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Sensitive and selective detection of DNA is in urgent need due to its important role in human bodies.
Many disorders, such as Alzheimer’s disease and various cancers, are closely related with DNA
damage. In this work, a novel electrochemical DNA biosensor was constructed on a DNA-assembling
graphene platform which provided a robust, simple and biocompatible platform with large surface area
for DNA immobilization. The as-designed DNA sensor was fabricated by directly assembling captured
ssDNA on a graphene-modified electrode through the — stacking interaction between graphene and
ssDNA bases. Then, the target DNA sequence and oligonucleotide probes-labeled AuNPs were able to
hybridize in a sandwich assay format, following the AuNPs-catalyzed silver deposition. The deposited
silver was further detected by differential pulse voltammetry. Owing to the high DNA loading ability of
graphene and the distinct signal amplification by AuNPs-catalyzed silver staining, the resulting
biosensor exhibited a good analytical performance with a wide detection linear range from 200 pM to
500 nM, and a low detection limit of 72 pM. Additionally, the biosensor was proved to be able to
discriminate the complementary sequence from the single-base mismatch sequence. The simple
biosensor is promising in developing electronic, on-chip assays in clinical diagnosis, environmental

control, and drug discovery.

Introduction

The accurate and rapid detection of DNA has received unrivalled
attention in the field of biomolecular sensing owing to its
important role in future genetic-disease diagnosis. Electro-
chemical DNA sensors offer great promise for DNA sensing due
to their high sensitivity, selectivity, low cost and ease of minia-
turization. A lot of efforts have been directed toward the
development of electrochemical DNA sensors.’” In addition to
label-free methods,** strategies which make use of labels as gold
nanoparticles,”® enzymes,'™"" ferrocene,'*'* and metal
complexes'*'> to enhance the performance of the sensors have
also gained much attention. In particular, nanomaterials (e.g.
carbon nanotube, gold nanoparticles) have become a prevalent
theme in this field ever since they have been applied to electro-
chemical DNA sensors. The introduction of nanomaterials has
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really improved the analytical performance of the sensors,
because their notable properties, such as biocompatibility, high
surface-to-volume ratio, and chemical stability are beneficial to
DNA adsorption and signal amplification.'®

In recent years, researches on graphene, a robust carbon
nanomaterial,’”"® have been invigorated due to its unique
properties; for instance, the fascinating two-dimensional struc-
ture as well as the peculiar electronic properties.’ Besides its
excellent conductivity, the non-covalent interaction between
graphene and biomolecules such as -7 stacking or hydrogen
bonding makes graphene a promising candidate for assembling
with various biomolecules?*2? as well as the electrocatalytic and
sensing applications. Meanwhile, the high specific surface area of
graphene contributes to the high loading concentration of
biomolecules on it. These unique properties can be further used
to construct different sensing platforms with outstanding
performance, which have been exemplified by the applications of
graphene-DNA composites in DNA analysis,?*?¢ non-DNA
molecules detection,?”*® intracellular molecular probing,*
etc.?*3! Those novel designations suggest that graphene can be
used to construct a biocompatible electrochemical sensing
interface for high-performance DNA biosensing applications
based on the assembly between graphene and DNA molecules.

In this work, we report a simple and stable electrochemical
DNA sensor for special DNA sequence detection (Scheme 1) on
a DNA-assembling graphene (GR) platform. The DNA sensor
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Scheme 1 Schematic diagram of the electrochemical DNA sensor. In
a typical experiment, captured probe 1 (cDNA1) was adsorbed on the
surface of a graphene-modified glassy carbon electrode directly (a), fol-
lowed by a further adsorption of blocking probe (bDNA) (b). Different
target sequences (c) and AuNPs-modified oligonucleotide probes (d) were
then co-hybridized to the target-active substrates in buffer solution. After
silver staining (e) on AuNPs tags as a signal amplification method,
a subsequent DPV technique was applied as a detection means for
deposited silver. The magnitude of the anodic peak current, which
corresponds to the oxidation of silver particles, reflected the amount of
complementary target oligonucleotides bound to the GCE-GR/cDNA1
surface.

