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A quantum-dot electrode system was developed as a transducer surface for covalent immobilization of a
designed synthetic ApoB-100 specific probe, DNA hybridization and monitoring of DNA synthesis for the
sensitive detection of R3500Q mutation of apolipoprotein B-100 (ApoB-100) gene. CdS-QDs cause an
improvement in the fundamental characteristics of the electrode interface, such as its electroactive
surface area, diffusion coefficient and electron transfer kinetics. The sensing characteristics of this bio-
sensor offer a suitable potential for detection of target oligonucleotide with a detection limit of
3.4�10�17 M. Also, the electrochemical responses of single-stranded DNA (ssDNA), DNA hybridization
and DNA synthesis were investigated using electrochemical impedance spectroscopy (EIS). The extracted
genomic DNAwas detected based on changes in the charge transfer resistance (RCT) with [Fe(CN)6]3�/4�

as a redox probe. The proposed biosensor can distinguish between the normal sequence and the mutant
sequence of ApoB-100 gene, promising a possibility to apply the QD-based biosensor for clinical in-
vestigations.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Substantial progress over the past decade has led to dramatic
improvements in the performance of biosensors. These improve-
ments have, in turn, led to the fabrication of biosensors with
capability of convenient measurement at less than subnanomolar
(parts per trillion) levels (Wang and Liu, 2010, Benvidi et al., 2014;
Thavanathan et al., 2014; Zhai et al., 2015; Amouzadeh-Tabrizi and
Shamsipur, 2015; Huang et al., 2015). The best biosensor perfor-
mance depends on biomolecular immobilization onto a suitable
matrix. The interfacing of biomolecules with a nanomaterial may
lead to producing a wide range of functional hybrid materials for
biosensor applications. In comparison with bulk materials, nano-
particles can exhibit modified physical properties due to their size.
For this reason, nanoparticles are very attractive in analytical de-
tection systems and sensors (Lin et al., 2007; Gill et al., 2008; De
et al., 2008). Nanostructured devices exhibit some improved
properties such as enhanced catalytic activity or sensitivity (Katz
et al., 2004; Mazloum-Ardakani et al., 2013, 2014a, 2014b, 2015;
Taleat et al., 2014; Chen et al., 2007).

Quantum dots (QDs) are a novel class of inorganic nano-
particles which are gaining widespread recognition due to their
-Ardakani).
exceptional photophysical properties (Wang et al., 2006). Colloidal
quantum dot films allow large-area solution processing and
bandgap tuning through the quantum size effect (Kramer and
Sargent, 2011). Rapidly being applied to existing and emerging
technologies, these films can play an important role in many fields
(Algar et al., 2009; Klostranec and Chan, 2006; Zhang et al., 2010).
QD-biocomposites, as a result of interaction of QDs with biological
molecules including proteins, peptides and DNA, have widespread
applications in areas ranging from in vivo imaging and diagnostics
in biomedicine to environmental monitoring for public health and
security (Prasuhn et al., 2010). A number of reports have shown
that QD-conjugated oligonucleotide sequences (attached via sur-
face carboxylic acid groups) may be targeted to bind with DNA or
mRNA (Pathak et al., 2001; Gerion et al., 2002).

Electroanalytical chemists are attracted by QDs as a transducer
surface for the development of electrochemical biosensing assays
and keep in view various potentials of these nanoparticles (Shar-
ma et al., 2013; Schubert et al., 2010). For instance, fabrication of a
sensitive electrochemical biosensor using an interface based on
QDs self-assembly for blood cancer detection has been reported by
Sharma.

Effective coupling of quantum dots to biomolecules sig-
nificantly depends on different synthesis methods of QDs and
methods of surface modification with different ligands and cap-
ping agents (Murrar et al., 1993; Yu and Peng, 2002; Zhong et al.,
2004). Therefore, solubilisation of QDs in water is essential for
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many biological applications (Kim et al., 2004, Medintz et al., 2005,
Chan et al., 2002).

