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a  b  s  t  r  a  c  t

MicroRNAs  (miRNAs),  a kind  of small,  endogenous,  noncoding  RNAs  (∼22 nucleotides),  might  play a
crucial  role  in  early  cancer  diagnose  due  to  its  abnormal  expression  in  many  solid  tumors.  As a  result,
label-free  and  PCR-amplification-free  assay  for miRNAs  is  of great  significance.  In this  work,  a highly  sen-
sitive  biosensor  for sequence  specific  miRNA-21  detection  without  miRNA-21  labeling  and  enrichment
was  constructed  based  on  the  substrate  electrode  of dendritic  gold  nanostructure  (DenAu)  and  graphene
nanosheets  modified  glassy  carbon  electrode.  Sulfydryl  functionalized  locked  nucleic acid  (LNA)  inte-
grated hairpin  molecule  beacon  (MB)  probe  was  used  as miRNA-21  capture  probe.  After  hybridized  with
miRNA-21  and  reported  DNA  loading  in gold  nanoparticles  (AuNPs)  and  biotin  multi-functionalized  bio
bar codes,  streptavidin–HRP  was  brought  to  the  electrode  through  the  specific  interaction  with  biotin
ocked nucleic acid
airpin molecule beacon
lectrochemical biosensor

to  catalyze  the  chemical  oxidation  of hydroquinone  by  H2O2 to form  benzoquinone.  The  electrochem-
ical  reduction  signal  of benzoquinone  was  utilized  to  monitor  the  miRNA-21  hybridization  event.  The
effect  of experimental  variables  on  the  amperometric  response  was  investigated  and  optimized.  Based
on the specific  confirmation  of probe  and  signal  amplification,  the  biosensor  showed  excellent  selectiv-
ity  and  high  sensitivity  with  low  detection  limit  of  0.06 pM.  Successful  attempts  are  made  in miRNA-21
expression  analysis  of  human  hepatocarcinoma  BEL-7402  cells  and normal  human  hepatic  L02 cells.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

MicroRNAs (miRNAs) are small, endogenous, noncoding RNAs
∼22 nucleotides) found in diverse organisms, which play crucial
oles in cell proliferation, differentiation and apoptosis. Up to date,
426 miRNAs have been identified in the human genome. Recent
esearches have shown that abnormal expression of miRNAs is
ssociated with a variety of human cancers (Esquela-Kerscher
nd Slack, 2006). Among various miRNAs, miRNA-21 has been
dentified as the only miRNA over-expressed in 11 types of solid
umors, including stomach, prostate, head and neck, esophagus,
lioblastoma, neuroblastoma, cholangiocarcinoma, breast, lung,

olorectal, and pancreatic cancer (Lu et al., 2008; Medina and
lack, 2008). Therefore, miRNA-21 could be potential biomarkers
or clinical diagnosis. In order to understand the functions of

∗ Corresponding author. Tel.: +86 538 8247660; fax: +86 538 8242251.
E-mail address: ashy@sdau.edu.cn (S. Ai).

1 These two authors contributed equally to this work.

956-5663/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2012.01.014
miRNA-21 in diseases diagnosis, there is an urgent need to develop
reliable and ultrasensitive methods for miRNA-21 determination.

At the present time, miRNA-21 is detected with techniques such
as Northern blot (Kim et al., 2010), in situ hybridization (Yamamichi
et al., 2009), RT-PCR (Huang et al., 2009), microarrays (Yan et al.,
2008) and bioluminescence assay (Cissell et al., 2008). Although
Northern blot and in situ hybridization are used as the standard
methods, these detection approaches have low sensitivity and
generally require many steps, resulting laborious time-consuming
procedures that are difficult for routine miRNA analysis (Catuogno
et al., 2011). RT-PCR can only be used to quantify miRNA precursors
rather than the mature miRNAs expression, because the low detec-
tion selectivity and nonlinear target amplification might distort
gene expression. Microarray needs fluorescent dyes labeled with
miRNA target sequences to characterize the hybridization event,
which might quench from the excitation light or from environment

