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a b s t r a c t

A distance-dependent electrochemiluminescence resonance energy transfer (ERET) system based on
CdTe nanocrystals and Au nanoclusters (Au NCs) was designed with the aid of ligase for highly selective
detection of microRNA (miRNA). First, Au NCs functionalized hairpin DNA was synthesized via Au–S
chemistry, and characterized with transmission electron microscopy and dynamic light scattering.
The resulting hairpin DNA–Au NCs composite can be bound to the carboxylated CdTe nanocrystals via
amide reaction on glass carbon electrode. The strong interaction between CdTe nanocrystals and AuNCs
led to the electrochemiluminescence (ECL) quenching of CdTe nanocrystals. In the presence of assistant
DNA and miRNA, the ligase can selectively ligate both of them on the strand of the hairpin DNA to form
long DNA–RNA heteroduplexes. Thus the ECL signal was recovered due to the blocking of the ERET. As a
comparison, when directly opening the hairpin DNA by the target, the ECL emission signal is weak owing
to the presence of ERET effect at the short distance. Based on the distance-dependent ERET, a ‘signal on’
ECL system was utilized for the detection of miRNA with the advantages of 6 orders magnitude linear
range and excellent sequence specificity. The total detection processing time of the biosensor was
approximately 70 min. By substituting the hairpin DNA with different sequences, this strategy as a new
signal transduction approach could be conveniently extended for detection of other short miRNA
and DNA.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

MicroRNAs (miRNAs) as non-coding RNA with the length of
19–23 nucleotides (Bartel, 2004; He and Hannon, 2004), primarily
function as important regulators to regulate fundamental cellular
processes through the modulation of gene expression (Cho, 2010;
Farh et al., 2005; Feng et al., 2012). So, it is of great significance to
develop an accurate, sensitive and low cost miRNA quantification
method for biological research and clinical diagnosis. However,
several unique characteristics of miRNAs, including the small sizes,
sequence homology among family members, and low abundance in
total RNA samples, impose restrictions to analyze (Cissell et al.,
2007). Some conventional methods (i.e. polymerase chain reaction,
Northern blotting, microarrays, etc.) have their individual advan-
tages for the screening of miRNAs (Chapin et al., 2011; Dangwal
et al., 2012; Yin et al., 2008), but these techniques are complained
on low sensitivity, time and labor consuming. As for hybridization-
based detection, it is difficult to label the short probe for selective

detection of miRNAs. Therefore, the new strategies focusing on
improving the specificity of miRNA profiling measurements are
significant and urgent.

In order to address those issues, some emerging strategies such as
molecular biological techniques, nanotechnology-based approaches
as well as lock nucleic acid (LNA) modified probe are involved in
miRNA detection and quantification (Alhasan et al., 2012; Duan et al.,
2013; Shen et al., 2013; Wang et al., 2013b; Wen et al., 2012; Yin
et al., 2012; Zhu et al., 2013). Especially, the latter has shown great
advantages to enable specific identification of highly similar
sequences in miRNA family members since the LNA probes show a
much higher affinity for their complementary RNAs than conven-
tional RNA- or DNA-based probes (Baker et al., 2012; Ma et al., 2012;
Ostergaard and Hrdlicka, 2011). On the other hand, it is an alternative
way to enhance the specificity of the detection by elongating the
length of the capture probes for improving the melting temperature
(Tm), which permits to establish normalized hybridization conditions
suitable for all miRNAs (Castoldi et al., 2006; Qavi et al., 2010).
Generally, ligase, which is used as an efficient catalyst to form a
phosphodiester bond between the juxtaposed 5′-phosphate of the
surface-attached single strand DNA (ssDNA) and the 3′-hydroxyl
group of unmodified RNA in the presence of a complementary ssDNA
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template, can ligate two RNAs or RNA/DNA to produce the duplex
structure (Lee et al., 2005). In this work, based on the ligation of the
T4 RNA Ligase 2, a highly selective detection strategy for miRNA was
designed via the distance-dependent electrochemiluminescence
(ECL) resonance energy transfer.