Also, effective performance of QDs-based biosensors depends
on the connection of QDs to the surface. Self-assembly is one of
the most accepted methods for the fabrication of quantum dots
films on conducting substrates (Asphahani et al., 2008).

The apolipoprotein B-100 (ApoB-100) mutation Arg 3500-Gln
(R3500Q) causes reduced binding to the low-density lipoprotein
(LDL) receptor and hypercholesterolemia (Soria et al., 1989). In
most Caucasian populations studied so far, the underlying G-A
substitution at nucleotide 10,708 in the ApoB gene occurs with a
frequency about 1:500 (Tybjaerg-Hansen and Humphries, 1992),
and one in about 50 individuals with hypercholesterolemia is a
carrier (Myant, 1993). Thus, mutation is one of the most commonly
inherited defects causing abnormality of lipid metabolism and
increased risk of atherosclerosis. Genotyping of ApoB-R3500Q
mutation has been done by PCR-RFLP and directed sequencing
methods (Horvath et al., 2001). These techniques are relatively
slow and very expensive in comparison to electrochemical
techniques.

In this study, we demonstrate for the first time the use of a
quantum-dots (QDs) electrochemical biosensor as a transducer
surface for covalent immobilization of a designed synthetic ApoB-
100 specific probe, DNA hybridization and monitoring of DNA
synthesis. This is based on the immobilization of CdS-QDs on a
gold electrode via formation of a self-assemble monolayer (SAM).
The use of QDs on the electrode provides a larger surface area on
the gold electrode compared to the bare electrode. Under optimal
conditions, the biosensor can achieve high sensitivity to detect
3.4�10�17 M of target DNA. Also, we investigated the synthesis of
DNA following the attachment of the complementary target DNA.
An increase in the DNA probe length after the denaturation pro-
cess, which was confirmed by an increase in the RCT value of the
biosensor, is demonstrative of DNA synthesis. An analysis per-
formed with designed synthetic sequences and clinical patient
samples indicate high potentials of this smart biosensor for initial
screening of R3500Q Mutation of ApoB-100 Gene.
2. Materials and methods

2.1. Chemicals and oligonucleotides

Specific amine-terminated probes and primers were designed
based on AGT gene obtained from the Gen Bank database. The
oligonucleotides were designed by a primer design software
(Premier 5.0, Premier Biosoft, Canada), and their secondary
structure was examined with a Gene Runner (version 3.05, Hast-
ings Software, USA). All the oligonucleotides were synthesized by
Macrogen (Korea). Taq DNA polymerase and deoxyribonucleotide
triphosphate (dNTP) were purchased from Sina Clon Company,
Iran. The other chemical reagents used in the experiments in-
cluded N-hydroxysuccinimide, N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride, methylene blue, CdCl2 �2.5H2O
(99%), 3-mercaptopropionic acid (99%), thiourea (99%), and etha-
nol (HPLC grade). All the chemicals had analytical grades and were
obtained from Sigma-Aldrich and Merck. All the solutions were
prepared with deionized water. The solutions of probe and target
oligonucleotides were prepared in a Tris–HCl buffer (20.0 mM
Trisþ20.0 mM NaCl) of pH 7.4 and stored at �20 °C. The designed
synthetic oligonucleotide sequences, the other reagents and the
instrumentation are introduced in the supporting information
section (Section S1).
2.2. Self-assembly of CdS-QDs onto a gold electrode

To form a self-assembled monolayer (SAM) of CdS-QDs onto
gold electrodes, freshly cleaned gold electrodes were incubated in
a CdS-QDs solution containing N-ethyl-N′-(3-dimethylaminopro-
pyl) carbodiimide (EDC; 0.2 M) and N-hydroxysuccinimide (NHS;
0.05 M) for four hours. The presence of EDC/NHS led to the acti-
vation of carboxylic groups on MPA-capped CdS-QDs. After in-
cubation, the gold electrodes were rinsed with water to remove
weakly attached CdS-QDs, followed by drying in air (experimental
details for synthesis of CdS-QDs and preparation of Au electrodes
are available in the Supporting information Sections S2, S3 and
Scheme S1, Fig. S1).

