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Simple and convenient assays with quantum dots (QDs) as the labels for DNA detection are developed.
The probe DNA modified with thiol was first immobilized on a pretreated Au electrode, and then the
complementary DNA (cDNA) oligonucleotides were hybridized with the immobilized probes by
immersing the probe-modified Au electrode into the cDNA oligonucleotide solution. Finally, the
avidin-modified QDs were bound to the biosensor in the presence of biotin-modified cDNA. The
fabrication process for the biosensor was monitored by electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV). Different from the traditional sandwich-structure strategy, the QDs bind
to the target DNA directly via the biotin—avidin-system. By observing the ECL signal and
determination of the cadmium component in QDs, the DNA hybridization event was detected by ECL
and square wave anodic stripping voltammetric technique (SWASV) respectively. For SWASV
detection, the signal linearly increased with the increase of the logarithm of the cDNA concentration
over the range of 50 nM ~ 5 pM. The minimum detectable concentration is 50 pM. For ECL, it showed
wider linearity range over 5 nM ~ 5 uM and lower detectable concentration of 10 pM. This indicated
that the ECL assay could be comparable to the conventional electrochemical assay. Furthermore, this
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biosensor possesses high selectivity over different sequences of target DNA oligonucleotides.

1. Introduction

Since the discovery of the double helix structure by Watson and
Crick in 1953, especially accompanying the accomplishment of
the Human Genome Project, sequence-specific DNA detection
has attracted more and more interest from chemists. Sensitive,
rapid and cost-effective approaches for DNA analysis are asso-
ciated tightly with tissue matching, genetic diseases and forensic
applications in molecular diagnostics.>™* Sensitive detection of
specific nucleic acid sequences on the basis of the hybridization
reaction can be improved by target or signal amplification strat-
egies. Most of recent developments in ultrasensitive detection of
DNA are based on nanotechnology. Many assays are developed
for DNA detection such as electrochemistry,>® fluorescence,”
colorimetry,'!* surface plasmon resonance (SPR)'?¢ erc, and
the overwhelming majority use the strategy of sandwich-type
structure. This strategy involves two DNA probes (capture and
labeled reporter probes) that hybridize partially with the target
DNA sequence. For example, Fan er al developed a novel
nanoparticle-based electrochemical DNA detection approach
based on a “sandwich” detection strategy, which involved capture
probe DNA immobilized on a gold electrode and signal DNA
probe labeled with gold nanoparticles that flanked the target
DNA sequence.'” Such dual hybridization processes may improve
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the signal-to-noise ratio while making the experimental processes
complicated and time-consuming.

Newly developed inorganic fluorescent materials, semi-
conductor nanocrystals (NCs) or quantum dots (QDs) have been
extensively studied because of their unique size-dependent elec-
tronic, magnetic, optical, and electrochemical properties.'® They
have been widely used in cell imaging, bacteria detection, and
immunoassay.'® Particularly, since Bard’s group found that QDs
could generate efficient and stable ECL during the potential
cycling or pulsing,?® highly luminescent QDs have gained
increasing attention for applications in bioconjugates and optical
biosensors, especially in the fields of immunoanalysis and apta-
sensor.”’* An alternative approach to generate QDs ECL is
through the use of a coreactant. After the reaction with the
coreactant, an efficient and stable ECL signal in aqueous solu-
tion can be obtained by applying a cathodic potential to the
QDs,* and this phenomenon has also aroused the widespread
interest of chemists.?®

Nowadays, the electrochemical method is widely used for
DNA detection. A typical electrochemical DNA biosensor
involves a solid electrode for the immobilization of the capture
probe DNA; upon hybridization, the ds-DNA structure can
form between the immobilized probe DNA and the sequence-
specific target DNA. The redox labels that bind to the hybridized
ds-DNA generate corresponding electrochemical signals.?” As
a conventional electrochemical assay, square wave anodic strip-
ping voltammetry (SWASV) has the advantages of having
a simple, short cycle of detection, and is usually used for metal
ion detection, such as lead, thallium, copper and cadmium ezc. %
It also plays an important role in the fields of environmental
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monitoring, food safety and medical diagnoses.? Furthermore,
SWASYV is used for the indirect detection of DNA and biomol-
ecules, it has been reported in the fabrication of DNA biosensors
and aptasensors.*® By indirect determination of lead ions with
SWASYV, an electrochemical stripping assay for ultrasensitive
detection of target DNA was developed.®! It has also been used in
the aptasensor field for the detection of thrombin based on a bio-
barcode amplification assay.*