was fabricated by the direct immobilization of captured DNA on
the surface of a graphene-modified glassy carbon electrode
(GCE) through the -7 stacking interaction between graphene
and DNA. Gold nanoparticles (AuNPs)-modified oligonucleo-
tide probes were then co-hybridized on the GCE surface in
a sandwich assay format for the detection of targeted DNA
sequence. In addition, a signal amplification based on silver
staining on the AuNPs tags3>33 was carried out and characterized
by electrochemical stripping technique differential pulse
voltammetry (DPV),3*3¢ offering a distinct enhancement of the
hybridization response. Comparing with conventional electro-
chemical DNA sensors, the as-designed DNA-assembling gra-
phene platform has four superiorities on the construction of
electrochemical DNA biosensor. First, the high specific surface
area of graphene offered a high loading concentration of
captured DNA on the electrode surface. Secondly, graphene
provided a high electron transfer rate.’”*® On the other hand, the
strategy replaced the complicated procedures of conventional
covalent DNA immobilization, and also avoided the electro-
chemical oxidation of the gold-sulfur bond during electro-
chemical measurements, providing a simple and stable
electrochemical sensing platform. Additionally, the employment
of the AuNPs-catalyzed signal amplification further enhanced
the analytical performance of the biosensor. It is proved that this
electrochemical DNA sensor was not only sensitive with a low
detection limit, but was also capable of distinguishing a single-
base mismatch sequence.

Experimental

1 Materials

Graphite (99.9%, 325 mesh) was purchased from Alfa Aesar.
Tetrachloroauric(ir) acid trihydrate (HAuCly-3H,O) was
purchased from Sigma Aldrich Chemical Co. Other reagents
were from Beijing Chemical Company. Buffers were prepared

with deionized water. The DNA sequences and 10x TBE buffer
were obtained from Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd. Sequences of oligonucleotide
probes are listed as follows:

e Capture probe 1 (cDNA1): 5-(GTG TGT)s GAG GAC
ATT ATT AAT-3,

e Capture probe 2 (cDNA2): 5-AGA TGT CAA CAA
TAT-C6-thiol-3';

e Complementary target (tDNA): 5-ATA TTG TTG ACA
TCT ATT AAT AAT GTC CTC-3;

e Non-complementary target: 5-GAG GAC ATT ATT
AAT AGA TGT CAA CAA TAT-3,

e Single-base mismatch target: 5-ATA TTG TCG ACA
TCT ATT AAT AAT GTC CTC-3;

e Blocking probe (bDNA): 5-TTG AGA CTG GCA GTC
GAA TTC-3'.

The synthesis of graphene, AuNPs and cDNA2-modified
AuNPs (Au-cDNA2) is detailed in the Supporting Information.}

2 Preparation of GCE-GR/cDNA1

1 mg graphene was dispersed in 1 mL DMF with ultrasonication
for 1 h. 10 pL graphene-DMF solution was dropped onto a GCE
and allowed to dry at room temperature to obtain the graphene-
modified GCE (GCE-GR). Next, the GCE-GR was incubated in
the 0.5x TBE buffer (pH 8.0) containing 2.3 uM cDNA1 at 4 °C
for 6 h to yield the cDNAl-adsorbed GCE-GR (GCE-GR/
cDNAI), followed by further incubation in 500 nM bDNA
solution at 4 °C for another 6 h. The electrode surface was then
gently rinsed with the washing buffer (0.5x TBE, 10 mM
NaNO3) for 5 min.

3 Hybridization reaction

The hybridization reaction was carried out by immersing the
GCE-GR/cDNA1 in the target oligonucleotides-containing
reaction buffer (0.5x TBE, 300 mM NaNO3) at 35 °C for 1 h,
which obtained the target DNA (tDNA) hybridized GCE-GR/
cDNA1 (GCE-GR/cDNAI1/tDNA). After careful rinsing with
the washing buffer, the prepared electrode was immersed in
50 uL cDNA2-modified AuNPs (Au-cDNA?2) solution at 35 °C
for 1 h, yielding the Au-cDNA2 hybridized GCE-GR/cDNA1/
tDNA (GCE-GR/cDNAI1/tDNA/Au-cDNA2). Finally, the
resulting electrode was rinsed with the washing buffer and dried
under a stream of nitrogen.

