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A B S T R A C T

Rapid and efficient detection of microRNA (miRNA) of breast cancer 1 gene mutation (BRCA1) at their earliest
stages is one of the crucial challenges in cancer diagnostics. In this study, a highly-sensitive electrochemical DNA
biosensor was fabricated by double signal amplification (DSA) strategy for the detection of ultra-trace miRNA of
BRCA1. In the presence of target miRNA of BRCA1, the well-matched RNA-DNA duplexes were specifically
recognized by double-strand specific nuclease (DSN), and the DNA part of the duplexes were then cleaved and
miRNAs were released to trigger another following cycle, which produced a primarily amplified signal by such a
cyclic enzymatic signal amplification (CESA). Then triple-CdTe quantum dot labelled DNA nanocomposites (3-
QD@DNA NC) was selectively hybridized with the cleaved DNA probe on the electrode and produced multiply
amplified signals. The biosensor exhibited a high sensitivity for the detection of miRNA of BRCA1 in con-
centrations ranging from 5 aM to 5 fM, and its detection limit of 1.2 aM was obtained, which is two or three
orders of magnitude lower than those by single signal amplification strategy such as CESA or QD-labeled DNA
probes. The as-prepared biosensor was successfully used to detect the miRNA of BRCA1 in human serum samples
with acceptable stability, good reproducibility, and good recovery. The proposed DNA biosensor based on
double signal amplification strategy provided a feasible, rapid, and sensitive platform for early clinical diagnosis
and practical applications.

1. Introduction

Breast cancer is a major leading cause of cancer death among
women across the world, especially in the United States, which ap-
proximately accounts for one third of all the cancer cases (Siegel et al.,
2019; Umetani et al., 2006; Snell et al., 2008; Zhao et al., 2017).
Moreover, breast cancer as one of the metastatic cancer still is an in-
curable disease. The early-diagnosis for breast cancer plays an essential
role in reducing the morbidity and mortality, and avoiding long-term
ineffective treatments and side-effects (Beenken and Mohammadi,
2009; Jackson and Bartek, 2009; Wilson and Hay, 2011). Although the
diagnostic techniques of breast cancer have greatly improved in re-
cently years, the lack of specific biomarkers still limits the early diag-
nosis of breast cancer (Fan et al., 2018). Notably, the low-level pro-
moter mutation of breast cancer 1 (BRCA1) in human peripheral blood
or normal tissues resulted in some post-transcriptional regulators, such
as miRNA, a class of small-sequence noncoding RNA (typically 18–25

nucleotides) (Chan et al., 2013; Ng et al., 2013). The miRNA can be
used as a potential diagnostic biomarker of BRCA1, which has been
reported that plays a critical role in prevention and therapy-target
treatment of breast cancer (Mendell, 2016; Fish et al., 2018; Tavazoie
et al., 2008). For this regard, some methods for the detection of cir-
culating miRNA were developed, i.e. northern blotting (Rooij et al.,
2006), microarrays (Li and Ruan, 2009), real-time polymerase chain
reaction (RT-PCR) (Asaga et al., 2011; Cuk et al., 2013; Schrauder et al.,
2012), rolling circle amplification (RCA) (Fan et al., 2018), miRNA
next-generation sequencing (Wu et al., 2011; Volinia et al., 2012), real-
time fluorescence microfluidics (Mavrogiannopoulou et al., 2009), and
quadratic isothermal amplification (Duan et al., 2013). Compared with
these analytical strategies, the development of biosensors attracted
more attention in the detection of miRNA of BRCA1 gene mutation
because of the advantages, such as high sensitivity, high selectivity, low
cost, and easy operation (Rasheed and Sandhyarani, 2015; Chen et al.,
2017; Cui et al., 2017; Li et al., 2012; Yang et al., 2016). Due to low-
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abundance and degradation susceptibility of miRNA of BRCA1, it is
important to develop an ultrasensitive biosensor with an effective signal
amplification in order to realize the early diagnosis for breast cancer.