effects and require expensive instrument. Direct hybridization of
miRNA samples onto the microarray requires a large amount of
total RNA (Castoldi et al., 2008). Moreover, northern blot, RT-PCR
and microarray need expensive commercial kits. Bioluminescence

dx.doi.org/10.1016/j.bios.2012.01.014
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:ashy@sdau.edu.cn
dx.doi.org/10.1016/j.bios.2012.01.014
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vated with acetate buffer (pH 5.2) and 1.5 �L of 10 mM TCEP for
1 h, then added to 1 mL  of freshly prepared gold nanoparticles syn-
48 H. Yin et al. / Biosensors and

ssay needs to label and enrich miRNAs. In addition, it requires
rivial operation, expensive instruments and reagents.

To enhance the sensitivity, improve the selectivity, and make
he detection limit and cost low, electrochemical biosensors based
n signal amplification have been investigated to detect miR-
As due to their high sensitivity and selectivity, low detection

imit, low cost, and ease of automatization (Drummond et al.,
003). For instances, Gao’s group developed a series of sensitive
lectrochemical biosensors for monitoring miRNAs hybridization
ased on miRNAs labeled with Os(dmpy)2(IN)Cl+ (Gao and Yu,
007b), Ru(PD)2Cl2Os (Gao and Yu, 2007a),  OsO2 nanoparticles
Gao and Yang, 2006) and RuO2 nanoparticles (Peng and Gao, 2011;
eng et al., 2010), respectively. Though the detection limit can
e achieved to 800, 200, 80, 3 and 2 fM,  respectively, this kind
f monitor methods need to enrich and label miRNAs, which will
ncrease the operation complicacy because of the low abundance
f miRNAs in real samples. For decreasing influence of tagging and
nriching miRNAs, and achieving the direct detection of miRNA in
eal sample, Kelly’s group utilized electrostatic interaction between
iRNA and Ru(NH3)6

3+ and the electrocatalytic effect between
u(NH3)6

2+/3+ and Fe(CN)6
4−/3−, a detection limit as low as 10 aM

as achieved with a limited dynamic range of 102 (Yang et al.,
009). Lusi et al. (2009) exploited a simple and fast label-free
lectrochemical genosensor for miRNAs detection based on gua-
ine oxidation consequent to the hybrid formation between the
icroRNA and its inosine substitute capture probe. Pöhlmann

nd Sprinzl (2010) developed a rapid, selective, and sensitive
ap hybridization assay for detection of mature miRNAs with-
ut label based on four components DNA/RNA hybridization and
lectrochemical detection using esterase 2-oligodeoxynucleotide
onjugates with the detection limit of 2 aM.  All of these detection
echniques showed high sensitivity, efficiency and selectivity, indi-
ating that electrochemical biosensors can be alternative to other
etection techniques.

In this work, we described a sensitive and selective miRNA
iosensor based on graphene and dendritic gold nanostruc-
ure (DenAu) modified glassy carbon electrode (GCE), LNA
ntegrated molecular beacon probe, multifunctional encoded
NA–AuNPs–LNA bio bar codes and HRP catalysis signal ampli-
cation, in which, the molecular beacon was not labeled with
uorescent and quencher groups, only a SH was labeled at its 5′-
nd for assembly on the electrode surface. DNA–Au bio bar codes
ave become increasingly incorporated bioassays with its effective
mplification based on AuNPs functionalized with a large num-
er of oligonucleotide strands. Different from previous reports,
he AuNPs were labeled with two oligonucleotide strands. One is
NA integrated DNA, which was complementary to the 3′-end of
olecular beacon probe. The other is biotin functionalized DNA, not

omplementary to probe. The length of the probe (41 bases) was
onger than the target miRNA (22 bases). The 5′-end of the molec-
lar (5′–3′, No. 6–27 bases) was complementary to miRNA and its
′-end (5′–3′, No. 28–41 bases) was complementary to LNA inte-
rated DNA in DNA–AuNPs–LNA bio bar codes. After hybridization
ith target miRNA, the stem-loop structure of molecular beacon
as unfolded and its 3′-end was forced far away from the electrode