2.3. Fabrication of pDNA/CdS-QDs/AU biosensor

The immobilization of amine-terminated probe DNA onto CdS-
QDs/Au electrodes was performed for biosensor fabrication. The
oligonucleotide monolayer was generated by treating the CdS-
QDs/Au electrode with a 1 mM amine-terminated oligonucleotide
solution (15 μL of pDNAwas cast on the surface of the CdS-QDs/Au
electrode) in a Tris�HCl buffer (0.1 M, pH 7.4) for five hours in a
humid chamber at room temperature to allow amide bond for-
mation with MPA-capped CdS QDs (Fischer, 2010). The fabrication
of the pDNA/CdS-QDs/Au biosensor was followed by washing it
with a Tris�HCl buffer (pH 7.4) to remove any unbound pDNA
present on it surface and storing it at 4 °C after drying, where
pDNA was a segment of the apoB-100 gene. To accomplish the
hybridization, these biosensors were exposed to incubation with
different concentrations of the target DNA (Scheme S2).

2.4. DNA hybridization assay and DNA synthesis

The quantum-dot oligonucleotide modified gold substrates
were incubated for 30 minutes with the desired amount of target
DNA in a hybridization buffer until double-stranded DNA (dsDNA)
is formed. For DNA synthesis, 20 μL of a solution containing 2 μL of
buffer, 2 μL of Klenow enzyme (5 U/μL), 2 μL of deoxyr-
ibonucleotide triphosphate (dNTP, 5 mM/μL), and 14 μL of water
were casted on the surface of the dsDNA/CdS-QDs/Au biosensor.
Then it was kept at 37 °C for an hour until strain complementary
DNA was fabricated according to the model.

2.5. DNA amplification and gel electrophoresis of clinical samples

DNA was isolated from the peripheral blood samples using a
DNA extraction kit (Gen fanavaran, Tehran, Iran). ApoB gene was
amplified by PCR. PCR was performed in a total volume of 25 mL
containing 100 ng of template DNA, 10 pmol of each primer,
200 mM dNTPs, 2.5 mM MgCl2, 1 mL buffer, and 1 U of Taq poly-
merase. PCR amplification was carried out at 94 °C for five min-
utes, followed by 35 cycles of denaturation at 94 °C for 30 s, an-
nealing at 60 °C for 30 s, and extension at 72 °C for 30 s, followed
by a final extension for five minutes. The PCR products were
electrophoresed on a 2% agarose gel and stained with ethidium
bromide.
3. Results and discussion

3.1. Characterization of CdS@MPA QDs

In this approach, the synthesis of CdS-QDs involved mixing
cadmium chloride, thiourea and 3-mercaptopropionic acid, fol-
lowed by heating the reaction mixture in a sealed teflon tube at
100 °C. After an hour of growth, the original sharp excitonic



Fig. 1. (A) Absorption spectrum and (B) TEM image of CdS QDs.

Fig. 2. Cyclic voltammograms in a PBS (0.1 M, pH 7.4, 0.9% NaCl) solution con-
taining 5 mM [Fe(CN)6]3�/4 for a Bare Au electrode (a), CdS-QDs/Au electrode (b),
pDNA/CdS-QDs/Au biosensor (c), pDNA/MPA/Au (d) and after hybridization with
10�16 M concentration of its complementary DNA.
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absorption peak was observed at 375 nm, corresponding to the
first excitation peak. This confirmed the formation of CdS@MPA
(Fig. 1A) (Brus, 1984; Wang and Herron, 1991). The sharp absorp-
tion peak indicated that the particle size distribution was uniform.
The sizes of the CdS-QDs were also estimated from the UV–vis
absorption spectra by Peng’s empirical equations (Yu et al., 2003)
and were found to be in good accordance with the results obtained
from the Brus formula. The results show that after a one-hour
reaction, CdS-QDs was obtained with a diameter of 2.9 nm.

