
Nanoscale

PAPER

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

is
so

ur
i a

t C
ol

um
bi

a 
on

 1
7/

06
/2

01
3 

15
:5

5:
30

. 

View Article Online
View Journal  | View Issue
aCollege of Sciences, Shanghai University

luoliqw@yahoo.com.cn; Tel: +86 21 661347
bLaboratory of Biosensing Technology, Scho

Shanghai 200444, PR China
cState Key Laboratory of Electroanalytical C

Chemistry, Chinese Academy of Sciences,

wangzx@ciac.jl.cn; Tel: +86 431 85262243

Cite this: Nanoscale, 2013, 5, 5833

Received 11th March 2013
Accepted 15th April 2013

DOI: 10.1039/c3nr01237a

www.rsc.org/nanoscale

This journal is ª The Royal Society of
Label-free electrochemical impedance genosensor
based on 1-aminopyrene/graphene hybrids

Li-qiang Luo,*a Zhao Zhang,a Ya-ping Ding,a Dong-mei Deng,a Xiao-li Zhub

and Zhen-xin Wang*c

In thiswork,weproposed anovel simple protocol for preparing 1-aminopyrene/graphene (ApG) hybrids for

fabricating label-free electrochemical impedance genosensor. Graphene, with the structure of a single-

atom-thick sheet of sp2-bonded carbon atoms, was anchored to 1-aminopyrene (1-Ap) with the pyrenyl

group via p-stacking interaction. The morphology, conductivity, and interaction of ApG hybrids were

characterized by transmission electron microscopy (TEM), cyclic voltammetry (CV), electrochemical

impedance spectroscopy (EIS), UV-visible (UV-vis) and fluorescence spectra. The amino-substituted

oligonucleotide probe was conjugated to 1-Ap by the cross-linker glutaraldehyde. The DNA hybridization

reaction of oligonucleotide probe with target DNA was monitored by EIS. Under optimum conditions, the

proposed biosensor exhibited high sensitivity and a low detection limit for detecting the complementary

oligonucleotide. The target oligonucleotide could be quantified in a wide range of 1.0 � 10�12 to 1.0 �
10�8 M with good linearity (R ¼ 0.9900) and low detection limit of 4.5 � 10�13 M (S/N ¼ 3).
1 Introduction

Graphene, with the structure of a single-atom-thick sheet of sp2-
bonded carbon atoms in a closely packed honeycomb two-
dimensional lattice, was isolated by mechanically peeling off
graphite crystals in 2004.1–5 Due to its unique physical proper-
ties such as high specic surface area, rapid heterogeneous
electron transfer,6,7 great mechanical strength8 and relatively
low manufacturing cost,9 graphene has drawn a lot of attention
in recent years. Considering its biocompatibility,10 graphene is
an ideal material for the preparation of electrochemical
biosensors.11–18 Chen et al.17 have reported a specic protein
detection biosensor using thermally reduced graphene oxide
sheets decorated with gold nanoparticle–antibody conjugates.
Ju et al.18 have proposed an electrochemical immunosensing
method with graphene and gold nanoparticles using a triple
signal amplication strategy for cancer biomarker detection.

However, graphene tends to form agglomerates through van
der Waals interactions.19,20 To prevent graphene from aggre-
gating, hybrid structures are of particular importance which can
be achieved by covalent or non-covalent attachment of other
molecules onto graphene sheets.21–23 Thereinto, non-covalent
functionalization of graphene based on p-stacking interaction
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between graphene sheets and aromatic organic molecules
does not disrupt the conjugation of the graphene sheets, and
can improve its stability.24 Müllen et al.25 and Shi et al.26 have
reported that graphene could be stabilized in aqueous solution
by large aromatic molecules based on a p-stacking interaction.
1-Aminopyrene (1-Ap), a bifunctional molecule with an amino
functional group and a pyrenyl group, is highly aromatic in
nature.27 Because the pyrenyl group can interact strongly with
the basal plane of graphene via p-stacking interaction, 1-Ap can
irreversibly anchor to the large hydrophobic surface of gra-
phene via simple ultrasonic treatment at room temperature.
The preparation process doesn't need strong oxidants or
corrosive acids and hence doesn't produce a large amount of
hazardous waste, requiring no high cost aer treatment. The
mild, low-cost and eco-friendly non-covalent functionalization
of graphene based on 1-Ap can avoid unwanted defects to gra-
phene and preserve its integrity and the electronic structure.28