urface to hybridize with LNA integrated DNA. Then, with spe-
ific interaction between biotin and streptavidin, the streptavidin
unctionlized horseradish peroxidase (streptavidin–HRP) can be
mmobilized on the electrode surface to catalyze the oxidation reac-
ion of hydroquinone by H2O2 to form benzoquinone and enhance
he electrochemical reduction signal of benzoquinone (Chen et al.,
011; Laczka et al., 2011; Zhang et al., 2011). The detection strat-
gy was shown in Scheme 1. Taking advantage of tri-amplification
ffects of the DenAu/graphene/GCE, multifunctional encoded AuNP

nd HRP, the biosensor showed high determination sensitivity for
iRNA with detection limit of 0.06 pM (S/N = 3).
ctronics 33 (2012) 247– 253

2. Experimental

2.1. Materials and apparatus

All oligonucleotides were synthesized and HPLC-purified by
TaKaRa Biotechnology Co., Ltd. (Dalian, China), and their sequences
are shown as follows, LNA integrated molecular beacon probe: 5′-
SH (CH2)6-GGC CGT CAA CAT CAG TCT GAT AAG CTA AAC ATG
ATA CGG CC-3′; target miRNA-21 (S1), 5′-UAG CUU AUC AGA CUG
AUG UUG A-3′; single-based mismatch miRNA, 5′-UAG CUU AUC
GGA CUG AUG UUG A-3′; three-based mismatch miRNA, 5′-UUG
CUU AUC GGA CUG AUC UUG A-3′; non-complementary miRNA,
5′-GUA AGG CAU CUG ACC GAA GGC A-3′; LNA integrated reported
DNA (S2), 5′-SH (CH2)6-GGC CGT ATC ATG TT-3′; signal DNA (S3),
5′-SH (CH2)6-GCG GAA CAC TCA AG-3′-biotin (nucleotide mis-
matches were indicated as italic and bold letters, locked nucleic
acid bases were indicated as underlined and bold letters, the com-
plementary section for probe to target miRNA-21 was indicated
as bold letters with shade.). Synthetic DNA and miRNA sequences
were dissolved in DEPC treated Milli-Q water with autoclaved ster-
ilization and kept frozen. Graphene was  synthesized according to
previous report (Li and Wu,  2009). AuNPs were synthesized accord-
ing to previous reports by chemical reduction using sodium citrate
as reductant (Liu and Lu, 2006). Streptavidin labeled horseradish
peroxidase (streptavidin–HRP), polyethylene glycol 3350 (PEG-
3350) and ethidium bromide (EB) were purchased from Sigma
(USA). Streptavidin–HRP was diluted 100 times with 10 mM phos-
phate buffer solution (PBS, pH 7.0). TRIzol reagent was from
Invitrogen (USA). Diethypyrocarbonate (DEPC) was from Solarbio
(China). Mercaptopropanoic acid (MPA), tri(2-carboxyethyl) phos-
phine hydrochloride (TCEP), tris(hydroxymethyl)aminomethane
(Tris), disodium ethylenediaminetetraacetic acid (EDTA), sodium
citrate, chloroauric acid and polyethylene glycol 3350 (PEG-3350)
were purchased from Aladdin (Shanghai, China). All reagents were
analytically pure grade.

The buffer solutions employed in this study are as follows. Probe
immobilization buffer: 10 mM Tris–HCl, 1.0 mM EDTA, 1.0 M NaCl,
and 1.0 mM TCEP (pH 7.0), miRNA hybridization buffer: 1 × SSC,
DNA hybridization buffer: 10 mM Tris–HCl, 1.0 mM EDTA, and 1.0 M
NaCl (pH 7.0), electrochemistry determination buffer, 0.1 M PBS (pH
7.0). All reagents were analytically pure grade. All of the solution
and redistilled deionized water used were treated with DEPC and
autoclaved to protect from RNase degradation.