ECL is an attractive technique for the sensitive detection of
biomolecules due to the separation between the applied voltage and
the ECL emission for readout (Richter, 2004). Especially, ECL resonance
energy transfer (ERET) has some great potential applications owing to
advantages such as its high sensitivity, wide dynamic concentration
response range, as well as its potential and spatial controlment
(Xu et al., 2011). A series of works were reported by using CdS
nanocrystals as ECL donors and Au nanoparticles or RuðbpyÞ32þ as
ECL accepts for the detections of DNA, protein and cell in the presence
of K2S2O8 as coreactant (Wang et al., 2011, 2013a; Wu et al., 2012).
Since the rate of energy transfer is highly dependent on the distance
between the donor and acceptor (Yun et al., 2005), it is difficult to
develop a high sensitivity ERET-based quantification protocol for the
short length of miRNA targets. Here, a distance-dependent ECL
resonance energy transfer system based on CdTe nanocrystals and
Au nanoclusters (NCs) was developed with the aid of ligase by using
O2 as an endogenous coreactant without introduction of exogenous
coreactants like S2O8

2�, which was beneficial to the biosensor for
detection of miRNA (Scheme 1). First, Au NCs functionalized hairpin
DNA was synthesized, which can then be bound to the carboxylated
CdTe nanocrystals via amide reaction on glass carbon electrode. When
directly opening the hairpin DNA in the presence of target, the ECL
emission signal is weak because of the presence of ERET effect
between CdTe nanocrystals to Au NCs at the relative short distance.
In contrast, in the presence of assistant DNA and miRNA, the ligase can
selectively ligate both of them on the strand of the hairpin DNA to
form long DNA–RNA heteroduplexes. The long distance should largely
increase the ECL signal due to the inhibition of ERET process. There-
fore, the proposed ECL biosensor shows an excellent performance of
high specificity, 6 orders magnitude linear range and low detection
limit down to 21.7 fM. The distance-dependent ERET strategy provides
a new concept in the development of high selective microRNA
biosensor for gene expression profiling and molecular diagnostics.

2. Materials and methods

2.1. Materials and reagents

T4 RNA ligase 2 was purchased from New England Biolabs Ltd.
(Beijing, China). Cadmium chloride (CdCl2 �2.5H2O) and meso-2,3-
dimercaptosuccinic acid (DMSA) were purchased from Alfa Aesar

China Ltd. 6-Mercapto-1-hexanol (MCH) and isopropyl alcohol were
purchased from Nanjing chemical reagent Co., Ltd. Tellurium rod
(4mm in diameter) was purchased from Leshan Kayada Photoelec-
tricity Co. (China). Chloroauric acid (HAuCl4 �4H2O) was obtained from
Shanghai Reagent Co. (Shanghai, China). Glutathione in the reduced
form (GSH), tris(hydroxymethyl)aminomethane (Tris), and other che-
micals were purchased from Sigma Aldrich without further purifica-
tion. 0.1 M phosphate buffer salines (PBS) with various pHs were
prepared by mixing the stock solutions of 0.1 M NaH2PO4 and 0.1 M
Na2HPO4 containing 0.1 M KNO3 as the supporting electrolyte. Ultra-
pure water obtained from a Millipore water purification system
(Z18MΩ, Milli-Q, Millipore) was used throughout the work.

The DNA was synthesized by Shanghai Sangon Biotechnology
Co. Ltd. (Shanghai, China). All oligonucleotides were purified by
using high-performance liquid chromatography and diluted to
give stock solutions in 0.1 M Tris–HCl (pH 7.4). The sequences of
three oligomers are given as follows:

Hairpin 1: 5′-NH2-(CH2)6-GAC TCG ATA GAT GCG CCA ATA TTT
ACG TGC TGC TAC ACA AAC CAT TAT GTG CTG CTA CAT CTA TCG-
(CH2)6-HS-3′

Hairpin 2: 5′-NH2-(CH2)6-GAC TCG ATA GAT GCA CAA ACC ATT
ATG TGC TGC TAC ATC TAT CG-(CH2)6-HS-3′

Assistant DNA: 5′-phosphate-TAG CAG CAC GTA AAT ATT GGC
G-3′

All the RNA sequences and diethyprocarbonated (DEPC)-trea-
ted water were purchased from Shanghai GenePharma Co., Ltd.
(Shanghai, PRC) and purified using high-performance liquid chro-
matography, which were listed as follows:

Target: 5′-UAGCAGCACAUAAUGGUUUGUG-3′
One-base mismatch: 5′-UAGCAGCACAUAAUGGUUUCUG-3′
Three-base mismatch: 5′-UAACAGCACAAAAUGGUUUCUG-3′

2.2. Apparatus

The synthesis of DMSA-CdTe nanocrystals (i.e. quantum dots,
QDs) were carried out using Te rod as working electrode at a CHI
660B. The ECL measurements were carried out on a MPI-E multi-
functional electrochemical and chemiluminescent analytical system
(Xi’an Remex Analytical Instrument Ltd. Co., China) at room
temperature with the photomultiplier tube (PMT, detection range:
300�650 nm) as ECL detector biased at 1000 V (Fig. S1). A modified
glassy carbon electrode (GCE, 5 mm in diameter, China), platinum
wire and Ag/AgCl (saturated KCl) were employed as working,
counter and reference electrodes, respectively. Photoluminescence
(PL) spectra were obtained on a RF-5301 PC fluorometer (Shimadzu
Co., Japan). Transmission electron microscopic (TEM) images were
obtained on JEM-2100 (Japan). Dynamic light scattering (DLS)

Scheme 1. Schematic illustration of highly selective detection strategy of miRNA based on the distance-dependent ERET between CdTe nanocrystals and Au nanoclusters.
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measurement was performed by BI-200SM light scattering appara-
tus (Brookhaven, U.S.A.).

2.3. Preparation of QDs

The DMSA-CdTe QDs were synthesized according to our electro-
lysis method (Ge et al., 2008), that is, a green method was employed
by using Te rod as working electrode and DMSA as stabilizer under
N2 atmosphere. When a terminal charge quantity of 0.5 C was
reached, the resulting solution was refluxed at 80 1C for 20 h to
obtain DMSA-CdTe QDs and stored at 4 1C prior to use. According to
Peng's empirical equation (Yu et al., 2003), the concentration of the
QDs solution was estimated to be 2.7�10�6 M from the adsorption
peak (Fig. S2).

2.4. Preparation of Au NCs

The Au NCs were prepared according to the previous protocol
(Zhou et al., 2010). Briefly, GSH aqueous solution (500 μL, 25 mM)
was mixed with 500 μL of HAuCl4 aqueous solution at molar ratio
of 1:1, and then kept in dark at room temperature. The color of the
solution changed from colorless to pale yellowish after 2 weeks.
The solution was first centrifuged at 12,000 rcf for 5 min to remove
the large nanoparticles. The supernatant was further purified by
adding ethanol into the aqueous solution (the ratio between
ethanol and water is 1:2). Under this condition, the luminescent
Au NCs were precipitated out of the solution while the free GSH
and gold ions remained in the solution. The precipitates were then
resuspended in aqueous solution and stored at 4 1C.

2.5. Preparation of hairpin DNA/Au NCs composite

The hairpin DNA/Au NCs were prepared via Au–S chemistry
(Yun et al., 2005). First, in order to reduce disulfide bonds, 500 μL
of 2 μM hairpin DNA in 0.1 M NaClþ0.1 M Tris–HCl buffer (pH 7.4)

were activated with 1.5 μL of 10 mM TCEP. Then the activated
hairpin DNA was added into 500 μL of Au NCs solution. The
resulting colloidal solution was kept in refrigerated at 4 1C over
night, and centrifuged at 10,000 rcf followed by washing with
0.1 M Tris–HCl buffer, Finally, the resulting hairpin DNA–Au NCs
were resuspended in aqueous solution and stored at 4 1C for
further use.

2.6. Fabrication of the biosensor

First, the GCE was polished successively with 1.0 and 0.05 μm
alumina slurry (Beuhler). After successive sonication in acetone
and deionized water, the electrode was dried under N2. Before
modification, QDs solution was mixed with isopropyl alcohol and
centrifuged at 8000 rcf. The precipitation was washed with a 1:1
mixture of isopropyl alcohol and water, and then dissolved in
20 μL of water and dropped onto GCE. The QDs film on GCE was
dried under humid atmosphere at room temperature. The formed
QD film was stable due to the low solubility and strong physical
absorption of QDs on the surface of GCE. Finally, the CdTe QDs-
modified GCE was stored in Tris–HCl buffer (pH 7.4) prior to use.