Herein, different from the common sandwich-type strategy, the
target DNA oligonucleotides are directly hybridized with the
probe DNA oligonucleotides for DNA detection, which reduces
the hybridization process, thus it is relatively simple and time-
saving. After the QDs bind to the target DNA via the biotin—
avidin system, the DNA hybridization event can be detected by
ECL signal. On the other hand, by employing the SWASYV assay,
cadmium content in the bound QDs can be used to detect the
target DNA indirectly. Thus, It provides a relatively simple, time-
saving and multi-approach for DNA detection. As a comparison
of the two methods found, although the two methods are both
beneficial for DNA detention, the ECL assay can provide a wider
linear range and lower detectable concentration.

2. Experimental
2.1 Reagent and apparatus

Labeled DNA oligonucleotides were synthesized by Shanghai
Sangon Biotechnology Co. Ltd. (Shanghai, China). All the
sequences are given below:

The probe ss-DNA oligonucleotides (probe):
5"-HS-(CH;)¢-GGTCCGCTTGCTCTCGC-3

The complementary ss-DNA oligonucleotides (cDNA):
5’-biotin-GCGAGAGCAAGCGGACC-3’

The single base-mismatched complementary

ss-DNA oligonucleotides (sDNA):
5"-biotin-GCGAGAGAAAGCGGACC-3’

The non-complementary ss-DNA oligonucleotides (non-DNA):
5"-biotin-CTAGTCGTATAGTAGGC-3’

Bovine serum albumin (BSA) and 6-mercapto-1-hexanol
(MCH) were purchased from Sigma-Aldrich. Avidin—-QDs were
provided by Wuhan Jiayuan Quantum Dots Co., Ltd. (Wuhan,
China). All other reagents were of analytical reagent grade and
used without further purification. The buffer solution for oligo-
nucleotides contained 100 mmol L~! Na,HPO, and NaH,PO,,
5 mmol L' MgCl,, and pH 7.4, abbr. PBS*. Electrochemical
characterization was recorded in the solution of 0.1 mol L' KCl
and 2 mmol L' [Fe(CN)g]* . The electrolyte for ECL
measurement was 5 mL PBS solution containing 0.1 mol L'
K,S,05 and 0.1 mol L-' KCI. Millipore ultrapure water (resis-
tivity = 18.2MQ) was used throughout the experiment.

The electrochemical impedance spectroscopy (EIS) analyses
were performed on an Autolab PGSTATI2 (Ecochemie, BV,
The Netherlands) with the frequency range of 0.1-1.0 x 10° Hz.
The ECL emission was detected by model MPI-A electro-
chemiluminescence analyzer (Xi’an Remex Analysis Instrument
Co., Ltd., Xi’an, China) with a photomultiplier tube voltage of
600 V. SWASV measurements were carried out on a CHI660B

electrochemical workstation (Shanghai CH Instruments Co.,
China). In the experiments of CV, EIS and ECL, the conven-
tional three-electrode system was employed with a modified gold
electrode as the working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a Pt wire as the counter
electrode. While in the SWASV measurements, a pre-polished
glassy carbon electrode (GCE) was used as the working
electrode.

Prior to use, the gold electrode was cleaned with freshly made
piranha solution (98% H,SO, : 30% H,O, =7 : 3, v/v) for 10 min
twice (CAUTION: piranha solution should be handled with great
care), all the oligonucleotides solutions were heat-treated at
90 °C for 3 min and then cooled in ice for 10 min.