Electrochemical experiments were performed with CHI660C
electrochemical workstation (USA) with a conventional three-
electrode cell. A bare GCE or modified GCE was used as working
electrode. A saturated calomel electrode (SCE) and a platinum
wire were used as the reference electrode and auxiliary elec-
trode, respectively. Transmission electron microscopy (TEM) image
was taken with JEOL-1200EX instrument (Japan). Atomic force
microscopy (AFM) measurement was  performed on Digital Instru-
ments MultiMode (USA). RNA concentration and quality were
assessed spectrophotometrically at 260 and 280 nm using NanoVue
TM equipment (GE-Healthcare, Buckinghamshire, UK). All the mea-
surements were carried out at room temperature (25 ± 0.5 ◦C).

2.2. Preparation of bio bar coded gold nanoparticles

The preparation of multifunctional encoded DNA–AuNPs bio bar
codes was performed according to previous report with minor revi-
sion (Hu et al., 2008). In brief, the mixture of 5.0 × 10−10 mol  of LNA
integrated reported DNA and 2.0 × 10−9 mol  of signal DNA was  acti-
thesized by chemical reduction, and shaken gently for 24 h. Then,
the DNA–AuNPs conjugates were aged in salts (0.1 M NaCl, 10 mM
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Scheme 1. Chronoamperometry determination of mi

cetate buffer) for another 24 h. Excess reagents were removed
y centrifuging at 12,000 rpm for 30 min. The red precipitate was
ashed and centrifuged repeatedly for three times. The resulting
anoparticles were dispersed into a buffer solution (pH 8.2) and
tored at 4 ◦C.

.3. Preparation of DenAu/graphene/GCE

The GCE was polished with 0.03 �m alumina powder on micro-
loth pad and rinsed thoroughly with redistilled deionized water.
hen the polished electrode was washed successively with redis-
illed deionized water, anhydrous ethanol and redistilled deionized
ater in an ultrasonic bath. After dried with nitrogen blowing, 5 �L

f graphene dispersion (2 mg/mL) was dripped on the electrode sur-
ace and dried under infrared lamp. After washed with redistilled
eionized water, the electrode was immersed into 3 mM HAuCl4
olution containing 0.1 M KNO3 and the DenAu were electrochem-
cally deposited on the electrode surface by single-potential mode
sing amperometry i–t technique at −0.2 V for 900 s (Ding et al.,
010). Finally, the electrode was washed with redistilled deionized
ater and dried with room temperature. The obtained electrode
as noted as DenAu/graphene/GCE.

.4. Probe immobilization and hybridization

For avoiding the formation of dipolymer, the molecular bea-

on probe was treated subsequently at 70 ◦C water bath for
0 min  and ice-cold water bath for 10 min  before immobiliza-
ion (Mao  et al., 2008). The DenAu/graphene/GCE was immersed
nto an immobilization buffer solution containing 1.0 × 10−8 M
A hybridization through three steps of amplification.

probe and 5.0 × 10−8 M MPA  for 24 h to obtain a well-aligned
probe monolayer, followed by rinsed three times with washing
buffer (10 mM Tris–HCl, pH 7.0) to remove the unspecific adsorbed
probe molecule and MPA. Hybridization reaction between the
immobilized probe and target miRNA-21 was  carried out by
immersing the modified electrode into hybridization buffer con-
taining a certain concentration of miRNA-21 for 2.5 h at room
temperature in a humidified chamber. After that, the elec-
trode was  rinsed three times with 0.1 × SSC for 15 min  to
remove the un-hybridized target miRNA-21 (the obtained elec-
trode was  noted as MiRNA-Probe/DenAu/graphene/GCE). The
MiRNA-Probe/DenAu/graphene/GCE was secondly hybridized with
reporter probes loaded on AuNPs for 2 h at room temperature.
After hybridization, the electrode was extensively rinsed with
washing buffer (10 mM Tris–HCl, pH 7.0) and dried under a
stream of nitrogen (the obtained electrode was noted as bio-bar-
codes/MiRNA-Probe/DenAu/graphene/GCE).