The advances of nanotechnology by combining DNA with nano-
materials provides a new strategy of signal amplification for the bio-
sensors in early diagnosis. The DNA nanotechnology can not only use
DNA rigid strands to construct highly-ordered structure at the na-
noscale programmably, but also utilize the controllable and pre-de-
signed DNA manner to bind with nanomaterials, such as quantum dots
(QDs), to produce stable and amplified signal (Liu et al., 2017; Seeman,
2003; Vittala et al., 2017; Su et al., 2014; Zhang et al., 2016; Wang
et al., 2018). Some DNA molecular probes, including QDs/Y-shaped
DNA nanosphere (Wen et al., 2018) and Au nanoparticle/bridge DNA
structure (Bo et al., 2018), were devised to produce signal amplification
in bioanalysis. A decomposable QDs/DNA nanosphere probe was fab-
ricated to detect extracellular respiring bacteria by conjugating mul-
tiple QDs with Y-shaped DNA, and being decomposed to release a great
number of QDs with a detection limit of 1.37 cfu/mL (Wen et al., 2018).
Compared with single-labelled probes, where a probe with a reporter
molecule, multiple-labelled DNA probes have better analytical perfor-
mance in signal amplification. However, even for the QD-DNA nano-
composite, the limit of detection will be normally restricted within the
pM-to-nM range because of the detection relies only on the hybridiza-
tion events of DNA (Wang et al., 2018), which are not enough to detect
ultra-trace miRNAs for early patients of breast cancer. Other effective
amplification strategy in miRNA detection is combining the isothermal
amplification methods with the QD-based nanosensors, such as ex-
ponential amplification reaction (Fan et al., 2018), catalytic hairpin
assembly amplification (Li et al., 2015), target-recycled enzyme-free
amplification (Loo et al., 2016) and enzymatic amplification (Xu et al.,
2012). Double enzyme amplification based on isothermal amplification
and exonuclease cycle reaction via a designed functional molecular
beacon with highly specific sequence (Duan et al., 2013), and this ap-
proach with a detection limit of 10 fM was highly sensitive for the de-
tection of miRNA of breast cancer.

In previous work, we developed two ultrasensitive aptasensors for
the detection of low quantity cancer cells by combining cyclic enzy-
matic signal amplification (CESA) with gold nanoparticles (Zhang et al.,
2014) and graphene oxide (GO) (Xiao et al., 2017), respectively, and
the limit of detections attained 40 and 25 cells. Some electrochemical
aptasensors with high sensitivity were developed by combining exo-
nuclease III-assisted cyclic amplification with a nanoporous gold mi-
croelectrode for the detection of bisphenol A and ochratoxin A (Shi
et al., 2018), or with vertical single-walled carbon nanotubes (Shi et al.,
2017a) and 3D graphene/gold film (Shi et al., 2017b) for the detection
of mercury. Notably, in order to detect ultra-trace miRNA in peripheral
blood, it is necessary to improve the sensitivity of aptasensors by the
combination of CESA and DNA-modified nanomaterials. In this study,
double signal amplification (DSA) strategy for the ultrasensitive de-
tection of miRNA was developed based on CESA with a double-strand
specific nuclease (DSN) and triple QD-DNA nanocomposites (3-QD@
DNA NC) as a cascade signal probe (shown as Fig. 1). Herein, CESA was
firstly conducted to ultra-specifically recognize the target miRNA of
BRCA1, because DSN showed a satisfactory ability to discriminate be-
tween well-matched and mismatched short duplex DNA (up to one
mismatched base), and the DNA of the RNA-DNA duplex were cleaved
selectively and the free miRNA were released to trigger another cycle
(Yin et al., 2012; Zhao et al., 2007). The as-prepared 3-QD@DNA NC
was then introduced into the system by the in-situ hybridization on the
biosensor, giving a multiply-enhanced current signal. Notably, com-
pared with those biosensors with single amplification strategy such as
QD-DNA (You et al., 2018) and CESA (Cui et al., 2017), the electro-
chemical biosensor based on DSA strategy would have higher sensi-
tivity and excellent selectivity, which would be benefit to the detection
of ultra-trace target miRNA of BRCA 1 in peripheral blood samples and
the early diagnosis for breast cancer.