Fig. 1B shows a TEM image of the as-prepared CdS-QDs without
any size selection after one-hour growth under the above-men-
tioned synthetic conditions. Monodisperse particles are observed
with an average diameter of 3.0 nm.

3.2. Electrochemical properties of modified electrodes and biosensors

The electrochemical behavior of the electrodes and biosensors
was studied in the potential range from �0.2 to 0.6 V at the scan
rate of 30 mV/s, using cyclic voltammetric (CV) technique in a PBS
(0.1 M, pH 7.4, 0.9% NaCl) solution containing 5 mM
[Fe(CN)6]3�/4� . The cyclic voltammogram of the Au electrode in
Fig. 2 (curve a) exhibits a sharp oxidation peak at 0.22 V with a
peak current (Ip) value of 23.954 mA. After the self-assembly of the
CdS-QDs onto the Au electrode, there was a sharp decrease in the
Ip value to 19.208 mA and a significant shift in the peak potential
(0.28 V) as compared to the bare Au electrode (curve b, ΔEp¼
0.15 V). This may be attributed to the semiconducting nature of
CdS-QDs which leads to a slower electron transfer from the elec-
trolyte to the electrode surface. After immobilization of 1 μM
pDNA on the CdS-QDs/Au electrode, the Ep value was further in-
creased to 0.31 V (curve c, ΔEp¼ 0.21 V). Formation of an in-
sulating layer on the electrode surface and the electrostatic re-
pulsion between the negatively charged phosphate skeletons of
the immobilized pDNA on the CdS-QDs/Au electrode and the an-
ionic redox couple led to decreased electron transfer.

The control experiment was carried out by immobilizing pDNA
onto the Au electrode using 3-mercaptopropionic acid as a cross-
linker (pDNA/MPA/Au) (Li et al., 2009). A significant shift was
observed in the peak potential (curve d, 0.36 V) compared to
pDNA/CdS-QDs/Au. This can be attributed to a slower rate of
electron transfer across the interface (Zoski, 2007).

There was a further increase of ΔEp and decrease of the peak
redox currents through hybridization of the DNA probe with the
target complementary DNA (10�16 M, curve e), which are ascribed
to the more electrode surface blocking caused by hybridization
and increasing repulsion between the negatively charged DNA
hybrids and [Fe(CN)6]3� /4�anions.

CV studies were carried out at various potential scan rates (υ,
10–500 mV/s) to investigate the interfacial kinetics on the elec-
trode and biosensor surface. As the scan rate was increased, the
anodic and cathodic peaks of the electrodes and biosensors were
found to move in opposite directions, suggesting that the redox
process was quasi-reversible. The linear variation of the peak po-
tential, as a logarithmic function of scan rate in the range from 10
to 500 mV/s, is depicted in Fig. 3A. Using Laviron’s equations, the
value of transfer coefficient (α), for n number of electrons, was
determined from the slope of two straight lines with anodic and
cathodic slopes of 2.303RT/(1�α)nF and �2.303RT/αnF respec-
tively. The charge transfer rate constant (ks) was calculated using
Eq. (1) (Laviron, 1979).



Fig. 3. Cyclic voltammogram variation of (A) potential vs. log of scan rate and (B) current vs. square root of scan rate.

Table 1
Values of the kinetic parameters calculated for the modified electrodes.