2.5. Streptavidin–HRP covalent binded with biotin

The bio-bar-codes/MiRNA-Probe/AuNPs/graphene/GCE was
incubated in 0.05% PEG-3350 solution (prepared in 0.1 M PBS)
for 1.5 h to prevent any possible nonspecific binding. After the
electrode was  rinsed three times with 0.1 M PBS (pH 7.0) for
5 min, 8 �L streptavidin–HRP (1:100) was  dropped on the elec-

trode surface and incubated for 30 min  at room temperature. The
electrode was then rinsed three times with 0.01 M PBS and dried
with room temperature. The obtained electrode was noted as
HRP/bio-bar-codes/MiRNA-Probe/DenAu/graphene/GCE.



250 H. Yin et al. / Biosensors and Bioelectronics 33 (2012) 247– 253

FM im

2

f
0
a
f

2

h
j
m
t
3
e
r
U
a

3

3

A
w
e
i

Fig. 1. TEM images of graphene (A) and AuNPs (C); A

.6. Electrochemical determination

Cyclic voltammetry (CV) and chronoamperometry (CA) was per-
ormed in 10 mL  of 0.1 M PBS (pH 7.0) containing 0.1 mM H2O2 and
.2 mM hydroquinone with the applied potential of −0.2 V for CA
nd a scan rate of 100 mV/s in the potential range from −0.5 to 0.6 V
or CV, respectively.

.7. Total RNA extraction

Human hepatocarcinoma BeL-7402 cells and normal human
epatic L02 cells were obtained from College of life science, Bei-

ing Normal University (China). Cells were cultured in Dulbecco’s
odified Eagle’s medium (DMEM, purchase from GIBICO, USA) con-

aining 10% fetal calf serum (FCS) (Invitrogen, New Zealand) at
7 ◦C in the presence of 5% CO2. Total RNA from the cells was
xtracted using TRIzol reagent according to the manufacturer’s
ecommended protocol. RNA concentration was determined by
V–vis spectrophotometry. RNA integrity was checked by TBE
garose gel electrophoresis.

. Results and discussion

.1. Characterization of graphene, AuNPs and DenAu

The synthesized graphene were characterized by TEM and AFM.

s can be seen in Fig. 1A, graphene showed the crumpled and
rinkled flake-like structure, which can increase the electrode

ffective surface. Fig. 1B shows the AFM image of graphene, only
ndividual flat graphene with thickness of 2.3 nm was observed.
ages of graphene (B) and DenAu/graphene/GCE (D).

This height is larger than the value predicted by theory, indicat-
ing the few layer graphene sheets (Schniepp et al., 2006). This
phenomenon can attribute the individual graphitic sheets bearing
oxygen-containing groups on both faces. Fig. 1C presents the TEM
image of AuNPs. The image indicated that the AuNPs obtained were
spherical and the average size was about 13 nm. The SEM image
of DenAu/graphene/GCE was shown in Fig. 1D, which proved that
Au with symmetrical dendritic structure was  successfully immobi-
lized on electrode by electrochemical deposition. From this image,
it can also be observed that the symmetrical dendritic structure was
composed of AuNPs, which was in accordance with previous report
by electrodepositing AuNPs at −1.4 V for 600 s (Li et al., 2011).
This symmetrical dendritic structure can greatly increase the elec-
trode effective surface area and improve the probe immobilization
amount, which were proved by the following investigations.

3.2. Electrode characterization

Electrochemical impedance spectroscopy (EIS) is a useful tech-
nique to monitor the impedance changes of the electrode surface
during the modification process. The semicircle diameters of
Nyquist plot at high frequency region reflect the electron trans-
fer resistance (Ret), which is from the electron transfer of the redox
probe [Fe(CN)6]3−/4− (Zhu et al., 2010). Fig. 2 shows the EIS results
of different electrodes in [Fe(CN)6]3−/4− solution with the frequen-
cies swept from 10−1 to 105 Hz. The Ret of the bare GCE was 682 �

(curve a). Graphene/GCE (curve b) and DenAu/graphene/GCE (curve
c) exhibited an almost straight line, which was  just the character-
istic of the diffusional limiting step of the electrochemical process,
indicating that graphene and DenAu can increase the electrode
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Fig. 2. Nyquist plots of different electrode in 5 mM Fe(CN)6
3−/4− contain-

ing  0.1 M KCl. (a) GCE, (b) graphene/GCE, (c) DenAu/graphene/GCE, (d)
Probe/DenAu/graphene/GCE, (e) MiRNA-Probe/DenAu/graphene/GCE, (f) bio-bar-
codes/MiRNA-Probe/DenAu/graphene/GCE and (g) HRP/bio-bar-codes/MiRNA-
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Fig. 3. Differential pulse voltammograms of HRP/bio-bar-codes/MiRNA-
Probe/DenAu/GCE (a), and HRP/bio-bar-codes/MiRNA-Probe/DenAu/graphene/GCE

with target miRNA-21 due to the steric hindrance effect. Therefore,
−8
robe/DenAu/graphene/GCE.

onductivity and facilitate the electron transfer from the redox
robes to electrode surface. In addition, DenAu can further increase
he effective electrode surface area and thus have the potential to
nchor more DNA probes to amplify the signal. After assembling
robe and MCH, a small semi-circle at high frequency region was
bserved and the Ret value was 89.1 � (curve d). The increase in Ret

as due to the immobilization of negatively charged phosphoric
cid backbone of molecular beacon probe repels the negatively
harged Fe(CN)6

3−/4− and inhibit the electron transfer. After the
robe hybridized with target miRNA-21 (curve e), the Ret value

ncreased to 245.2 �.  Subsequently, the value of Ret increased to
61.1 � when the un-hybridized fragment of probe hybridized with
NA integrated reported DNA (S2) loaded on the AuNPs, due to the
arge amount of DNA and LNA linked on the AuNPs (curve f). After
he electrode was sealed with PEG-3350 and specific interacted
ith streptavidin–HRP (curve g), the Ret value increased signifi-

antly (1795 �),  due to the increase of the thickness of the interface.
he phenomenon was consistent with the fact that the protein layer
as insulated and blocked the interfacial electron transfer. This was

he direct evidence of successful binding of enzyme on the electrode
urface.

Because the aim of this work is determine miRNA-21 based
n signal amplification using LNA integrated molecular beacon
robe, the probe immobilization amount can direct influence the
etermination sensitivity. Thus, we immobilized the probe onto
enAu modified graphene/GCE, not DenAu/GCE. The reason can be
ttributed to two aspects. One is that graphene possesses excellent
onductivity, which can increase the electrochemical response of
enzoquinone. The other is that graphene has high specific surface
rea and can increase the electrode effective surface area, so more
enAu can be electrochemically deposited on the electrode surface

o assemble more probe molecules. For confirming it, the elec-
rode effective surface area was determined based on the reduction
eak area of gold oxide when the electrode was immersed in 0.5 M
2SO4 and scanned from 0 to 1.6 V by cyclic voltammetry (Fig. S1 in

upplementary material). The reduction peak areas were 2.843 and
.104 mC  for DenAu/GCE and DenAu/graphene/GCE, respectively.
ccording to previous report (Trasatti and Petrii, 1991), the specific

2
harge of gold oxide reduction can be assumed to be 386 �C/cm .
herefore, the active surface area of DenAu/graphene/GCE can be
alculated to be 15.81 cm2, while the corresponding DenAu/GCE
(b and c) in 0.1 M PBS (pH 7.0) containing 0.1 mM H2O2 and 0.2 mM hydroquinone
after background subtraction. MiRNA-21 hybridization concentration, 1 × 10−8 (a
and b) and 1 × 10−7 M (c).

was 7.36 cm2. It was clear that the electrode effective area was
increased.