DNA quantitative assay has received great attention nowa-
days owning to its vital role in numerous inherited human
disorders.29 In addition, pathogens can be detected by quanti-
tatively assaying their unique nucleic acid sequences.30–35

Various techniques such as electrochemiluminescence,36 elec-
trochemistry,37,38 fuorescence39,40 and quartz crystal microbal-
ance41 have been developed for DNA detection. Among them,
electrochemical genosensor possesses enormous promise due
to its fast, simple and inexpensive characters in specic DNA
target sequences analysis.42–45

Electrochemical impedance spectroscopy (EIS) has been
proven to be a most powerful and sensitive tool for probing the
features of surface-modied electrodes and widely applied to
Nanoscale, 2013, 5, 5833–5840 | 5833
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the detection of target DNA sequences.46–49 Jiao et al.50 have
developed nanocomposite membrane for electrochemical
impedance sensing of the immobilization and hybridization of
DNA using nanosized shuttle-shaped cerium oxide, single-wal-
led carbon nanotubes and ionic liquid 1-butyl-3-methyl-
imidazolium hexauorophosphate. Pumera and Bonanni51 have
constructed an efficient DNA impedance biosensing platform
combining the sensitivity of EIS with the high selectivity of DNA
hairpin probes for the rapid detection of single nucleotide
polymorphism related to Alzheimer's disease. Niu et al.22

have developed a novel N,N-bis-(1-aminopropyl-3-propylimida-
zol salt)-3,4,9,10-perylene tetracarboxylic acid diimide/graphene
platform for label-free impedance sensing for conserved
sequence of the pol gene of HIV-1.

Herein, a simple novel ApG hybrid-based label-free electro-
chemical impedance genosensor has been fabricated for
detecting DNA with high sensitivity and selectivity. 1-Ap was
chosen for preparing the graphene hybrids and fabricating
electrochemical impedance genosensor since the pyrenyl group
can interact strongly with the basal plane of graphene via
p-stacking interaction,52 and the amino groups of 1-Ap can be
conjugated to amino-substituted oligonucleotide probes by the
cross-linker glutaraldehyde (GA). In addition, the mild, low-cost
and eco-friendly non-covalent functionalization of graphene
based on p-stacking interaction between graphene sheets and
1-Ap molecules has the advantage of improving the stability of
graphene and preserving its intrinsic properties, such as high
specic surface area, good electrical conductivity and biocom-
patibility. The as-prepared electrochemical impedance geno-
sensor also shows excellent reproducibility and provides
potential applications in bioanalysis.
2 Experimental
2.1 Reagents

KH2PO4, K2HPO4$3H2O, NaCl, K3Fe(CN)6 and K4Fe(CN)6$3H2O
were provided by Sinopharm Chemical Reagent Beijing Co., Ltd.
Graphite oxide (GO) was obtained from Nanjing XFNANO
Materials Tech Co., Ltd, (Nanjing, China). Hydrazine hydrate
(NH2NH2$H2O, 80%) was purchased from Aladdin (Shanghai,
China). 1-Ap was purchased from Tokyo Chemical Industry Co.,
Ltd, (Tokyo, Japan). GA (25%) was provided by Sigma (USA).
Milli-Q water (18.25 MU cm) was used throughout the
experiments.

24-base synthetic oligonucleotide specic sequences for
colitoxin53 were provided by Sangon Biotech Co., Ltd,
(Shanghai, China):

� Probe ssDNA (PDNA): 50-(NH2-C6)-GAG CGG CGC AAC ATT
TCA GGT CGA-30;

� Complementary ssDNA (CDNA): 50-TCG ACC TGA AAT GTT
GCG CCG CTC-30;

� One mismatch-containing ssDNA (C1DNA): 50-TCG ACC
TGA AAC GTT GCG CCG CTC-30;

�Non-complementary ssDNA (NDNA): 50-GAG CGG CGC AAC
ATT TCA GGT CGA-30.