4 Silver staining and electrochemical analysis

The resulting electrode was then incubated in fresh prepared
silver enhancer solution (0.255 g citric acid, 0.24 g trisodium
citrate, 0.01 g hydroquinone, 0.35 mg AgNOj;, 0.03 g sodium
thiosulfate pentahydrate and 10 mL deionized water)* for
10 min in the dark, followed by full washing with double-distilled
water. DPV detection of the deposited Ag was carried out in
0.1 M KNOs; (pH 7.0) with a positive scan from —0.1 Vto 0.3V
(vs. Ag/AgCl saturated with KCI).

This journal is © The Royal Society of Chemistry 2011
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5 Instruments

Transmission electron microscopy (TEM) images were collected
using a Hitachi H-7650 TEM opened at an accelerating voltage
of 80 kV. The UV-vis absorption spectra were obtained via
a Hitachi U-3900 UV/Vis spectrophotometer. XRD patterns
were obtained using a D8 Advance (Bruker) X-ray diffracto-
meter using Cu-Ko radiation (A = 1.5418 A). Raman spectra
were collected on a RM 2000 Microscopic confocal Raman
spectrometer (Renishaw PLC, England) with a 633 nm He-Ne
laser beam. Scanning electron microscopy (SEM) images were
obtained using a LEO1530 field emission SEM system
(Germany).

Electrochemical measurements were performed via DPV with
a CHI-830 electrochemical analyzer (CHI Inc.) and electro-
chemical impedance spectroscopy (EIS) with a PARSTAT 2273
electrochemical system (Princeton Applied Research). The EIS
was tested in 5 mM Kj[Fe(CN)el/K4[Fe(CN)g] (1 : 1) aqueous
solution with frequency from 0.1 Hz to 100 kHz and signal
amplitude of 10 mV. Each electrochemical experiment was
carried out in one conventional three-electrode system, which
was comprised of a platinum counter electrode, a KCI saturated
Ag/AgCl reference electrode and a modified GCE as the working
electrode. Before use, the GCE was carefully polished with 0.3
and 0.05 pm Al,Oz powder successively and then rinsed with
water, ethanol, acetone, water respectively, before being dried
finally in nitrogen.

Results and discussion

1 The assembly of graphene and DNA-modified AuNPs on the
electrode

To verify the assembly of the DNA sensing platform, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were used to characterize the GCEs modified step by step.
The bare GCE (Fig. 1A, curve a) shows a couple of quasi-
reversible redox peaks of the Fe(CN)g*"*~ probes. After modi-
fication of the GCE with graphene, an obvious increase of the
peak currents was observed (Fig. 1A, curve b). The fact is
attributed to the large surface area and superior electronic
transfer ability of graphene which not only greatly enhanced the
electroactive sites but also accelerated the charge transfer at the
electrode interface. The peak current decreased (Fig. 1A, curve c)
after the assembly of cDNA1 and the following hybridization
with tDNA due to the inert feature of DNA. When Au-cDNA2
were introduced, the peak current (Fig. 1A, curve d) increased
slightly, which would be attributed to the good conductivity and
the catalytic ability of the gold nanoparticles.

Electrochemical impedance spectra measure the impedance of
a system over a range of frequencies. This technique provides
a useful experimental method for characterizing electrochemical
systems. Data from EIS are usually expressed graphically in
a Nyquist plot. The diameter of the semi-circle at higher
frequency range in the Nyquist plot represents the electron
transfer resistance at the electrode interface, and it decreased
after the modification of graphene on the GCE (Fig. 1B, curve b).
The distinct increase of electron transfer resistance after the
adsorption of cDNAI1 and the following hybridization with
tDNA confirmed their immobilization onto the GCE-GR

