through them prior to the experi-
ments. All experiments were carried out at ambient temperature of
25 ± 1 °C. Cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), and differential pulse voltammetry (DPV)were recorded
to study the fabrication of modified electrode.
ferent steps of aptasensor fabrication.



Fig. 1. Typical SEM image of Au/CNTs-COOH (A) and Au/AuNPs/PEI/CNTs-COOH (B) electrodes. (C) wavelength-dispersive X-ray analysis for AuNPs.
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2.2. Apparatus

Electrochemical experiments were performed via using a μAutolab
III (Eco Chemie B.V.) potentiostat/galvanostat by NOVA 1.8 software. A
conventional three electrode cell was used with an Ag/AgCl electrode
(KCl 3 M) as the reference electrode, a Pt wire as counter electrode
and a modified Au electrode as working electrode. The cell was a one
compartment cell with an internal volume of 10 mL. JENWAY pH
meter (model 3345) was also applied for pH measurements. To obtain
information about the morphology and size of the particles, scanning
electronmicroscopy (SEM)was performed using anX-30 Philips instru-
ment. Wavelength-dispersive X-ray (WDX) was taken on a Vega-
Tescan electron microscope. Also, Fourier transform infrared (FT-IR)
and UV–vis spectrumswere recorded by an AVATAR-370 Fourier trans-
form infrared spectroscopy and a Unico 2800 UV/vis spectrophotome-
ter, respectively.
Fig. 2. Effects of DA incubation time on the current response of the modified electrode in
the presence of DA using various incubation times.
2.3. The preparation of AuNPs/PEI/CNTs-COOH composite

CNTswere purified by refluxing in 3Mnitric acid for 12 h in the tem-
perature of 150 °C. After subsiding, the sediments were washed with
double deionized water. The suspension was filtered and subsequently
dried on the temperature of 60 °C. The resultant solid was sonicated in
themixed solution of HNO3 and H2SO4 (1:3, v/v) for 3 h. In order to ob-
tain acid-oxidized carbon nanotubes (CNTs-COOH), the pH of the men-
tioned solution was adjusted to 8.0 using NaOH (15%).

The preparation of the nanocomposite was according to the litera-
ture [26,27]. Briefly, 3.4 mg of CNTs-COOH was distributed in 10 mL
double deionized water. Subsequently, 0.7 mL PEI aqueous solution
and 2 mL HAuCl4 (18 mM) were added to it and the mixture was
taken in 70 °C water bath for 2 h to reduce HAuCl4 to AuNPs. Next,
1.5 mL double deionized water was added to the precipitation to obtain
the sensing nanocomposite of AuNPs/PEI/CNTs-COOH.

Cationic PEI was coated onto CNTs-COOH by virtue of electrostatic
interaction. More importantly, it has been reported that amines possess
high affinity for physisorption along the CNTs-COOHs' sidewalls. So, the
driving force involved in the functionalization of PEI on CNTs-COOHs'
sidewalls was a combination of the electrostatic interaction between
the oppositely charged CNTs-COOH and the PEI and the physisorption
process which is analogous to the polymer wrapping process [26–28].
The high density of imino-groups on PEI played an important role in
the adsorption of anionic AuCl4− followed by reducing of AuCl4−.



Fig. 3. CVs for bare Au (curve a), Au/AuNPs/PEI/CNTs-COOH (curve b), Au/AuNPs/PEI/CNTs-COOH/ssDNA1 (curve c) and Au/AuNPs/PEI/CNTs-COOH/ssDNA1/ssDNA2 (curve d) electrodes
recorded in 0.1 M PBS solution containing 0.5 mM Fe(CN)63−/4- at a scan rate of 50 mV s−1.
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2.4. Electrode modification