To activate carboxylic acid group of CdTe QDs, the CdTe QDs
modified electrode was immersed in 1 mL of Tris–HCl buffer (pH
7.4) containing 20 mg of EDC and 10 mg of NHS for 1 h at room
temperature and then washed with 0.1 M pH 7.4 Tris�HCl solu-
tion. 20 μL hairpin DNA–Au NCs was spread on the pre-prepared
electrode surface for 20 h in the 100% humidity to obtain the
hairpin DNA–Au NCs modified electrode.

2.7. ECL detection

The hairpin DNA–Au NCs modified electrode was incubated
with 5′-phosphate-modified assistant DNA and the 3′-hydroxyl
group of unlabeled miRNA molecules at 37 1C for 30 min. For the
ligation reaction of T4 RNA ligase 2, the resulting electrode

Fig. 1. HRTEM images of (A) Au NCs and (B) CdTe QDs. The hydrodynamic sizes of (C) AuNCs and (D) hairpin DNA–Au NCs composite measured by DLS.
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inserted into the reaction mixture for 40 min, in which consisted
of T4 RNA ligase 2, PEG 8000, and T4 RNA 2 buffer at a final
concentration of 200 U, 25%, and 1� , respectively. Finally, the
as-prepared biosensor was rinsed three times with deionized
water, and then carried out ECL measurements for signal readout
in air-saturated PBS. Moreover, no requirement of exhausting air is
convenient for the application of the biosensor in practice.

3. Results and discussion

3.1. Characterization of hairpin DNA–Au NCs and CdTe QDs

The topographies and sizes of the obtained CdTe QDs, Au NCs
and DNA–Au NCs composite were characterized with high resolu-
tion TEM images and DLS pattern in Fig. 1. The typical TEM images
of Au NCs (Fig. 1A) and CdTe QDs (Fig. 1B) showed a uniform size
distribution of around 1.9 nm and 5 nm, respectively. The disper-
sibility and stability of the hairpin DNA–Au NCs composite have
been evaluated from DLS analysis. This size of Au NCs approxi-
mated the mean hydrodynamic diameter of 2.1 nm (Fig. 1C). After
the hairpin DNA–Au NCs composite being fabricated, the resulting
hydrodynamic diameter is 4.9 nm (Fig. 1D), indicating no massive
aggregation of Au NCs and hairpin DNA–Au NCs composite. The
increase of hydrodynamic diameter of the hairpin DNA–Au NCs
composite indicated that DNA was joined to the Au NCs surface.
In addition, the polydispersity index (PDI) of Au NCs and hairpin
DNA–Au NCs from the DLS results was also stated to be 0.24 and
0.35, respectively. The small PDI values (PDIo0.35) indicated the
good monodispersity in both cases, which is favorable to construct
a uniform sensing platform.

3.2. Performance of the biosensor

In order to confirm the feasibility of the method, ECL-time
responses were investigated at the stepwise steps in Fig. 2. The
QDs modified electrode had an intensive ECL emission peak at
�1.05 V in air-saturated pH 9.0 PBS buffer (curve a). After
immobilizing with the hairpin DNA, the ECL intensity slightly
decreased (curve b) as a result of the increased impedance and
inhibition of O2 diffusion to the electrode surface. However, there
was an outstanding decline of ECL intensity when modifying the
hairpin DNA/Au NCs (curve c), which could be attributed to the
energy transfer between the excited QDs and Au NCs. Sequentially,
when adding the assistant DNA and miRNA, the ECL signal was
almost no change in the absence of the ligase. However, in the
presence of the ligase, the signal recovered to 78% (curve d), which
is contributed to the elongating distance between the QDs and Au

NCs after the formation of DNA/miRNA heteroduplexes. In con-
trast, although the hairpin 2 can be directly opened by target
miRNA, the ECL intensity recovered to only about 37.5% (curve e)
due to the relatively short distance between the QDs and Au
NCs. Therefore, the intensively distance-dependent ERET system
between QDs and Au NCs provides a possibility to design a high
sensitive and selective method for the detection of miRNA.