30
A b
204
C
< a
= 104
B
<
£
3
104
204
T T T T v T T T T T T
0.5 04 0.3 0.2 0.1 0.0 -0.1
Potential/ V
2000
B S/
b
1600
a
1200 -
a
\E 20 2 r:ll] o 60 80
N d
i A—A—a 4 /X/‘
500 /ﬁ.ﬁ/ci M "Viv\‘;:t¢:¢~‘v“+*‘//‘/
/~/ /.
o
400 ./ +2%a
V
0 —

0 400 ' B(IJO ' 12IOO 16IOO 20'00 ' 24'00

zjia
Fig.1 Cyclic voltammograms (A) and Nyquist plot (B) of bare GCE (a),
GCE-GR (b), GCE-GR/cDNA1/tDNA (c), GCE-GR/cDNAI1/tDNA/
Au-cDNA2 (d). Insert in (B): magnified Nyquist plot for bare GCE (a)
and GCE-GR (b). Electrolyte: 5 mM K;[Fe(CN)gl/K4[Fe(CN)g] (1: 1)
aqueous solution with 100 mM KCI. Frequency: from 0.1 Hz to 100 kHz.
Amplitude: 10 mV. Scan rate: 100 mV s~'.

surface. After the addition of Au-cDNAZ2, a decrease of electron
transfer resistance was found, indicating the formation of the
target DNA-AuNPs hybrid. These results were similar to those
of the cyclic voltammograms. It is noted that the electron
transfer resistance on the GCE-GR/cDNA1/tDNA was larger
than that of the graphene-modified GCE, while a larger peak
current was obtained on the GCE-GR/cDNA1/tDNA. The fact
can be ascribed to the high specific surface area of graphene
which provided many more electroactive sites. This unique
property means that graphene is a promising platform in
developing highly sensitive biosensors.

Fig. 2A demonstrates the TEM image of graphene sheets. It
clearly displays the flake-like shapes of graphene with ripples and
edges. After hybridization with Au-cDNAZ2, as it illustrated in
Fig. 2B, the graphene surface was decorated with AuNPs with an
average diameter of 13 nm. SEM images in Fig. S3} show the
surface topography of graphene and Au-cDNA2 hybridized
graphene on the glassy carbon, respectively. It can be found that
the graphene film exhibits uniform morphology over large areas
with numerous wrinkles on the surface, which greatly increases
the surface area of the GCE. The initial silver nucleation on
AuNPs resulted in a successive precipitation of silver on
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Fig. 2 TEM images of graphene (A), Au-cDNA?2 hybridized graphene (B), and Au-cDNA2 hybridized graphene after silver staining (C).

nanoparticles and ultimately large silver particles formed. It is
observed from Fig. 2C that the particle size was greatly increased
after treatment in a stain. The obvious change in particle size
means that silver deposition is successfully performed on the
graphene surface.

2 Optimization of silver deposition time

Fig. 3 describes the effect of the silver staining time on the blank
and the hybridization (200 nM complementary target) by DPV
measurements. As shown, the peak currents increased when the
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Fig. 3 (A) DPV response curves of the electrochemical DNA sensor in
the blank (a) and 200 nM complementary target DNA (b) with 10 min as
the silver staining time. (B) Effect of silver staining time on the silver
response of blank (a) and 200 nM complementary target (b). Electrolyte:
0.1 M KNOs. Pulse amplitude: 50 mV. Pulse period: 0.2 s.

deposition time was varied from 5 to 15 min. After 10 min, the
DPV signal of the hybridization was approximately 17 times
larger than that of the blank, yielding a maximum of the peak
current ratio of the target hybridization to the blank (iarget/
iplank)- Thus, the optimal reaction time for silver deposition was
chosen to be 10 min. It has been reported that silver particles
could grow through polyanionic DNA chains, because the cation
Ag" tends to exchange with Na* and forms the ion-pair complex
to the bases.*® Therefore, an excess of silver staining time would
make the DPV responses unreliable and bring on an enlargement
of the background current. Furthermore, Na,S,0; fixer solution
was used to eliminate the background current. In order to reduce
the non-specific adsorption between Au-cDNA2 and graphene,
the adsorption of blocking probe was further carried out. The
obviously distinguished current intensity between the blank and
target sample implies that the method can be applied to construct
highly sensitive electrochemical DNA sensors.