The DNAs were dissolved in 50 mM Tris–HCl–0.1 M NaCl–0.2
M KCl–5 mM MgCl2 (pH 7.4) buffer.
5834 | Nanoscale, 2013, 5, 5833–5840
2.2 Instruments and characterizations

Transmission electron microscopy (TEM) images were obtained
by a Hitachi H-600 (Japan, at an acceleration voltage of 100 kV).
UV-vis absorption spectra were recorded using a UV-2501PC
spectrometer (Shimadzu, Japan). Fluorescence emission spectra
were recorded using a RF-5301PC spectrouorometer with an
excitation wavelength of 356.0 nm in a 1 cm quartz cell. Both
excitation and emission slit widths were 1.5 nm. EIS measure-
ments were tested by a Solartron 1255B Frequency Response
Analyzer/SI 1287 Electrochemical Interface (Scribner Associates,
Inc.) using 10 mM [Fe(CN)6]

3�/4� as the electrochemical probe.
5 mV amplitude of sine voltage signal was applied to the three-
electrode system under open circuit potential, and the
frequency varied from 0.1 Hz to 100 kHz. Cyclic voltammetry
(CV) measurements were performed on a CHI 660D electro-
chemical workstation (Shanghai CH Instrument Co., China). A
conventional three-electrode system was used with a saturated
calomel electrode as the reference electrode, a platinum sheet
as the counter electrode, and amodied glassy carbon electrode
(GCE, 1 mm in diameter) as the working electrode. Prior to
surface coating, the GCE was polished carefully with 1.0, 0.3 and
0.05 mm alumina powder, successively. Then, the polished GCE
was cleaned sequentially with 1 : 1 HNO3, ethanol and water
with continuous sonicating for 3 min, respectively. Aerwards,
the GCE was continuously scanned within a potential range of
�1.0 V to +1.0 V in freshly prepared deoxygenated 0.5 M H2SO4

for 15 cycles to activate the GCE surface. The electrode was
allowed to dry at ambient temperature for further use.
2.3 Preparation of graphene and ApG hybrids

Graphene was prepared according to the literature reports.54–56

Briey, 5 mg GO was dispersed in 50 mL water and the GO
dispersion was exfoliated by sonicating under ambient condi-
tions for 40 min generating claybank transparent solution.
Then, NH2NH2$H2O (1% v/v) was added into the GO dispersion.
The resulting mixture was heated to 100 �C and kept stirring for
24 h. Subsequently, the solution was ltered, and the ltration
residue was dried in vacuum at 60 �C. Finally, black hydro-
phobic powder graphene was obtained and stored under
ambient condition.

0.1 g graphene and 0.1 g 1-Ap were added into 20 mL
ethanol, and the solution was treated with continuous soni-
cating for 1 h to form a lilac transparent solution and then
stirring mechanically for 24 h at room temperature. The solu-
tion obtained was ltered using a nylon lter membrane and
the ltration residue was rinsed with water for several times.
Finally, the products (ApG hybrids) were dried in a vacuum oven
at 80 �C for 3.5 h and then collected for further use.
2.4 Fabrication of electrochemical impedance genosensor

A schematic diagram of electrochemical impedance genosensor
is displayed in Fig. 1. ApG was dissolved in 0.5% (w/w) GA
solution to form homogeneous black ink-like GAApG solution
(1 mg mL�1) under ultrasonic vibration. 5 mL of the prepared
solution was dropped onto the surface of GCE and kept for 1 h
This journal is ª The Royal Society of Chemistry 2013
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at 35 �C in the oven to form GAApG/GCE. Then, the GAApG/GCE
was rinsed with deionized water and dried under an N2 stream.
Subsequently, 10 mL of 2.5 mM PDNA was dropped on the
surface of the GAApG/GCE and incubated for another 2 h at 35
�C to obtain PDNA/GAApG/GCE. Finally, the PDNA/GAApG/GCE
was rinsed carefully with 0.1 M PBS containing 0.01 M NaCl (pH
7.4), dried under an N2 stream and stored at 4 �C for further use.
Fig. 2 TEM micrographs of graphene (A) and ApG hybrids (B).
2.5 Hybridization and electrochemical measurements of the
genosensor