3.3. Insights into the quenching mechanism

Generally, the energy transfer efficiency strongly depends on the
separation distance between donors and acceptors. To further
illuminate quenching mechanism between QDs and Au NCs, fluor-
escence emission spectra were investigated under different separa-
tion distance by using rigid double strand DNA (dsDNA) as the spacer
(Fig. 3), in which the QDs and Au NCs are appended at opposite ends
via amide reaction and Au–S chemistry, respectively (Fig. S3). For the
dsDNAwith 44 mer and 22 mer without regarding single strand DNA
spacer, the separation distances can be calculated to be 14.96 nm and
7.48 nm, respectively (Li et al., 2011; Jennings et al., 2006). As a result,
the quenching of fluorescence emission of QDs was obviously
observed at 475 nm (curve b), which should be attributed to Förster
resonance energy transfer (FRET) from the QDs to Au NCs at the short
distance less 10 nm. In contrast, at the relative long distance
(14.96 nm) after ligation reaction, a fluorescence quenching of QDs
becameweak (curve a). This phenomenon can be explained by surface
energy transfer between the QDs to the Au NCs (Yun et al., 2005),
in which is energy transfer from a dipole to a metallic surface with the
detectable distance limited to o20 nm (Singh and Strouse, 2010).
The different quenching efficiencies can provide a detectable ECL
signal for the determination of miRNA. Moreover, due to the small
size, this reported QDs/Au nanoclusters ECL system showed more
efficient ECL quenching effect comparing with gold or silver nanopar-
ticles, leading to a highly sensitive ECL strategy for miRNA detection.

3.4. Optimization of conditions for ECL detection

To efficiently apply the ERET system in miRNA detection, several
experimental parameters including the pH value, concentrations of
the T4 RNA ligase 2, incubation time of the hybridization and the
time of ligation reaction were optimized (Fig. 4). The ECL intensity
increased with the increasing pH of detection solution from 6.0 to
10.0 (Fig. 4A) because the electrogenerated intermediates (e.g. O2

��

and HO�) of dissolved O2 as well as the resulting H2O2 as the
coreactant were more stable at high pH. Considering that pH
9.0 was favorable for bioanalysis applications, 0.1 M pH 9.0 PBS

Fig. 2. ECL-time curves of (a) QDs, (b) QDs/hairpin 1 and (c) QDs/hairpin 1–Au NCs
modified GCE in air-saturated pH 9.0 PBS. (d) and (e) are ECL responses of QDs/
hairpin 1–Au NCs and QDs/hairpin 2–Au NCs modified GCE to 100 nMmiRNA in the
presence of T4 RNA ligase 2 in air-saturated pH 9.0 PBS buffer, respectively.

Fig. 3. Fluorescence emission spectral of QDs–dsDNA–AuNCs conjugate with 44
base pairs (a) and 22 base pairs (b), QDs (c) and AuNCs (d).
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buffer was used throughout the following experiments. On the
other hand, the detection sensitivity depended on the formation of
the duplex of DNA and miRNA via ligation reaction by ligase on the
electrode surface. Thus the hybridization time of among hairpin
DNA, assistant DNA and the target, the time of the ligation reaction
and concentrations of T4 RNA ligase 2 are important in this method.
As shown in Fig. 4B, the ECL peak intensity had no obvious change
after concentrations of T4 RNA ligase 2 reached the 200 U/mL,
indicating that the ligase was sufficient for specific conjugation of
assistant DNA and miRNA. Thus, the 200 U/mL of T4 RNA ligase

2 was chosen in the ECL detection. In addition, the hybridization
time and the time of ligation reactionwere chosen to be 30 min and
40 min (Fig. 4C and D), respectively, in which the ECL intensity
reached a platform, and can efficiently facilitate the detection.

3.5. Quantitative measurement

Above results revealed that the ERET upon the introduction of
hairpin DNA–Au NCs bioconjugates and ligase could effectively
amplify the sensing signal and improve the detection sensitivity.

Fig. 4. Effects of (A) the pH, (B) concentrations of T4 RNA ligase 2, (C) incubation time of the hybridization, and (D) the time of ligation reaction on normalized ECL intensity
at 1 μM of hairpin 1, 100 nM of assistant DNA and 100 nM of miRNA in air-saturated PBS buffer containing 0.1 M KNO3. When one parameter changes the others are under
their optimal conditions.