Name of
the
electrode

Electron
transfer
coefficient

Charge
transfer
rate
constant

Diffusion
coefficient

Electroactive
surface area

(α) (ks; s�1) (D; cm2 s�1) (Ae; cm2)

MPA/Au 0.5648 0.07236 1.24�10�7 0.092
CdS-QDs/Au 0.5786 0.12197 1.37�10�7 0.12
pDNA/MPA/
Au

0.5801 0.00431 1.45�10�8 0.083

pDNA/CdS-
QDs/Au

0.5897 0.010746 2.12�10�8 0.075
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Using the above equations, α and ks value were determined for
each sensor. As it can be seen in Table 1, after immobilization of
pDNA, the ks value significantly decreases.

The chronoamperometric method was used to determine the
diffusion coefficient (D). By the concentration gradient of
[Fe(CN)6]3� /4� ions between bulk and interface, it could be cal-
culated via the Cottrell equation (Bard and Faulkner, 2001).

The electroactive surface area (Ae) for the modified electrodes
and biosensors could be calculated on the basis of the linear slope
of the anodic peak currents versus the square root of the potential
sweep rates (Fig. 3B). Ae for the types of the electrodes and bio-
sensors was obtained by using the calculated diffusion coefficient
and a known concentration of [Fe(CN)6]3� /4� via the Randles–
Sevick Eq. (2) (Bard and Faulkner, 2001):

A S n CD/ 2.69 10 2
5 3/2 1/2( )( )= × ( )

where C is the molar concentration of [Fe(CN)6]3�/4� , S is the
slope obtained from the linear regression of Ip versus ν1/2, A is the
electrode surface area, n is the electron transfer number, and D is
the diffusion coefficient. Using a 5.0 mM solution of
[Fe(CN)6]3� /4� in PBS (0.1 M, pH 7.4, 0.9% NaCl) and the slope
obtained from the linear regression of Ip versus ν1/2, Ae was cal-
culated. The results are shown in Table 1. The surface area of the
Au electrode immersed in the electrolyte solution was 0.0314 cm2,
indicating that the presence of CdS QDs led to an increase in the
active surface of the electrode. The Ae value for the CdS-QDs/Au
electrode as compared to that of the MPA/Au electrode was im-
proved. According to the method used for the synthesis of CdS-
QDs, there were so many carboxylic groups on the CdS-QDs, as it is
obvious in Scheme S1. Furthermore, the zero dimensional nanos-
tructure of QDs provided a high surface-to-volume ratio. Increas-
ing the number of particles on the electrode surface led to an
enhancement of the chemisorbed pDNA quantity on the CdS-QDs/
Au modified electrode, as observed in SEM studies (Section S4 and
Fig. S2).

3.3. Differential pulse voltammetry (DPV)

Differential pulse voltammetry (DPV) was used to investigate
the electrochemical response of the fabricated pDNA/CdS-QDs/Au
biosensor for detection of ApoB-100 gene using methylene blue
(MB) as a redox hybridization indicator. MB is used as an elec-
trochemical marker that can be reduced on the electrode surface
by two electrons to leucomethylene blue (Erdem et al., 2001). It
binds specifically to the guanine (G) bases in DNA (Zhang et al.,
2009). The pDNA/CdS-QDs/Au biosensor was incubated in a
Tris�HCl buffer (pH 7.4) containing 2.0�10�5 M MB. To increase
the sensitivity and selectivity of the DNA biosensor, experimental
conditions including the effect of MB accumulation time, effect of
DNA probe concentration and hybridization time were optimized
(Section S5 and Fig. S4).

One of the main purposes of fabricating new biosensors is to
recognize differences between target DNA and others. In order to
study the specificity, hybridization tests were performed with
perfect complementary target (pcDNA) and noncomplementary
DNA (ncDNA) sequences. Fig. 4A presents a comparison of the
differential pulse voltammograms of equal concentrations of each
oligonucleotide. 1 μM was subjected to hybridization with the
pDNA immobilized on the biosensor surface, and the corre-
sponding signal of MB reduction current value was recorded. In
the presence of ncDNA, the electrochemical signal of the pDNA/
CdS-QDs/Au biosensor was found to decrease by about 3.14%
while, in the presence of perfect matched target DNA (pcDNA), the
signal decreased about 50.66%.