The hybridization procedure was performed by dropping 10 mL
analyte solution (CDNA, C1DNA or NDNA) with desired
concentration onto the surface of PDNA/GAApG/GCE and
reacting for 40 min at 35 �C, respectively. Then, the hybridized
electrode was rinsed with 0.1 M PBS containing 0.01MNaCl (pH
7.4) to remove the non-specically adsorbed target DNAs. Aer
hybridization reaction, the electrodes were named as CDNA-
PDNA/GAApG/GCE, C1DNA-PDNA/GAApG/GCE and NDNA-
PDNA/GAApG/GCE, respectively.
3 Results and discussion
3.1 Characterizations of the graphene and ApG hybrids

Graphene has unique properties of high specic surface area,
good electrical conductivity and biocompatibility. It is elec-
tronically a good low-noise material in molecular sensing, and
very suitable for EIS determination of biorecognition events.57–60

However, graphene tends to form agglomerates through van der
Waals interactions. This agglomeration has two negative
effects: rst, it may reduce the surface area; and second, it may
reduce access of electrolyte ions. To overcome this, a simple but
robust strategy was presented to fabricate ApG hybrids. Because
the pyrenyl group can interact strongly with the basal plane of
graphene viap-stacking interaction, 1-Ap can strongly anchor to
the large hydrophobic surface of graphene via simple ultrasonic
treatment at room temperature.

The morphologies of the prepared graphene and ApG
hybrids were characterized by TEM, as shown in Fig. 2. Fig. 2A
reveals the typical wrinkled structure of graphene sheet, illus-
trating that graphene sheets are difficult to be dispersed in
aqueous solution and always reunite to high-density large
aggregates. To overcome this, 1-Ap was used to functionalize
graphene in this work. Since the large hydrophobic surface of
graphene can interact strongly with the pyrenyl group of 1-Ap, 1-
Ap can anchor to the basal plane of graphene via p-stacking
Fig. 1 Schematic diagram of the electrochemical impedance genosensor.

This journal is ª The Royal Society of Chemistry 2013
interaction.27 In addition, the residual oxygen-containing
functionalities on the basal plane of graphene could also absorb
1-Ap molecules through hydrogen bonding interaction,28,52,61

causing aggregates (the back dots) on some places of the gra-
phene surface, as shown in Fig. 2B.

The graphene and ApG hybrids were characterized by UV-vis
and uorescence spectra (as shown in Fig. 3). Fig. 3A illustrates
the absorption spectra of GO, graphene, Ap and ApG hybrids in
aqueous solution. The spectrum of the GO dispersion (curve a
in the inset) exhibited a strong absorption band at 230 nm
attributing to p–p* transitions of aromatic C$C bonds.62 Aer
GO was reduced to graphene (curve b in the inset), the
absorption band red-shied to 275 nm, indicating the restora-
tion of p-conjugation network. The spectrum of 1-Ap (curve c)
appeared three characteristic adsorption peaks, which were
located in the near-ultraviolet region around 241.0, 280.5 and
355.0 nm, respectively. The three corresponding absorption
peaks were also observed at the spectrum of ApG (curve d),
indicating the presence of 1-Ap molecules on graphene sheet.
The broadening of three relevant peaks in the spectrum of ApG
provides further evidence on the interaction between graphene
and 1-Ap. This phenomenon is the same as that of 1-Ap on the
sidewalls of MWCNTs27,63 and thionine on graphene sheet.56

Fluorescence spectra were performed to study the p-stacking
interaction between 1-Ap and graphene. Fig. 3B shows the
uorescence spectra of graphene (inset), 1-Ap (curve c) and ApG
hybrids (curve d), respectively. 1-Ap aqueous solution exhibited
a broad uorescence band around at 438.0 nm. When 1-Ap was
stacked on the surface of graphene by p–p interaction, its
uorescence was signicantly quenched. The high efficiency
quenching was considered as the direct consequence of non-
covalent binding of 1-Ap on the graphene surface which acted as
a “nanoquencher” of the pyrene rings due to uorescence
resonance energy transfer (FRET).40,64 The planar conguration
of graphene and pyrene rings guarantees the close proximity of
1-Ap with graphene, thus giving rise to the efficient uorescence
quenching due to p-stacking interaction between graphene and
pyrene rings. The results conrmed the successful noncovalent
binding between 1-Ap and graphene.