The working electrode was an Au disk electrode with a diameter of
3 mm. Prior to each treatment, the Au working electrode (Metrohm)
was polished with alumina slurry down to 0.05 mm on a polishing
cloth followed by sonication in distilled water and absolute ethanol.
Then the Au electrode was electrochemically cleaned by cycling the
electrode potential between −0.4 and 1.2 V vs. Ag/AgCl electrode in
0.5 M H2SO4 at a scan rate of 100 mV s−1 until the CV characteristics
for a clean Au electrode were obtained. Then, 10 μL of AuNPs/PEI/
Fig. 4. Nyquist plots for bare Au (curve a), Au/AuNPs/PEI/CNTs-COOH (curve b), Au/AuNPs/PEI
electrodes recorded in 0.1 M PBS solution containing 0.5 mM Fe(CN)63−/4− in the frequency ra
CNTs-COOH solution was cast on the surface of Au electrode and dried
in air to form a film at electrode surface. Afterward, the electrode was
thoroughly rinsed with water and kept at room temperature for further
use.

The nanocomposite could adhere on the surface of gold electrode
strongly due to the good ability to form film of the polyelectrolyte and
strong adsorbility of AuNPs. Furthermore, the use of polymers as an-
chors for CNTs has been justified [29–31]. Concerning the CNTs-COOH
interaction to PEI, when the electrode was prepared without PEI film,
there was not a stable CNTs-COOH binding to the electrode surface.
/CNTs-COOH/ssDNA1 (curve c) and Au/AuNPs/PEI/CNTs-COOH/ssDNA1/ssDNA2 (curve d)
nge of 10 kHz–0.1 Hz.



Fig. 6. Recorded CVs for Au/AuNPs/PEI/CNTs-COOH/aptamer/MB in 0.1 M PBS (pH 7.0)
before (curve a) and after (curve b) incubation in 50 nM of DA at a scan rate of 50mV s−1.

Fig. 5. (A) CVs of Au/AuNPs/PEI/CNTs-COOH/aptamer/MBmodified electrode in 0.1M PBS
(pH 7.0) at different scan rates: 10, 25, 50, 75, 100, 150, 200, 300, 400 and 500mV s−1. (B)
Plot of peak currents vs. scan rate. (C) Plot (Ep-E°′) (mV) vs. log v.
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For oligonucleotide immobilization, 10 μL of 20 μM3′-amine capture
probe (ssDNA1) containing 10 mM EDC and NHS was dropped on the
surface of the modified electrode and the electrode was kept for 2 h at
4 °C. In this process the probe oligonucleotides were immobilized on
the Au electrode through the covalent amide bonds formed by the car-
boxyl groups on the nanotubes and the amino groups on the
oligonucleotides.

After rinsing with water, 10 μL of 20 μM 58-base DA aptamer
(ssDNA2) was added and incubated on the prepared electrode for 5 h
at 4 °C to hybridize with the ssDNA1 as illustrated in Scheme 1. After-
wards, MB was accumulated on to the aptamer-modified electrode sur-
face by dropping 5 μL of MB (20 μM) in Tris–HCl (10 mM Tris-HCl,
pH 7.4, containing CaCl2, KCl, NaCl, and EDTA) solution at a ratio of 1:1
for 60 min. Finally, this electrode was thoroughly rinsed with high
ionic strength rinsing buffer.

The obtained Au electrode modified with AuNPs/PEI/CNTs-COOH/
ssDNA1/ssDNA2/MB is denoted as Au/AuNPs/PEI/CNTs-COOH/
aptamer/MB. For determination of DA, 10 mL DA solutions in different
concentrations were incubated onto the sensing surface. After 1 h, the
electrode was rinsed with rinsing buffer to remove nonspecific adsorp-
tion of DA. The peak current of accumulated MB was measured as a
function of the DA concentration. The electrochemical characterization
of themodified electrode after each step of modificationwas performed
using EIS, CV and DPV techniques.

3. Results and discussion

3.1. Characterization of the modified electrode by SEM

Fig. 1 shows the SEM images of the CNTs–COOH (A) and AuNPs/PEI/
CNTs–COOH (B). As can be seen from Fig. 1B, the gold nanoparticles are
anchored around the sidewalls of the CNT–COOH, which agree with the
results published in the literature [26]. The proper formation of homo-
geneous nanocomposite suggests that CNTs–COOH and AuNPs may
have been uniformly integrated with PEI. AuNPs with average diameter
of 31 nm and spherical form dispersedly adhere to the sidewalls of
CNTs–COOH. One of the advantages of the present study is the use of
AuNPs with small size. So, there would be a strong interaction between
the nanoparticles and other modified materials. To further confirm the
presence of AuNPs on the surface of electrode, WDX analysis for
AuNPs was taken and the distribution of AuNPs shown in Fig. 1C.