It should be noticed that the significant current difference ob-
tained for pcDNA (Δ¼15.01 μA) is ascribed to the fact that the
interaction between the MB molecules and the nucleoside re-
sidues of the probe was prevented by hybrid formation at the
biosensor surface. This was actually due to the inaccessibility of
the guanine bases in double-stranded DNA (dsDNA). Such beha-
vior confirms that the constructed biosensor can be used to
identify the target DNA with high specificity and good selectivity.

To evaluate the performance of the fabricated biosensor, the
differential pulse voltametric response in the presence of MB, after
hybridization with the target DNA, was measured at different
concentrations. The quantitative results were documented by a



Fig. 4. (A) Differential pulse voltammograms for a bare Au sensor and a pDNA/Cd-SQDs/Au biosensor after incubation with 1 mM concentration of pcDNA and ncDNA.
(B) Sensing characteristics of a pDNA/CdS-QDs/Au biosensor as a function of target DNA concentration in the range from 1.0�10�16 to 1.0�10�6 M. (C) The linearity plot for
the variation in the MB peak height with respect to the log of the target DNA concentration. (D) Variation in the MB peak current of the pDNA/CdS-QDs/Au biosensor with
repeated cycling for hybridization and regeneration.
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calibration experiment over a concentration range of
10�16–10�6 M target DNA.

Fig. 4B presents a decrease in the electrochemical signals with
an increase in the complementary DNA concentrations. The re-
sulting calibration plots (Fig. 4C) exhibit a good linear relationship
between the peak current values (pertaining to the reduction of
MB) and the target nucleotide concentrations in the range of
10�16–10�6 M. The correlation coefficient (R2) in this range was
found to be 0.9973 using the following Eq. (4):

4

I A 6.3257 A

1.3737 A log pc target DNA concenteration

pDNA/CdS/Au

( )
(μ ) = ( )

− ( )[ ( )]

The control experiment was carried out by immobilizing pDNA
onto the Au electrode using 3-mercaptopropionic acid as a cross-
linker i.e. pDNA/MPA/Au. The experimental details are available in
Section S6 and Fig. S4. The improved characteristics obtained for
the pDNA/CdS-QDs/Au biosensor, as compared to those of the
pDNA/MPA/Au biosensor, may be attributed to the high surface-to-
volume ratio of CdS-QDs as well as accumulation of carboxylic acid
groups around CdS-QDs which leads to creation of a more suitable
space for complete immobilization of pDNA. Thus, increasing the
effective surface area available for signal transduction and quantity
improvement of chemisorbed pDNA ultimately lead to improved
detection limits.

The obtained results using a pDNA/CdS-QDs/Au biosensor are
comparable with the results reported in the literature (Sharma
et al., 2013). The pDNA/CdTe/As/ITO biosensor showed a linear
relationship with the concentrations of the target DNA in the
range of 1.0�10�12–1.0�10�6 M. While in this work, quantum
dots directly attached to the gold electrode without any linkers, so
electrode preparation was easier and the dynamic detection range
of the sequence-specific DNA was from 1.0�10�16 to
1.0�10�6 M.

Owing to the strong chemisorption of pDNA on the CdS-QDs/Au
electrode surface, this kind of electrode is stable enough to allow
for ready regeneration. For this purpose, the electrode can be
immersed in a buffer solution (50 mM Tris–HCl, pH 7.4) at 95 °C
for five minutes, followed by cooling in the ice bath for about
10 minutes. This completely removes hybridized DNA via thermal
denaturation (Sharma et al., 2012; Zoski, 2007). Fig. 4D demon-
strates the variation in the MB peak current of the pDNA/CdS-QDs/
Au biosensor for hybridation and denaturation processes. To in-
vestigate the reproducibility of the pDNA/CdS-QDs/Au biosensor,
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the DPV signals of MB were recorded after five cycles of hy-
bridization/dehybridization. The total loss of hybridization signal
of hybridization/dehybridization was found to be about 0.7 μA,
which corresponded to ∼4.6% of the initial value. This is a proof
that the biosensor reproducibly detects target DNA over repeated
uses.