3.2 Electrochemical characterization of different electrodes

Fig. 4 shows the CVs and the Nyquist diagrams of 10 mM
[Fe(CN)6]

3�/4� (1 : 1) at different electrodes. As shown in Fig. 4A,
the peak current of [Fe(CN)6]

3�/4� at GAApG/GCE (curve b) was
lower than that of the bare electrode (curve a) and potential
difference between the oxidation and reduction peaks became
Nanoscale, 2013, 5, 5833–5840 | 5835
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Fig. 3 (A) UV-vis spectra of GO (a), graphene (b), 1-Ap (c) and ApG hybrids (d) in aqueous solution; (B) Corresponding fluorescence spectra of graphene (b), 1-Ap (c)
and ApG hybrids (d) in aqueous solution, excitation wavelength: 356.0 nm.
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larger, suggesting that redox reversibility of [Fe(CN)6]
3�/4�

became poorer. The peak current of [Fe(CN)6]
3�/4� at PDNA/

GAApG/GCE (curve c) was smaller than that of GAApG/GCE
(curve b), indicating that the PDNA was successfully xed on the
surface of the GAApG/GCE. This was due to the negative charge
of phosphoric acid groups on the single stranded probe DNA
interfered the diffusion of electronegative [Fe(CN)6]

3�/4� to the
electrode surface.65–67 When probe DNA and target comple-
mentary DNA hybridized, the peak current of [Fe(CN)6]

3�/4� at
CDNA/PDNA/GAApG/GCE (curve d) decreased further (curve c).

EIS has been proved as a very powerful tool for investigating
the interfacial properties (i.e. resistance and capacitance) of
conductive or semi-conductive surfaces. It is also a label-free
technique for sensitively studying biorecognition events at the
electrode surface. Fig. 4B shows the Nyquist diagrams of
different modied electrodes, where Ret stands for interfacial
electron transfer resistance in the equivalent circuit. Compared
to that of the bare electrode, Ret of GAApG/GCE increases from
68.1 U (curve a) to 465.3 U (curve b), revealing that GAApG has
Fig. 4 CVs (A) and Nyquist diagrams (B) of GCE (a), GAApG/GCE (b), PDNA/GAApG
0.01 M NaCl and 10 mM Fe(CN)6

3�/4� (1 : 1). Equivalent circuit voltammograms (C)
constant phase element, the charge-transfer resistance and theWarburg impedance
sine voltage signal was used.

5836 | Nanoscale, 2013, 5, 5833–5840
been successfully xed on the surface of GCE. The macrocyclic
1-Ap and the long carbon chain GA block the electron transfer of
the redox probe [Fe(CN)6]

3�/4� to the electrode surface, result-
ing in the increase of Ret of GAApG/GCE. Aer covalently
immobilized PDNA on the electrode surface, Ret of PDNA/
GAApG/GCE continually increased, which reachs 727.3 U (curve
c). When PDNA/GAApG/GCE has been hybridized with 10�9 M
CDNA, the Ret of CDNA/PDNA/GAApG/GCE is further increased
to 1059.6 U (curve d). This continually increased Ret is due to
that the negatively charged DNA strands hindered the
[Fe(CN)6]

3�/4� diffusing to electrode surface, which was
consistent with the results of CVs.
3.3 Optimization of the sensing conditions

As shown in Fig. 5A, the effect of hybridization time on EIS
signals of CDNA/PDNA/GAApG/GCE has been investigated in 0.1
M PBS (pH 7.4) containing 0.01MNaCl and 10mMFe(CN)6

3�/4�

(1 : 1). In this case, the DNA biosensor was incubated in 1.0 nM
/GCE (c) and 1 nM CDNA/PDNA/GAApG/GCE (d) in 0.1 M PBS (pH 7.4) contained
: Rs, Q, Ret and Rw represent the resistance of the electrolyte solution, the value of
, respectively. The frequency varied from 0.1 to 100 kHz, and 5mV amplitude of the