2.2 Preparation of the DNA biosensor

20 uL 5 pmol L' probe solution was first spread on the pre-
cleaned Au electrode surface for 12 h at 37 °C in 100% humidity,
followed by immersing in 1 mmol L' MCH for 2 h to remove
nonspecific DNA adsorption. Subsequently, 20 pL 5'-biotin-
modified cDNA oligonucleotides solution was dropped onto the
above electrode for 1 h incubation to form double-stranded
DNA (ds-DNA) structure. Afterwards, 20 uL of diluted avidin—
QDs liquid was dropped onto the electrode surface for 1 h.
Before use, 1 uL obtained avidin—QDs solution was dissolved in
100 pL bovine serum albumin (BSA) solution (1 mg mL™' in
PBS™) under shock conditions for 1 h for the purpose of blocking
the active sites of the QDs. All these above incubation steps were
carried out at 37 °C. The whole preparation process is outlined in
Fig. 1. Before measurement, the biosensor was washed with wash
buffer to remove physical absorption of the QDs.

2.3 Measurement of the DNA biosensor

The modified electrode is immersed in 5 mL of the electrolyte for
ECL measurement. For the SWASYV measurement, the electrode
was first dipped in 400 pL. of 0.1 M HNOj; solution for 4 h to
dissolve the bound QDs. The above solution was subsequently
poured into 3.6 mL of acetate buffer (0.1 mol L', pH 4.6)
containing 10 ppm mercury(i1). Next, a pro-polished GCE was
used as the working electrode for pretreatment at +0.6 V for
1 min in acetate buffer solution, followed by electrodeposition at
—1.1V for 4 min. Finally, SWASV measurement was carried out
at potential range from —1.1 V to —0.2 V with 4 mV potential
steps, 25 Hz frequency and 25 mV amplitude.

3. Results and discussion
3.1 Electrochemical characteristics of the biosensor

Electrochemical impedance spectroscopy (EIS) has been repor-
ted as an effective assay to inspect the features of the electrode
surface and to understand the chemical transformations associ-
ated with the conductive electrode surface.?®* The EIS spectrum
contains a semicircle portion and a linear portion. The semicircle
portion at higher frequencies corresponds to the electron transfer
limited process, and the semicircle diameter equals the electron-
transfer resistance (Ret). Ret controls the electron-transfer
kinetics of the redox probe at the electrode interface. The linear
part at lower frequencies corresponds to the diffusion process.
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Fig. 1 Schematic diagram of biosensor fabrication.
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Fig.2 (A) EIS and (B) CV of the electrode at different stages in 0.1 mol
L' KCl and 2 mmol L' [Fe(CN)¢]*"*. (a) bare Au electrode, (b) probe/
Au electrode, (c) cDNA/probe/Au electrode, (d) QDs/cDNA/probe/Au
electrode. The frequency range: 0.1~1.0 x 10° Hz. The CV scan rate:
100 mV s

Fig. 2A shows the EIS changes upon each experimental step.
Compared with the bare Au electrode (curve a), the probe
modified at Au electrode shows a larger €T resistance (curve b),
mainly due to the electrostatic repulsion between negative
charges of the DNA oligonucleotides backbone and the elec-
troactive probe [Fe(CN)g]>"*~. After the cDNA solution was
dropped onto the electrode, the largest eT resistance (curve c)
was observed. When cDNA hybridized with probe DNA to form
the ds-DNA structure, this essentially increased the negative
charge at the electrode surface, and enlarged the eT resistance.

As a traditional electrochemical technique, cyclic voltammo-
gram (CV) of ferricyanide is a valuable tool to monitor the
barrier of the modified electrode, and to investigate the changes
to the electrode behavior after each assembly. Shown in Fig. 2B is
the CVs of [Fe(CN)g]*"*~ on the modified electrode at different
stages. As can be seen, stepwise modifications of the Au electrode
were accompanied by changes in the amperometric response, as
well as separation between the cathodic and anodic peak of the
redox probe [Fe(CN)g]**~. On the bare Au electrode, a well-
defined redox peak pair was observed (curve a), showing
the excellent electron-transfer kinetics of [Fe(CN)g]*#~. The
amperometric response decreased and the peak-to-peak separa-
tion was enlarged after the probes were immobilized on the Au
electrode (curve b). The CV response was further decreased after
the formation of the Watson—Crick helix. The CV changes are
consistent with EIS changes, and again confirm the success of
each assembly step.