The chemical structure of AuNPs/PEI/CNTs-COOH nanocomposites
was identified with Fourier transformation infrared spectroscopy
(FITR). As can be seen from Fig. S1, characteristic peaks at 2963, 1643,
and 1521 were recorded for AuNPs/PEI/CNTs-COOH nanocomposites
which assigned to C\\H stretching, C_O stretching and N\\H bending,
respectively. In addition, the C\\N stretching vibration was detected at
1249, 1184 and 1037 cm−1. As illustrated, the O\\H region
(3400 cm−1) for the CNTs-COOHspectrumoverlapswith the amine sig-
nals of the PEI (3240 cm−1). The UV–visible spectra of nanocomposite
was also taken (Fig.S2). The UV–visible spectra showed characteristic
absorption bands at about 530 nm corresponding to the absorption
bands of AuNPs, confirming the successful deposition of AuNPs in
nanocomposite.

3.2. Optimization of measurement conditions

In order to optimize the analytical performance of the proposed
aptasensor, some of the experimental parameters such as linking time
between ssDNA1 and CNTs–COOH, hybridization and incubation time
were investigated. The optimum interaction time between ssDNA1
and CNTs–COOH for formation of amide coupling, was found to be 2 h.
Thus, 2 hwas chosen as optimum linking time. Also, the efficiency of hy-
bridization is a key factor in the success of the fabrication of an efficient
aptasensor. Through the experiments, the optimum hybridization time
between ssDNA1 and ssDNA2 was found to be 5 h.
Furthermore, the effect of DA incubation time on the current re-
sponse of the sensor was also monitored by recording the peak current
response of the modified electrode in the presence of DA using various
incubation times. As illustrated from Fig. 2, the current response de-
creased rapidly with increasing incubation time. The response of modi-
fied electrode deviated from the linearity and started to level off for
incubation time above 1 h. This result indicated that the formation of
aptamer-DA complex was complete after 1 h. Thus, 1 h was chosen as
the DA incubation time between the aptamer and DA.

3.3. Detection mechanism of aptasensor

In the absence of DA, MB bound to the aptamer produced a strong
DPV signal. But in the presence of DA, the intercalated MB released
from the aptamer, resulting an obviously decreased DPV signal. This
phenomenon can be applied for DA detection. The redox current of
MB was measured to determine the different concentration of DA in
the sample. When the aptamer captured DA, theMB-anchored aptamer
was desorbed from the surface of electrode; consequently, the signifi-
cant decrease in the peak current of MB was observed. On the other
hand, the peak current ofMBdecreased linearlywith increasingDAcon-
centration due to the formation of aptamer-DA complex and desorption
of the MB from the modified electrode surface.



Fig. 7. (A) DPVs obtained for prepared aptasensor recorded in 0.1 M PBS (pH 7.0) after
incubation with different concentration of DA: 5 nM, 10 nM, 20 nM, 40 nM, 80 nM,
160 nM, and 300 nM. (B) Plots of reduction peak current of MB vs. DA concentrations.
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3.4. Electrochemical behavior of modified electrode

The aptasensor fabrication process was investigated by recording
CVs of the modified electrode in 0.1 M phosphate buffer solution
(PBS) solution containing 0.5 mM Fe(CN)63−/4− during preparation
steps (Fig. 3). The CV of [Fe(CN)6]3−/4− was chosen as a marker to in-
vestigate the changes of the electrode behavior before and after each as-
sembly step. As it is obvious from Fig. 3, there was reversible redox
response for bare Au electrode in the present of [Fe(CN)6]3−/4−