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Effects of hybridization time (A), hybridization pH (B) and hybridization temperature (C) on DRet. The frequency varied from 0.1 Hz to 100 kHz, and 5 mV
amplitude of the sine voltage signal was used.
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CDNA at 35 �C for varying time periods from 10 to 60 min. The
signal difference between Ret value (DRet) of the PDNA/GAApG/
GCE and that of CDNA/PDNA/GAApG/GCE was adopted as the
measurement signal in the experiment, i.e., DRet ¼ Ret,CDNA �
Ret,PDNA. As shown in Fig. 5A, DRet is rapidly increased with
increasing the hybridization time from 10 to 40 min, and then
become saturated aer 40 min. Considering the sensitivity and
assay time, 40 min is adopted as optimized hybridization time.

Because the highest Ret value is obtained at solution pH
value of 7.4, the electrochemical detection is performed at pH
7.4 in our study (as shown in Fig. 5B). In addition, the DRet is
also affected by the hybridization temperature, peak value of
DRet is obtained at 35 �C. Therefore, 35 �C is selected as opti-
mized hybridization temperature in our further experiment.

3.4 Label-free oligonucleotides detection with the proposed
impedance genosensors

Under optimized experimental conditions (the PDNA/GAApG/
GCE is reacted with CDNA at 35 �C for 40 min), DRet was found
Table 1 Comparison of the performance of different sensors

Method Modier Redox probe

SWV Poly[G]20-biobarcode nanoparticles Ru(bpy)3
2+

EIS CeO2–SWNTs–BMIMPF6 [Fe(CN)6]
3�/4�

EIS NH2–G4PAMAM dendrimers [Fe(CN)6]
3�/4�

EIS nano-SiO2–PATP lm [Fe(CN)6]
3�/4�

EIS Chitosan–MWNTs [Fe(CN)6]
3�/4�

EIS APTES–graphene [Fe(CN)6]
3�/4�

DPV Prussian Blue–chitosan Daunomycin
EIS ER–GO [Fe(CN)6]

3�/4�

EIS PTCA–graphene [Fe(CN)6]
3�/4�

EIS ApG–graphene [Fe(CN)6]
3�/4�

This journal is ª The Royal Society of Chemistry 2013
to increase linearly with the increasing the concentration of
CDNA in the reaction solution from 1.0 � 10�12 M to 1.0 � 10�8

M with regression equation DRet (U)¼ 81.8lg C (M) + 1070.0 and
correlation coefficient of 0.9900. The detection limit was esti-
mated to be 4.5 � 10�13 M with 3s (where s was the relative
standard deviation of 11 parallel measurements of the blank
solution). Table 1 lists the sensor performance compared with
other modied electrodes for the determination of targeted
DNA.68–71 As can be seen from Table 1, our proposed electro-
chemical impedance genosensor shows excellent sensitivity and
wide dynamic range (Fig. 6).

3.5 The selectivity and reproducibility of the electrochemical
impedance genosensor

It is important to develop cost-effective methods for identifying
point mutations in DNA sequences because of the application of
the single nucleotide polymorphisms (SNPs) in medical diag-
nosis. Using our electrochemical impedance genosensor, we
have investigated a simple case in which one perfect match
Linear range (M) Detection limit (M) Ref.

10�12 to 10�8 1.0 � 10�12 33
10�12 to 10�7 2.3 � 10�13 50
10�11 to 10�8 3.8 � 10�12 65
10�11 to 0�6 1.5 � 10�12 66
10�13 to 5 � 10�10 8.5 � 10�14 67
10�12 to 10�6 10�13 68
2.12 � 10�11 to 2.12 � 10�8 1.58 � 10�11 69
10�11 to 10�6 2.5 � 10�12 70
1.0 � 10�12 to 1.0 � 10�6 5.0 � 10�13 71
10�12 to 10�8 4.5 � 10�13 This work

Nanoscale, 2013, 5, 5833–5840 | 5837
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Fig. 6 (A) Nyquist diagrams recorded at PDNA/GAApG/GCE (a) and after hybridization with different concentrations of CDNA: 1.0 � 10�12 M (b), 1.0 � 10�11 M (c),
1.0� 10�10 M (d), 1.0� 10�9 M (e), and 1.0 � 10�8 M (f) in 0.1 M PBS (pH 7.4) contained 0.01 M NaCl and 10 mM Fe(CN)6

3�/4� (1 : 1). (B) Corresponding data analysis
of (A). The frequency varied from 0.1 Hz to 100 kHz, and 5 mV amplitude of sine voltage signal was used.