3.4. DNA synthesis of apolipoprotein B-100 with DNA polymerase
and characterization by electrochemical impedance spectroscopy

Due to its uniform surface and uniform immobilization of the
probe on its surface because of QDs presence, a pDNA/CdS-QDs/Au
biosensor was applied to investigate DNA hybridization, monitor-
ing of DNA synthesis and detection mutation of ApoB-100 based
on the length increasing of the probe by the electrochemical im-
pedance spectroscopy (EIS) method.

EIS is a useful technique providing exact information on the
impedance changes of the sensor surface. In a typical impedance
spectrum, a semicircle part at high frequencies and a straight line
at low frequencies are related to the electron transfer-limit process
and diffusion-limit process respectively. RCT can be estimated by
the semicircle diameter of the impedance spectra at high fre-
quencies. The RCT-to-redox indicator is affected by surface blocking
effects exerted by the hybridization of target DNA with the probe
and the charged state of the probe layer on the electrode.

Two biosensors were fabricated in the optimal conditions with
two amine-terminated probe DNAs (one for the normal sequence
Fig. 5. Nyquist plots for normal designed synthetic sequences (A), mutant designed synt
electrode, (b) CdS/Au electrode, (c) npDNA/CdS-QDs/Au biosensor, (d) dsDNA/CdS-QDs/A
(100 mM, pH 7.4, 0.9% NaCl) solution containing 5 m M [Fe(CN)6]3�/4� at scanning freq
legends).
(npDNA) and one for the mutant sequence) and employed for the
hybridization study of the corresponding sequences. EIS was em-
ployed to investigate the RCT of [Fe(CN)6]3� /4� as a redox probe at
the surface of these biosensors. Fig. 5 presents the Nyquist plots
obtained for these biosensors in PBS (100 mM, pH 7.4, 0.9% NaCl)
solution containing 5 mM [Fe(CN)6]3� /4� .

Fig. 5A illustrates the Nyquist plots obtained for the npDNA/
CdS-QDs/Au biosensor from the hybridizations of 1 μM normal
target DNA with the immobilized probe. As it can be seen, an in-
crease in RCT value is observed after the attachment of CdS-QDs on
the Au electrode. This may be attributed to the semiconducting
nature of CdS-QDs, which leads to a slower electron transfer from
the electrolyte to the electrode surface (curve b, RCT¼9.26 kΩ).
When the planar CdS-QDs/Au electrode surface was immobilized
by npDNA, the RCT value was increased compared to the CdS-QDs/
Au electrode (curve c, RCT¼14.20 kΩ). It suggests the formation of
an insulating layer of pDNA on the electrode surface, which leads
to a decrease in electron transfer. Curve d shows the Nyquist plot
of the npDNA/CdS-QDs/Au biosensor after hybridization with the
1 μM of designed synthetic normal target DNA (ntDNA) that
generally leads to a sharp increase in the amount of RCT
(22.46 kΩ). The ntDNA is a longer sequence than npDNA and has a
part of complementary sequence that can be hybridized with
npDNA. An increase in the amount of RCT indicates that the hy-
bridization of ntDNA with the npDNA/CdS-QDs/Au biosensor was
successfully completed and double-stranded DNA (dsDNA) was
created. Compared to the dsDNA/CdS-QDs/Au biosensor, the RCT
hetic sequences (B), normal PCR products (C) mutant PCR products (D): (a) bare Au
u biosensor, (e) after synthesis process and (f) after denaturation process in a PBS
uencies from 0.01 to 100,000 Hz (the RCT values for each sensor are shown in the