(curve a), while for AuNPs/PEI/CNTs-COOH modified electrode, the
peak current increased greatly due to increasing effective surface area
in the presence of the AuNPs/PEI/CNTs-COOH nanocomposite (curve
b). In fact, AuNPs/PEI/CNTs-COOH nanocomposite provided a large ef-
fective surface area. However, when ssDNA1 was immobilized at the
surface of this electrode, the corresponding CV (curve c), showed a de-
crease in current response and an increase in the peak-to-peak separa-
tion between the cathodic and anodic waves of the redox probe,
indicating that the electron-transfer of [Fe(CN)6]3−/4− was obstructed.
This result indicated that the covalent attachment of ssDNA1 decreased
the conductivity of the electrode surface and reduced available active
sites for electron transfer process of [Fe(CN)6]3−/4−. Afterward, when
Table 1
Comparison between this method and other reported techniques for detection of dopamine.

Electrode Electrochemica

Graphene oxide/gold nanoparticle/EDTA sensor probe –
Fe6 complex modified Au electrode –
Polypyrrole and graphene modified electrodes DPV
Multilayered hollow microspheres modified electrode CV
carbon nanotube/Nafion modified carbon tape electrode DPV
Ferrocene-filled carbon nanotube peapods modified electrode DPV
Cu2 complex modified Au electrode DPV
Flower-like Au nanostructures covered gold electrode DPV
Nafion modified dendritic Au rod modified electrode DPV
Aptamer sensor and invertase-based hydrolytic reaction –
Molecular imprinted polymer modified glassy carbon electrode –
This work
58-mer DA-specific aptamer (ssDNA2) was attached to the surface of
the electrode to form AuNPs/PEI/CNTs-COOH/ssDNA1/ssDNA2, the cur-
rent response of the probe was further decreased (curve d), demon-
strating that the ssDNA2 was successfully assembled on the surface.

EIS technique has also been proved to be an effective method for
probing the features of surfacemodified electrodes. Fig.4 shows the typ-
ical Nyquist plots for bare Au (curve a), Au/AuNPs/PEI/CNTs-COOH
(curve b), Au/AuNPs/PEI/CNTs-COOH/ssDNA1 (curve c) and Au/
AuNPs/PEI/CNTs-COOH/ ssDNA1/ssDNA2 (curve d) electrodes recorded
in 0.1 M PBS solution containing 0.5 mM Fe(CN)6 3−/4−as an electro-
chemical redox marker. The straight line at low frequency is related to
the diffusion process known as Warburg element, while the high fre-
quency semicircle is related to the electron transfer resistance (Rct),
which controls the electron transfer kinetics of the redox probe at the
electrode interface. The EIS at a bare Au electrode displayed a very
small semicircle and the charge transfer resistance, whichwas a charac-
teristic feature of the diffusion controlled electrochemical processes
(curve a). When AuNPs/PEI/CNTs-COOH was cast at the surface of Au
electrode the value of Rct was significantly decreased compared with
Au electrode (curve b).

Therefore, immobilization of AuNPs/PEI/CNTs-COOH at the surface
of Au electrode facilitates the electron transfer of the redox probe on
the modified electrode. After modification of Au/AuNPs/PEI/CNTs-
COOH with ssDNA1, the value of Rct was significantly increased (curve
c). It indicated hindrance to the electron transfer, confirming the suc-
cessful immobilization of ssDNA1 onto Au/AuNPs/PEI/CNTs-COOH elec-
trode surface. For the Au/AuNPs/PEI/CNTs-COOH/ssDNA1/ssDNA2
modified electrode, the Rct of the probe was further increased (curve
d), which confirmed that the ssDNA2 has been successfully attached
to the electrode surface (curve d). The results obtained from the EIS
measurements, which are consistent with those from the CVs measure-
ments, clearly confirmed the presence of the immobilized aptamer on
the surface of the Au/AuNPs/PEI/CNTs-COOH electrode.