For confirming that graphene and DenAu can improve the deter-
mination sensitivity of the proposed method, the electrochemical
behavior of the fabricated biosensor was  investigated in 0.1 M
PBS (pH 7.0) containing 0.1 mM H2O2 and 0.2 mM hydroquinone
by differential pulse voltammetry (Fig. 3). The reduction peak
current of HRP/bio-bar-codes/MiRNA-Probe/DenAu/graphene/GCE
(curve b) was higher than that at HRP/bio-bar-codes/MiRNA-
Probe/DenAu/GCE (curve a) after background subtraction, which
can be attributed to the good conductivity of graphene and DenAu.
Graphene can not only increase the reduction peak current, but
also increase the electrode area to immobilize more DenAu. The
increased DenAu can increase the reduction peak current. More
importantly, the increased DenAu can immobilized more probes
on the electrode surface, then more AuNPs functionalized bio bar
codes and HRP can be immobilized on the electrode surface. When
the hybridization concentration of miRNA-21 increased (curve c),
the reduction peak current of benzoquinone also increased. There-
fore, we thought that the developed method can be applied to
monitor miRNA-21 hybridization event.

3.3. Optimization of experimental conditions

Because the high hybridization efficiency can improve the
determination sensitivity and discriminate specific sequence, the
effect of probe concentration, probe immobilization time, miRNA-
21 hybridization time and reported DNA hybridization time on
the reduction peak current of benzoquinone was investigated by
chronoamperometry.

Fig. S2A (supplementary material) shows the influence of probe
concentration on miRNA-21 hybridization. The reduction signal
of benzoquinone increased with probe concentration increasing
from 10−11 to 10−8 M and the maximum current was obtained at
10−8 M.  With increasing the molecular beacon probe concentra-
tion, more probes can be immobilized on the electrode. However,
too many probes on the electrode surface can lead to the diffi-
culty in unfolding the loop-stem structure of probe to hybridize
10 M prone concentration was  selected. Fig. S2B (supplemen-
tary material) shows the effect of probe immobilization time
on the on the reduction current of benzoquinone. The current
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Fig. 4. (A) Amperometric responses for the biosensor with probe hybridized with
target miRNA-21 at different concentrations. (a–h) 0.1, 0.5, 1, 4, 7, 10, 40 and 70 pM;
insert: calibration curve. (B) Comparison of amperometric signal of the biosensor
a
t
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i
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fter hybridization with target miRNA-21 (a), single-base mismatched miRNA (b),
hree-base mismatched miRNA (c) and non-complementary miRNA (d) after back-
round subtraction. MiRNA concentration, 1 pM.

ncreased gradually with extending the immobilization time from
2 to 24 h. Then the current decreased reversely. Considering
he determination sensitivity, 24 h was selected as the optimal

ondition. The effect of hybridization time was investigated by
ybridizing with target miRNA-21 with probe from 30 to 180 min
Fig. S3C in supplementary material). With the time increasing
rom 30 to 120 min, the reduction current increased gradually.

ig. 5. (A) 1% agarose gel electrophoresis of isolated total RNA. (a) DNA marker, (b) hum
lectrochemical responses of the biosensor after hybridization with extract total RNA sam
ctronics 33 (2012) 247– 253

Then, the current increased very slightly with further extending
the hybridization time. To ensure the relative high hybridization
and determination efficiency, 120 min  was selected throughout our
experiments. Fig. S2D (supplementary material) shows the effect
of hybridization time of the reported DNA loaded on AuNPs with
probe on the reduction current of benzoquinone. Similar to miRNA-
21, the current increased gradually from 30 to 150 min, and then the
increase tendency slowed down. Therefore, 150 min was  selected
as the optimum hybridization time.

3.4. Detection sensitivity and selectivity for miRNA-21

Chronoamperometry is an electrochemical technique that
has been widely applied to monitor DNA–DNA or DNA–miRNA
hybridization events (Gao and Yang, 2006; Pöhlmann and Sprinzl,
2010; Wang et al., 2011). Therefore, chronoamperometry was
performed to examine the detection sensitivity of the biosen-
sor after hybridization with the target miRNA-21 at different
concentrations. As can be seen in Fig. 4A, the current increased
linearly with the increasing target miRNA-21 concentration rang-
ing from 0.1 to 70 pM.  The regression equation can be expressed
as I = 0.29 log c + 0.43 (R = 0.9956) and the detection limit was  esti-
mated to be 0.06 pM.