2. Materials and methods

2.1. Apparatus and materials

The information on Apparatus and Materials including all the oli-
gonucleotides sequences used in this study is shown in Supporting
Information.

2.2. Preparation of 3-QD@DNA NC and a QD@DNA NC

The water-soluble CdTe QDs modified with mercaptoacetic acid
(TGA) was prepared and purified according to the previous report
(Amin et al., 2017), and stored in 4 °C when not used. Then, CdTe QDs-
TGA were further linked with NH2 labeled single stranded DNA
(ssDNA) 1 and 2 through EDC/NHS coupling. Briefly, two NH2 func-
tionalized ssDNA (1 and 2) with the ratio of 2:1 were dissolved in Tris-
HCl buffer (pH 7.4, 25 °C), and then 1mL of as-prepared CdTe QDs-TGA
solution was added into the ssDNA1/ssDNA2 mixture solution
(0.25 mg/mL EDC, 0.25mg/mL NHS) in 37 °C for 16 h. After that, the
functionalized DNA were purified by eliminating excess reagents by
centrifugation of 12,000 rpm for 1min. The precipitate was dispersed in
1mL of PBS buffer (pH 7.4, 25 °C).

3-QD@DNA NC was prepared by the hybridization of single-
stranded DNA 1 and 2 (Amin et al., 2017). Briefly, 12 μmol/L bridge
DNA 1 and 2 solutions were mixed with equal volume and incubated in
95 °C for 2min. After being cooled down (25 °C), the obtained DNA
structure was mixed with the QDs functionalized ssDNA for 3-h hy-
bridization. Finally, the obtained 3-QD@DNA NC was purified via
centrifugation at 12,000 rpm for 1min and dispersed in 1mL PBS buffer
(pH 7.4).

And a QD@DNA NC was prepared by CdTe QDs single label method.
12 μmol/L bridge DNA 2 solution was incubated in 95 °C for 2min.
After being cooled down (25 °C), the obtained DNA structure was mixed
with the QDs functionalized ssDNA 1 for 3-h hybridization. Finally, the
obtained a QD@DNA NC was purified via centrifugation at 12,000 rpm
for 1min and dispersed in 1mL PBS buffer (pH 7.4).

2.3. DNA biosensor construction

The surface of the gold electrode was polished with finer-grade
aqueous alumina slurries (1.0, 0.3 and 0.05 μm grain sizes) successively
on a chamois leather, followed by alternately washing with ethanol-
HNO3 (V:V, 1:1) and double-distilled water.

The bare gold electrode (GE) was dipped into 40 μL 0.01M TE buffer
(pH 8.0) including 10 μL 10 μM of capture DNA (cDNA) under 37 °C.
Then the electrode was transferred into 1mM MCH solution for 1 h
under 37 °C in order to decrease background signal and nonspecific
adsorption. After that, the electrode was washed with TE buffer
(0.01M, pH 8.0) and double-distilled water. The modified electrode
was incubated in 0.05M Tris-HCl buffer (pH 8.0) with different con-
centrations of miRNA target and 0.1 U DSN, 5mM MgCl2, 1 mM DTT
for 50min under 37 °C. After washing with TE buffer (0.01M, pH 8.0)
as well as double-distilled water, the electrode was put in as-prepared
3-QD@DNA NC for hybridization (40min, 50 °C). Finally, the electrode
was washed as mentioned above and then transferred to electro-
chemical platform for miRNA of BRCA1 determination.

2.4. Electrochemical measurements

Differential pulse voltammetry (DPV) testing was conducted for
BRCA1 determination. The scanning potential range was set from 0 V to
0.5 V at a scan rate of 100mV/s in a 0.02mol/L Tris-HCl buffer solution
(pH 7.5, 25 °C).

Cyclic voltammetry (CV) measurement was conducted for electro-
chemical characterization. The scanning potential range was set from
−0.2 V to 0.6 V at a scan rate of 100mV/s in a 0.05mol/L K3[Fe
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(CN)6]/K4[Fe(CN)6] solution that contained 0.50mol/L KCl.
Electrochemical impedance spectroscopy (EIS) was performed in the
frequency range of 0.1 Hz–100,000 Hz and at an alternating voltage of
5mV. All the electrochemical measurements were performed at room
temperature (25 °C).