Fig. 7 DRet of CDNA/PDNA/GAApG/GCE (a), C1DNA/PDNA/GAApG/GCE (b),
and NDNA/PDNA/GAApG/GCE (c) in 0.1 M PBS (pH 7.4) contained 0.01 M NaCl
and 10 mM Fe(CN)6

3�/4� (1 : 1), respectively. The concentration of DNA is 1 nM in
hybridization solution. The frequency varied from 0.1 Hz to 100 kHz, and 5 mV
amplitude of the sine voltage signal was used.

Nanoscale Paper

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

is
so

ur
i a

t C
ol

um
bi

a 
on

 1
7/

06
/2

01
3 

15
:5

5:
30

. 
View Article Online
oligonucleotide (CDNA), one oligonucleotide with a single base
mutation (C1DNA) and one non-complementary oligonucleotide
(NDNA) were hybridized with PDNA. As shown in Fig. 7, hybrid-
ization is only effective with the oligonucleotide sequence strictly
complementary to the PDNA; for instance, DRet values of C1DNA/
PDNA/GAApG/GCE and NDNA/PDNA/GAApG/GCE are 31.2 and
4.8%ofCDNA/PDNA/GAApG/GCE, respectively. The experimental
results indicate that the electrochemical impedance genosensor
has reasonable selectivity and can be used to detect SNP.

To characterize reproducibility of this label-free impedance
electrochemistry genosensor, three trials were run, using PDNA/
GAApG/GCEs from several batches prepared on different days.
The PDNA/GAApG/GCEs were hybridized with 1 nM CDNA
under the optimized experimental conditions, respectively. An
acceptable relative standard deviation (RSD) of 9.5% (n ¼ 3) for
DRet value was estimated, showing that the impedance elec-
trochemistry genosensor has high reproducibility.
4 Conclusions

This work presents a simple and effective label-free electro-
chemical impedance genosensor based on ApG hybrids for
5838 | Nanoscale, 2013, 5, 5833–5840
sensitive determination of DNA with high selectivity by moni-
toring DRet caused by the DNA hybridization reaction. Non-
covalent functionalization of graphene by 1-Ap based on
p-stacking interaction could improve the stability of graphene
and preserve its intrinsic properties of high specic surface
area, good electrical conductivity and biocompatibility. As
proof-of-principle experiments, the detection and SNP analysis
of 24-mer oligonucleotide (based on the coli toxin sequence)
have been carefully studied. The experimental results suggest
that our approach could be used as a low cost technique for
genetic studies including SNP analysis and low abundance
transcripts in cells.
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26, 1205–1217.

43 M. Pumera, S. Sánchez, I. Ichinose and J. Tang, Sens.
Actuators, B, 2007, 123, 1195–1205.

44 S. Riccardi Cdos, H. Yamanaka, M. Josowicz, J. Kowalik,
B. Mizaikoff and C. Kranz, Anal. Chem., 2006, 78, 1139–
1145.

45 C. Jiang, T. Yang, K. Jiao and H. W. Gao, Electrochim. Acta,
2008, 53, 2917–2924.

46 A. Kowalczyk, A. Nowicka, R. Jurczakowski, M. Fau,
A. Krolikowska and Z. Stojek, Biosens. Bioelectron., 2011,
26, 2506–2512.