Fig. 5A exhibits the recorded CVs of Au/AuNPs/PEI/CNTs-COOH/
aptamer/MB film in 0.1 M PBS at different scan rates. As illustrated, a
well-defined redox couple with E°′ = −0.32 V (vs. Ag/AgCl) was
observed corresponding to the intercalated MB. In Fig. 5B, the plots of
anodic and cathodic peak currents vs. the scan rate were presented for
the modified electrode. As it is obvious, both the anodic and cathodic
peak currents were linearly proportional to the scan rate in the range
of 10–100 mV s−1, indicating a surface confined electrode process.
The peak-to-peak potential separation was about 112 mV at scan
rates below 100 mV s−1, suggesting facile charge transfer kinetics
over these range of sweep rates. At higher sweep rates, peak separa-
tions began to increase, indicating the limitation due to charge trans-
fer kinetics. The shifts of peak potentials were proportional to the
logarithm of the scan rate for scan rates higher than 100 mV s−1

(Fig. 5C).
Based on Laviron theory [32], the electron transfer rate constant (ks)

and charge transfer coefficient (α) can bedetermined. Bymeasuring the
l technique Detection limit Linear range Ref.

5.00 nM 10.0 nM–1.00 μM [33]
0.07 μM 0.20–30.0 μM [34]
0.023 μM 0.10–150 μM [35]
– 500–2000 μM [36]
10.0 nM 10.0 nM–1.00 μM [37]
0.10 μM 0.30–100 μM [38]
0.08 μM 0.20–30.0 μM [39]
0.20 μM 1.00–150 μM [40]
0.10 μM 1.00–12.0 μM [41]
0.003 μM 0.08–100 μM [42]
0.033 μM 0.050–10.0 μM [43]
2.10 nM 5.00–300 nM –



Fig. 8. DPVs of prepared aptasensor after incubating with 10 μM (A) norepinephrine, (B) L-dopa, (C) ascorbic acid (D) epinephrine, and (E) 50 nM DA in 0.1 M PBS.
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variation of peak potential with scan rate, using the following Eq. (1),
the charge transfer coefficient (α) was determined:

Ep ¼ K−−2:3030 RT=αnFð Þ logν ð1Þ

The slope of Ep vs. log (v) was about 88 mV and the electron trans-
ferred for MB was 2, then α was calculated as 0.66. By introducing α
value in the following Eq. (2), for ΔEp ≥ 100/n mV, the electron transfer
rate constant was estimated to be 1.37 ± 0.03 s−1.

logks ¼ α log 1−αð Þ
þ 1−αð Þ logα− log RT=nFvð Þ−α log 1−αð Þ nFΔE=2:3RT ð2Þ

Furthermore, the MB redox system showed high stability. The re-
sults indicated that only 1.8% decrease in peak current of MB was ob-
served after 100 repetitive cycles. In addition, the modified electrode
response was 97% of its initial activity after it has been kept at 4 °C for
7 days. This high stability may be ascribed to the chemical andmechan-
ical stability of the AuNPs/PEI/CNTs-COOH nanocomposite as well as its
compatibility with the aptamer covalently attached on its surface
which indicates the promising properties of AuNPs/PEI/CNTs-COOH as
a useful platform for aptasensor fabrication. The surface coverage con-
centration (Γ) of MB was estimated by integrating the area under the
anodic peak. According to the equation Q= Γ/nFA, the surface coverage
of immobilized MB was 9.17(±0.080) × 10−10 mol cm−2, indicating
high loading capacity of nanocomposite for immobilization of aptamer.
Table 2
Determination of DA in human serum samples.

Sample Added (nM)

1 20.00
2 40.00
3 70.00
3.5. Calibration modeling for DA

The aptasensor response toward DA was investigated by recording
CVs of Au/AuNPs/PEI/CNTs-COOH/aptamer/MBmodified electrode before
and after incubationwith 50 nM of DA (Fig. 6). As illustrated, after incu-
bation with DA the peak current decreased due to the interaction be-
tween DA and aptamer and releasing MB from electrode surface.

In view of outstanding ability of the developed electrochemical
aptasensor to sensitively detect DA, the proposed aptasensor was
employed to detect different concentrations of DA (Fig.7A). Due to the
higher sensitivity of DPV technique compared to the CV method, DPV
was utilized for detection of DA. Good linear relationship between the
MB peak current versus DA concentration in the range of 5–75 nM
and 100–300 nM were observed (Fig. 7B), indicating that the DA con-
centration was quantitatively measured by the DPV signal.