3 Target detection of the electrochemical DNA biosensor

Owing to its higher sensitivity, DPV is widely used in the elec-
trochemical sensing application for the detection of redox probes
with low concentrations. Fig. 4A shows the DPV responses for
different target DNA concentrations. Obviously, the peak
currents gradually increased along with the target DNA
concentration increases from 200 pM to 500 nM. The DPV
signals were clearly amplified when the silver enhancement
strategy was brought in. The amount of complementary target
oligonucleotides bound to the GCE-GR/cDNAI1 surface was
reflected by the magnitude of the anodic peak current, which
corresponds to the oxidation of silver particles. It is also seen that
the oxidation peak potential of Ag shifted toward more positive
values as the target DNA concentration was increased. This
phenomenon may be ascribed to the increase in the thickness of
the metallic film on an inert electrode, which causes the anodic
peak to shift more positively.***> The positive shift of peak
potential dependent on the increase of the target DNA concen-
tration is attributed to an increase in the thickness of the metallic
film on an inert electrode, which caused the oxidation peak
potential to shift toward more positive values.

Moreover, the peak current of the sensor was linearly
increased with the logarithm of the target DNA concentration in
range from 200 pM to 500 nM as shown in Fig. 4B. The linear
relationship can be described as I = 6.612 + 4.759log ¢ with the
correlation coefficient of R = 0.998, where I is the peak current

This journal is © The Royal Society of Chemistry 2011
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Fig. 4 (A) DPV response curves of the electrochemical DNA sensor at
various complementary target DNA concentrations (top to bottom: 0,
0.2, 2, 20, 200, 500 nM) in 0.1 M KNOj. Pulse amplitude: 50 mV. Pulse
period: 0.2 s. (B) Linear relationship between the peak current and the
logarithm of the target DNA concentration. Silver staining time: 10 min.

and log c is the logarithm of the target DNA concentration. The
detection limit of target DNA was 72 pM (S/N = 3). This result
suggests that the simple electrochemical DNA sensor can be
applied to the sensitive DNA analysis over a wide concentration
range.

4 Selectivity of the electrochemical DNA biosensor

To study the selectivity of the biosensor, three different DNA
sequences were characterized based on the as-designed DNA
biosensor. The concentration of the above sequences was 200 nM
in each experiment. DPV responses were obtained after succes-
sive hybridization with Au-cDNA2 followed by silver staining.
Fig. 5 shows the peak currents of the above-mentioned three
target DNA sequences and blank solution. The complementary
sequence exhibited the highest peak current (17.23 pA) among
the blank (0.967 pA), non-complementary target (0.733 pA) and
the single-base mismatch target (5.551 pA). It was obvious that
peak current from the target DNA was much larger than that of
other oligonucleotide sequences. The facts mean that the
biosensor could be used to discriminate the complementary
target from the single-base mismatch and the non-complemen-
tary sequences with high sensitivity and specificity.

20 Target
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2 15
| s
L
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[
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5 Non-
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0

Fig. 5 DPV responses of the electrochemical DNA sensor in the blank,
non-complementary sequence, single-base mismatch sequence and
complementary sequence. Electrolyte: 0.1 M KNO;. Pulse amplitude:
50 mV. Pulse period: 0.2 s. Silver staining time: 10 min.

Conclusion

In summary, a simple graphene sensing platform based on the
T stacking interaction between graphene and ssDNA
sequence was constructed, and a sensitive and selective electro-
chemical DNA sensor was fabricated for special DNA sequence
analysis based on the sandwich assembly between graphene,
target DNA and DNA-conjugated gold nanoparticles. The
following silver staining on the gold nanoparticle improved the
performances of the electrochemical DNA sensor. The as-
prepared biosensor had a wide detection linear range as well as
a low detection limit. Furthermore, it was capable of discrimi-
nating single-base mismatch sequences. As a result, the electro-
chemical DNA sensor should be promising in a diverse
applications such as clinical diagnostics, food analysis and drug
screening, efc.
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