47 X. G. Liu, X. J. Qu, J. Dong, S. Y. Ai and R. X. Han, Biosens.
Bioelectron., 2011, 26, 3679–3682.

48 X. B. Zhu, S. Y. Ai, Q. P. Chen, H. S. Yin and J. Xu,
Electrochem. Commun., 2009, 11, 1543–1546.

49 R. G. Cao, B. Zhu, J. J. Li and D. S. Xu, Electrochem. Commun.,
2009, 11, 1815–1818.

50 W. Zhang, T. Yang, X. M. Zhuang, Z. Y. Guo and K. Jiao,
Biosens. Bioelectron., 2009, 24, 2417–2422.

51 A. Bonanni and M. Pumera, ACS Nano, 2011, 5, 2356–2361.
52 S. Kubota, T. Maruyama, H. Nishikiori, F. Ito, N. Tanaka,

M. Endoc and T. Fujii, J. Photochem. Photobiol., A, 2011,
218, 226–230.

53 H. Cai, N. N. Zhu, Y. Jiang, P. G. He and Y. Z. Fang, Biosens.
Bioelectron., 2003, 18, 1311–1319.

54 S. W. Hummers and R. E. Offeman, J. Am. Chem. Soc., 1958,
80, 1339.

55 N. I. Kovtyukhova, P. J. Ollivier, B. R. Martin, T. E. Mallouk,
S. A. Chizhik, E. V. Buzaneva and A. D. Gorchinskiy, Chem.
Mater., 1999, 11, 771–778.

56 L. M. Zhu, L. Q. Luo and Z. X. Wang, Biosens. Bioelectron.,
2012, 35, 507–511.

57 J. X. Wang, Phys. Rev. B: Condens. Matter Mater. Phys., 2008,
78, 245304.

58 Y. Wan, Z. F. Lin, D. Zhang, Y. Wang and B. R. Hou, Biosens.
Bioelectron., 2011, 26, 1959–1964.

59 D. D. Zhang, Y. M. Zhang, L. Zheng, Y. Z. Zhan and L. C. He,
Biosens. Bioelectron., 2013, 42, 112–118.

60 A. Bonanni, A. H. Loo and M. Pumera, TrAC, Trends Anal.
Chem., 2012, 37, 12–21.

61 H. Matsumoto, Y. Koyama and A. Tanioka, Langmuir, 2002,
18, 3698–3703.

62 X. M. Sun, Z. Liu, K. Welsher, J. T. Robinson, A. Goodwin,
S. Zaric and H. Dai, Nano Res., 2008, 1, 203–212.

63 I. P. Chen, Chem. Commun., 2013, 49, 2753–2755.
64 H. X. Chang, L. H. Tang, Y. Wang, J. H. Jiang and J. H. Li,

Anal. Chem., 2010, 82, 2341–2346.
Nanoscale, 2013, 5, 5833–5840 | 5839

http://dx.doi.org/10.1039/c3nr01237a


Nanoscale Paper

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

is
so

ur
i a

t C
ol

um
bi

a 
on

 1
7/

06
/2

01
3 

15
:5

5:
30

. 
View Article Online
65 A. X. Li, F. Yang, Y. Ma and X. R. Yang, Biosens. Bioelectron.,
2007, 22, 1716–1722.

66 Y. Ma, K. Jiao, T. Yang and D. X. Sun, Sens. Actuators, B, 2008,
131, 565–571.

67 Q. X. Wang, B. Zhang, X. Q. Lin and W. Weng, Sens.
Actuators, B, 2011, 156, 599–605.

68 Z. J. Wang, J. Zhang, P. Chen, X. Z. Zhou, Y. L.Yang, S. X. Wu,
L. Niu, Y. Hand, L. H. Wang, P. Chen, F. Boey, Q. C. Zhang,
5840 | Nanoscale, 2013, 5, 5833–5840
B. Liedberg and H. Zhang, Biosens. Bioelectron., 2011, 26,
3881–3886.

69 Y. Bo, W. Q. Wang, J. F. Qi and S. S. Huang, Analyst, 2011,
136, 1946–1951.

70 A. Bonanni, A. Ambrosi and M. Pumera, Chem.–Eur. J., 2012,
18, 1668–1673.

71 Y. W. Hu, F. H. Li, X. X. Bai, D. Li, S. C. Hua, K. K. Wang and
L. Niu, Chem. Commun., 2011, 47, 1743–1745.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3nr01237a

	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids

	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids

	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids
	Label-free electrochemical impedance genosensor based on 1-aminopyrene/graphene hybrids