Fig. 5. (A) ECL responses of the biosensor to 0, 1�10�6, 1�10�5, 1�10�4, 1�10�3, 0.01, 0.1, 1, 10, 100 and 1000 nM of miRNA (from a to k) in air-saturated pH 9.0 PBS
buffer. Inset: Linear calibration plot for miRNA detection. (B) The ECL intensity for detection of 100 nM complementary target (a), single-base mismatched strand (b), and
three-base mismatched strand (c). Inset: Continuous cyclic scans of GCE/QDs/hairpin 1–Au NCs (red) and then incubation with miRNA in the presence of 100 nM of assistant
DNA and T4 RNA ligase 2 (black) in air-saturated pH 9.0 PBS buffer. Scan rate: 0.1 V s�1. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Y. Cheng et al. / Biosensors and Bioelectronics 51 (2014) 431–436 435



Thus the distance-dependent ERET method was applied for the
quantitative measurement of miRNA. As shown in Fig. 5A,
the cathodic ECL peak intensity around �1.05 V increased with
the increasing of concentrations of miRNA from 1 fM to1 μM. A
linear relationship between miRNA concentration and ECL inten-
sity was plotted in the concentration range of 100 fM to 100 nM
with a correlation coefficient of 0.993 (inset of Fig. 5A). Mean-
while, miRNA could be detected at a limit of detection (LOD) of
21.7 fM at signal to noise ratio S/N¼3 without any separation or
amplification step. Compared with other methods (Table S1), the
designed biosensor showed wide detectable concentration range
and low LOD. The low detection limit of this biosensor can be
attributed to the high affinity and specificity of the ligase as well as
the low background noise inherent in ECL detection.

3.6. Selectivity and stability of biosensor

The selectivity of the ERET-based miRNA biosensor was inves-
tigated by measuring the ECL response of the proposed biosensor
to three types of miRNA sequences at the same concentration
(100 nM), including complementary target, single-base mis-
matched strand, and three-base mismatched strand in the same
condition. As shown in Fig. 5B, the proposed system displayed
high fidelity in discriminating perfectly complementary target and
the mismatched stands. The ECL intensity of perfectly comple-
mentary target was 3.9 times of that for single-base mismatch
sequence, and the response to the three-base mismatch strand
was only 19% of that for the perfectly complementary target. The
high sequence specificity may be attributed to the high affinity and
unique specificity of the ligase (Tyagi and Kramer, 1996). These
results suggested that this detection approach had high sequence
specificity and potential application in the short ssDNA analysis.

The proposed biosensor showed stable ECL signal of quenching
(inset of Fig. 5B, red curve) and recovering response (inset of Fig. 5B,
black curve) upon consecutive potential scans, indicating the feasi-
bility for ECL detection. The relative standard deviation (RSD) for ten
parallel measurements at GCE/QDs/hairpin 1–Au NCs without and
with ligation reaction were 1.12% and 0.93%, respectively, indicating a
good precision. The detection 100 nM of miRNA at three independent
electrodes showed a RSD of 0.98%, giving an acceptable fabrication
reproducibility. When the sensor was not in use, it was stored in air
condition at room temperature and measured in pH 9.0 PBS every
few days. No obvious change in the ECL intensity was observed after
storage for 4 weeks, exhibiting a potential application in practice.

4. Conclusions

The distance-dependent ECL resonance energy transfer system
based on CdTe nanocrystals to Au nanoclusters was successfully
constructed with the aid of ligase for detection of miRNA. Com-
pared to the method that the short hairpin DNA was directly
opened by miRNA, this system integrated with the ligation reac-
tion to form long DNA–RNA heteroduplexes, and thus the ECL
signal was significantly recovered due to the blocking of the ERET.
Also, this strategy demonstrated great advantages in sensitivity
and selectivity due to the high affinity and specificity of the ligase
as well as the low background noise inherent in ECL detection.
Using this ERET system, miRNA could be detected with the 6 orders
of magnitude linear relationship and a detection limit at femto-
molar level without any separation and amplification step.
In addition, high specificity can be achieved to clearly discriminate
one-base mismatched miRNA. Associated with the advantages of
ECL rapid detection and low-cost, the proposed strategy provided

a convenient tool and signal transduction platform for the specific
analysis of miRNA in the related miRNA family members.
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