Four kinds of miRNA sequences including the complementary
target miRNA-21, the single-base mismatch miRNA, the four-base
mismatch miRNA, and the non-complementary miRNA were cho-
sen to study the selectivity. Fig. 4B shows the comparison of the
currents of these four miRNA sequences with same concentra-
tion (1 pM)  hybridized with probe and the background. Among the
four kinds of miRNA sequences, the current of complementary tar-
get miRNA-21 was  0.46 �A (column a), which was much higher
than those of the other mismatch sequences with the currents of
0.088 �A (single-base mismatch, column b), 0.074 �A (three-base
mismatch, column c), and 0.051 �A (non-complementary, column
d), respectively. The blank background current was 0.049 �A (col-
umn  e). These results demonstrated that the biosensor was able to
discriminate complementary target miRNA-21 as the target with
high specificity and sensitivity.

Besides sensitivity and selectivity, reproducibility is also
extremely important feature for biosensors in the practical appli-
cation such as clinical diagnoses. To investigate it, six electrodes
were fabricated independently at the same conditions and used
to detect miRNA-21 (1 pM). The relative standard deviation (RSD)
was 10.05%, which was comparable with previous reports (Gao and

Yang, 2006; Gao and Yu, 2007c; Lusi et al., 2009; Pöhlmann and
Sprinzl, 2010). This result indicated that the proposed biosensor has
acceptable reproducibility for miRNA-21 determination consider-
ing the instability and low abundance of miRNA-21.

an hepatocarcinoma BEL-7402 cells and (c) normal human hepatic L02 cells. (B)
ples.
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.5. Expression analysis of miRNA-21 in cells

With the high sensitivity and selectivity, the biosensor allowed
s to directly and PCR-freely analyze miRNA expression in total
NA extracted from cells. Because hepatocarcinoma is the most
ommon malignancy of the liver, the fifth most common cancer
orldwide, and the third most common cause of cancer deaths

Liu et al., 2010), we measured the electrochemical response
fter hybridization with miRNA-21 in diluted total RNA extracted
rom human hepatocarcinoma BEL-7402 cells and normal human
epatic L02 cells. The integrity of the total RNA was  confirmed
y agarose gel electrophoresis (Fig. 5A). The three bands of 28S,
8S and 5S were obtained, indicating the integrity of total RNA.
he ratio of A260 and A280 was 1.789 and 1.681 for L02 cells and
EL-7402 cells, respectively, implying the relative high purity of
otal RNA. As can be seen in Fig. 5B, after hybridization with

 total RNA sample extracted from BEL-7402 cells, a significant
lectrochemical signal was generated compared with that at L02
ells, indicating that the expression level of miRNA-21 in BEL-7402
ells was up-regulated, which was in accordance with previous
eport (Selaru et al., 2009). In fact, the concentrations of miRNA-21
n L02 and BEL-7402 cells were 0.127 and 0.489 pM.  The rela-
ive errors were 11.83% and 12.98% for BEL-7402 and L02 cells,
espectively. Thus, this biosensor can offer a satisfactory accuracy
n the direct identification of differentially expressed miRNAs in
ells.

. Conclusions

In summary, we developed an electrochemical biosensor for
irect detection miRNA-21 hybridization in real samples without

abel and enrichment based on triple signal amplification. First,
he graphene and DenAu were immobilized onto the substrate
CE to improve the conductivity and electrochemical effective sur-

ace area, through which the immobilization amount of capture
NA integrated molecular beacon probe was enhanced. Second,
uNPs functionalized DNA bio bar codes hybridized with 3′-end
f probe to increase the immobilization amount of biotin. Third,
treptavidin–HRP specifically interacted with biotin to amplify the
lectrochemical response of benzoquinone. Based on these amplifi-
ations, the detection limit of 0.06 pM was achieved. The biosensor
howed excellent selectivity for different miRNA sequences. This
trategy can also be applied as efficient tools for rapid, specific and
irect detection of extremely low concentration of other miRNA.
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