3.2 ECL characteristics of the biosensor

QDs can be electrochemically reduced during the potential scan
and react with the coreactant S,Og >~ to generate strong ECL
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Fig. 3 (A) The ECL potential curves of the DNA biosensor with
different modified electrodes. (a) bare Au electrode, (b) probe/Au elec-
trode, (c) cDNA/probe/Au electrode. (B) ECL signals of the probe DNA
modified electrodes that hybridized with different target DNA, (Non)
noncomplementary sequences; (Single) single-base mismatch sequences;
(Com) complementary sequences. The electrolyte: 5 mL pH 7.4 PBS*
solution containing 0.1 mol L' K,S,0g5 and 0.1 mol L=! KCIl. DNA
oligonucleotide concentration: 5 pumol L-'. The voltage of the photo-
multiplier tube: 600 V. Scan rate: 100 mV s™'.

signal in aqueous solution.** The ECL intensity is proportional
to the amount of QDs. In order to confirm that the ECL signal
was generated by the QDs, the signals of the different modified
electrodes were also examined as shown in Fig. 3A. In the
absence of QDs, the signals of bare Au electrode (curve a), probe/

18-
o 1 A
S 15+ hA
X
= e
S
— -
2’ od
@
a |
S 6
£
- 3 a
U -
&=
. T . T . T ' T * ¥ .
0 5 10 15 20 25
Time/s

Au electrode (curve b), cDNA/probe/Au (curve c) were very low,
even negligible. The signal enlarged significantly after the QDs
were bound to the electrode (curve d). This proved that the signal
was generated by the QDs. The pH influence of the electrolyte on
the ECL response was also examined in the range of 5.0~10.0.
The ECL intensity increased first and reached a maximum ECL
response at pH 7.0~8.0, it then decreased when pH was larger
than 8.0. Because the physiological pH for the biological systems
is about 7.4; pH 7.4 was chosen in the subsequent experiments.
The influence of K,S,0g concentration on the ECL response was
also studied. Three different K,S,Og concentrations of 0.05 M,
0.1 M and 0.2 M were employed in the measurement. As the
coreactant concentration became higher, the time needed to
reach the intensity peak value was shorter, and no intensity peak
value change was observed. Therefore, 0.1M was chosen for the
coreactant K,S,0g concentration.

3.3 ECL detection of the biosensor

In this system, the ECL signal was proportional to the amount of
QDs that bind to the modified electrode. After the cDNA was
hybridized with the probes to form the ds-DNA structure, the
QDs bind to the modified electrode via the biotin—avidin system,
and this leads directly to the increased ECL signal. Shown in
Fig. 4A are the ECL signals of the biosensor that are responsive
to the different concentrations of cDNA. The ECL signal
increased with the cDNA concentration in the range of 0 ~ 5 uM.
Fig. 4B is the plot of ECL intensity versus the logarithm of the
c¢DNA concentration. It could be seen in Fig. 4B that the ECL
signal linearly increased with the increase of the logarithm of the
cDNA concentration over the 5 ~ 5000 nM range. The regres-
sion equation is y = 1765 + 4115 Igx (x: nmol L") with R* =
0.9943. The minimum detectable concentration is 1.5 nM. This
detection limit was lower that the SPRi (10 nM) and QCM
(250 nM),** and could be comparable with the tris (2,2'-bipy-
ridyl) ruthenium(i) label.®

Furthermore, different kinds of target DNA oligonucleotide
were used to study the selectivity of the biosensor. Under the
same concentration 5 pM, single-base mismatched, noncomple-
mentary and complementary DNA oligonucleotide solutions
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Fig.4 (A) ECL intensity of the DNA biosensor with different target DNA concentrations (nM) versus time. From a to h: 0, 0.01, 0.1, 5.0, 20.0, 50.0,
500.0 and 5000.0 nM, respectively. (B) The ECL intensity-concentration curve drawn from (A). The ECL detection conditions are the same as in Fig. 3.
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were dropped for hybridization and the ECL signal was
measured. As shown in Fig. 3B, compared with the comple-
mentary DNA, the signals from the single-base mismatched and
noncomplementary DNA weaken to a large extent. This
comparison demonstrated that this biosensor had high sensitivity
for the sequence specific detection over the target DNA.