As illustrate, two linear ranges are found; one from 5 nM to 75 nM
with the regression equation of I(nA) = −0.0173[DA](nM) + 4.52
and the other from 100 to 300 nM with a regression equation of
I(nA) = −0.0023[DA](nM) + 3.26. The calibration plot has a correla-
tion coefficient of 0.996 in the range of 5–75 nM and the detection
limit of 2.1 nMat signal to noise ratio of 3. Detection limit and linear cal-
ibration range of the proposed modified electrode were compared with
those previously reported and the results are summarized in Table 1. As
can be seen, the analytical parameters are comparable or better than the
results reported for DA determination at the surface of other modified
electrodes [33–43].

The reason for that the calibration curves present various linear con-
centration ranges with different slopes is that the amount of aptamer
Found (nM) Recovery (%)

20.23 ± 1.01 101.1
38.92 ± 1.40 97.30
71.20 ± 1.66 101.7
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immobilized on the electrode surface is some certain. When the
aptasensor is used to detect DA at low concentrations, DA can readily in-
teract with the abundant active sites of the aptamer which is
immobilized on the electrode surface. At higher concentrations of DA,
the active sites of the aptamer available on the aptasensor decrease.
Therefore, the sensitivity declineswhen the aptasensor is used to deter-
mine higher concentrations of DA and calibration curves with different
slopes are observed.
3.6. Selectivity of aptasensor

An excellent electrochemical aptasensor has to illustrate good selec-
tivity. To provide the convincing evidence that the detected signal was
induced by the specific interaction of the surface-confined aptamer
and DA, the degree of the cross-reaction with other compound was ex-
plored under identical experimental conditions. As shown in Fig. 8, a re-
markable decrease in the peak current of MB was observed by using
50 nMDA, however after incubating the aptasensor with10 μM concen-
tration (200-fold higher than that of DA) of norepinephrine (A), L-dopa
(B), ascorbic acid (C) and epinephrine (D), no recognizable signal were
observed. This can be ascribed to this fact that the binding event be-
tween DA and aptamer is based on the specific recognition between
them but not on the other factors, such as nonspecific adsorption.
Therefore, the proposed strategy has a sufficient specificity to DA and
could be identified with high selectivity.
3.7. Application of aptasensor for DA detection in in blood serum sample

To evaluate the applicability of the proposed aptasensor, the concen-
tration of DA in human blood serum sample was determined by the
standard addition method. Three blood serum samples were used and
each sample analyzed three times. The detection value was the average
of three results. The analytical results were shown in Table 2. The recov-
ery was in the range 97.3–101.7%, indicating that the aptasensor had
good accuracy and great potential for practical application for the anal-
ysis of DA in real clinical samples.

In order to investigate the repeatability, five repetitive measure-
ments of 20 nM of DA solution with the proposed biosensor were
used for estimating the precision of the aptasensor. According to the re-
sults, acceptable and repeatable signals with relative standard devia-
tions (RSD) of 4.3% were obtained. Furthermore, to evaluate the
reproducibility of the prepared aptasensor, fourmodified electrode pre-
pared independently. The obtained RSD = 6% revealed that the
aptasensor had acceptable reproducibility.
4. Conclusion

In this work, a novel nanocomposite containing polyethyleneimine
(PEI)-dispersed acid-oxidized carbon nanotubes (CNTs-COOH) and
AuNPs was used as a promising transduction platform to fabrication a
highly sensitive DA aptasensor. ssDNA1 and ssDNA2 were attached on
the surface of modified electrode using through the covalent amide
bonds and hybridization, respectively. The detection limit of the
aptasensorwas 2.1 nMat concentration range up to 300nM. In addition,
control experiments showed that the developed aptasensor exhibited
high selectivity toward DA in compared to norepinephrine, L-dopa,
ascorbic acid and epinephrine. Finally, this sensor was successfully ap-
plied to DA analysis in blood serum sample. The simplicity of the fabri-
cation procedure without using specific reagents, signal response
stability and excellent sensitivity and selectivity of the aptasensor
bring novel interesting applications for this sensor.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.msec.2016.05.077.
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