Scheme 1. Schematic diagram of DNA synthesis and denaturation on a pDNA/CdS-QDs/Au biosensor.
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value of the biosensor increased after DNA synthesis by Klenow
enzyme and deoxyribonucleotide triphosphate (dNTP) according
to the model shown in Scheme 1 (curve e, RCT¼ 27.86 kΩ).
Afterwards, denaturation of dsDNA was performed by immersing
the biosensor in water at 95 °C for five minutes. It led to dena-
turation of dsDNA and elimination of target DNA.Therefore, only
the extended probes were maintained on the biosensor surface. As
expected, the RCT value after the denaturation step (curve f,
RCT¼19.75 kΩ) was larger than the RCT value for the npDNA/CdS-
QDs/Au biosensor (curve c, RCT¼14.20 kΩ). This increase indicated
that the extended DNA probe after synthesis was longer than the
initial DNA probe (npDNA). Therefore, it confirms the synthesis of
DNA by enzyme along the probe. Another biosensor (npDNA/CdS-
QDs/Au) in the optimal conditions was fabricated, in a similar way
for the designed synthetic mutant sequence (Scheme 1). The re-
sults are shown in Fig. 5B. The impedance spectra were recorded
for this biosensor after probe immobilization (curve c,
RCT¼14.76 kΩ) and hybridization (curve d, RCT¼22.10 kΩ) pro-
cesses. These processes brought about the same results as ob-
tained for the normal sequence. Afterwards, Klenow enzyme and
dNTP were added on the surface of the dsDNA/CdS-QDs/Au bio-
sensor for fabrication of strains complementary DNA. However,
this process was not performed, and it suggests a mutation. The
impedance spectra for the synthesis (curve e, RCT¼22.61 kΩ) and
denaturation (curve f, RCT¼14.83 kΩ) processes were similar to
the hybridation (curve d) and probe immobilization (curve c)
processes respectively. These results suggest that mutant sequence
cannot proceed DNA synthesis. Therefore, normal sequence and
mutant sequence are distinguishable by this method. Prior to
performing the electrochemical assay with PCR amplicons of
ApoB-100 gene, DNAwas separated from 200 mL of blood by a DNA
extraction kit. Polymerase chain reaction (PCR) amplification of
ApoB-100 gene was performed using a pair of primers. The PCR
products hybridized with probe DNA were immobilized on the
npDNA/CdS-QDs/Au biosensor and then analyzed by the EIS
technique. As expected, the obtained results for normal PCR pro-
ducts (Fig. 5C) were similar to normal synthesized sequences
(Fig. 5A) with the exception of higher RCT obtained for normal PCR
products. Also, the obtained results for mutant PCR products
(Fig. 5D) were similar to mutant synthesized sequences (Fig. 5B).
The Nyquist plots (Fig. 5C and D) confirm the ability of the npDNA/
CdS-QDs/Au biosensor to distinguish the normal PCR product se-
quence from the mutant PCR product sequence. All this proves
that the present biosensing assay is suitable for the detection of
R3500Q mutation of ApoB-100 Gene.
4. Conclusion

In the present study, we have developed an extremely sensitive
electrochemical biosensor for detection of R3500Q mutation of
ApoB-100 gene, DNA hybridization and investigation of DNA
synthesis using a QDs self-assembly based electrochemical assay.
The designed synthetic ApoB-100 specific probe was covalently
immobilized on the CdS-QDs modified Au electrode and char-
acterized by SEM, cyclic voltammetry and electrochemical im-
pedance spectroscopy. CdS-QDs have some advantages such as a
high surface-to-volume ratio, good biocompatibility and excellent
ability for probe immobilization, which result in high-level sen-
sitivity, stability and accuracy in determination of ApoB-100 gene.
Under optimal conditions, the nucleic acid biosensor was specifi-
cally hybridized with target complementary DNA in a wide con-
centration range. Such QDs-based biosensors promise to make a
reliable tool to be applied in clinical investigations.
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