3.4 SWASYV characteristics of the biosensor

Owing to the advantage of being simple, reliable, cheap and
sensitive, electrochemical sensors based on impedance® and
voltammetry*” have been reported for genetic detection. In recent
years, QDs have been applied for electrochemical DNA
sensors.*® The quantum dots exhibit sharp and well resolved
stripping voltammetric signals for the corresponding targets due
to the well-defined oxidation potentials of the metal components.
SWASY is a widely used electrochemical assay for metal detec-
tion in aqueous media at mercury-plated electrodes.®® In our
system, the DNA hybridization event was detected by measuring
the cadmium ion content in the bound QDs.

The QDs used here were composed of CdSe/ZnS with core—
shell structure, and were bound to the biosensor via the avidin—
biotin affinity. As different concentrations of biotin-modified
cDNA were hybridized with the probes, different amount of QDs
bind to the biosensor. This resulted directly in the different
amounts of cadmium ion component on the biosensor, and gives
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Fig. 5 (A) The ASV current-potential curve with different cDNA
concentrations and (B) the corresponding current-concentration curve.
The cDNA concentrations from a to i are 0, 0.05 nM, 0.5 nM, 5 nM,
50 nM, 500 nM, 1 uM, 2.5 uM, 5 uM. The ASV electrolyte: 4.5 mL 0.1 M
HAc/NaAc + 4.5 pL 40 mg mL~' HgCl,, pH 4.6.

the corresponding ASV signal of Cd**. Shown in Fig. 5 is the
SWASY response of cadmium ion concentration after the DNA
biosensor hybridized with different concentrations of cDNA.
The DNA biosensor was first dipped into HNOj solution for 4 h
in order to dissolve the bound QDs and to change the cadmium
component into Cd**, then a mercury-plated glassy carbon
electrode was used as the working electrode for SWASV detec-
tion. The SWASYV signal for Cd** that responded to the cDNA
oligonucleotides was measured in the concentration range of
0~5 uM. As can be seen in Fig. 5A, because of the high cDNA
concentrations, the corresponding electrochemical signal
becomes strong. More double-stranded DNA (ds-DNA) struc-
ture could be formed between probe DNA oligonucleotides and
cDNA oligonucleotides. This resulted directly in more avidin-
modified QDs binding to the 5'-biotin modified cDNA oligo-
nucleotides via the avidin-biotin system. Fig. 5B shows the
concentration—current curve drawn in Fig. SA. It reveals that
the SWASYV signal increased linearly with the logarithm of the
cDNA concentration in the range of 50 nM ~ 5uM. The
regression equation is y = —24.17 + 23.94 lgx (x: nmol L") with
R? = 0.9739. The minimum detectable concentration is 15 nM.
This result was better than the reported electrochemical imped-
ance DNA biosensor,* which indicates that the SWASV assay
can greatly improve the performance of the biosensor. What is
more, by comparing the linear range and the minimum detect-
able concentration, it is found that although the ECL and
SWASYV methods are both beneficial for DNA detection, the
ECL assay provides a wider linear range and a lower detectable
concentration.

The reproducibility of the biosensor was investigated by
measuring cDNA concentration of 500 nM with three biosensors
prepared independently under the same experimental conditions.
The variation coefficients obtained were 8.46% for ECL and
7.25% for ASV, respectively, indicating acceptable precision and
fabrication reproducibility.

4. Conclusion

QDs ECL in aqueous solution and SWASV were employed for
DNA detection. Through the biotin—avidin-system, avidin-QDs
bind tightly to the biotin-modified cDNA oligonucleotides. By
utilizing the ECL property of QDs, the DNA hybridization event
was converted into a detectable ECL signal. On the other hand,
by detecting cadmium content in the bound QDs, the target
DNA was indirectly detected through the SWASV assay. It
provided a relatively simple, time-saving and multi-approach for
DNA detection.
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