2.5. Sample treatment

Healthy human serum samples were supplied by school hospital of
Fudan University. All the samples were followed by centrifugation at
1500 rpm/min for 20min to eliminate sediment as well as insoluble
substance, and diluted by 10 times. Trizol kit was employed to extract
RNA from the samples.

3. Results and discussion

3.1. Principle of the electrochemical biosensor for the miRNA of BRCA1
ultrasensitive detection with DSA strategy

The principle of DSA strategy of this biosensor for the ultrasensitive
detection of BRCA1 was shown as Fig. 1. The specific binding of cDNA
to target miRNA triggered a CESA process, and then detected by a
hybridization with the signal probe of 3-QD@DNA NC. The quantitative
detection of miRNA was realized by such DSA strategy. Herein, the
cDNA/GE was firstly fabricated by a self-assemble process with cDNA to
capture target miRNA, and MCH to avoid nonspecific nucleic acid ab-
sorption and then decrease the background signal. When incubated
with miRNA and DSN, the CESA reaction was triggered with the special
binding of cDNA and miRNA, and the DNA part of the well-matched
duplex was cleaved selectively and the free miRNA was released to
trigger another cycle. The 3-QD@DNA NC was hybridized with the
cleaved cDNA/GE to produce an enhanced DPV current signal. Whereas
there was no miRNA, the cDNA/GE was just incubated with DSN and 3-
QD@DNA NC and would not show a DPV signal. The sensitivity of this
method would be greatly improved by DSA with CESA and 3-QD@DNA
NC. Moreover, the selectivity of the method would be improved be-
cause DSN could only digest the DNA of the perfectly matched RNA-
DNA duplex, instead of the imperfectly matched one.

3.2. Characterization of the signal probe 3-QD@DNA NC

The 3-QD@DNA NC was prepared as the sensitive electrochemical
signal probe and characterized by TEM, UV–Vis, infrared (IR) and other
spectra. From the TEM, the 3-QD@DNA NC shows a stable micro-
structure with three CdTe nanoparticles (Fig. 2A), which was accurately
manipulated by a special DNA sequence in order to retain a hybrid DNA
sequence and multiple electrochemical signals of CdTe QDs. 3-QD@
DNA NC was composed of two strand bridge DNA (33 bases). And it
could be also seen an obvious visible band around at 50 bp via agarose
gel electrophoresis in Supporting Information (Fig. S5), manifesting the
successful synthesis the DNA nano-structures. The single QD had a
spherical shape with an average size of ∼15 nm (Fig. 2B and C). Also,
the characterized band at 1384 cm−1 of the QDs corresponding to Vs of
COO− could be seen in their Raman spectrum (Fig. 2D), indicating that
–COOH group was successfully combined with CdTe QDs (Michota and
Bukowska, 2003). The spectra characterizations including UV–Vis,
fluorescence, IR, and energy dispersive spectra also confirmed the
successful formation of stable CdTe QDs and 3-QD@DNA NC (Sup-
porting Information, Figs. S1–S4). In comparison of single-labeled DNA
framework, QDs could be aggregated via spatial conformational DNA
strands in 3-QD@DNA NC (multiple QDs-labeled DNA framework),
which could be used as a sensitive electrochemical probe.

3.3. Validation of the biosensor based on DSA strategy

To validate the DSA strategy for the ultrasensitive detection of
miRNA, the molecular events occurred on the GE was firstly tested by
agarose gel electrophoresis (as Fig. 3A). In presence of cDNA, miRNA
and DSN, the new band about 50 bp was seen in lane 3, and it was not
found in lane 4, which were only presence of cDNA and miRNA.
Compared with the pure cDNA (lane 1) and miRNA (lane 2), the new
band was ascribed to the cleavage product of CESA. Herein, the special
binding of cDNA and miRNA and DSN were necessary conditions for
such a CESA. In such a CESA system, the good selectivity and signal
amplification could be ascribed to the good efficiency of DSN, which
could digest specifically the well-matched dsDNA, and no mismatched
short duplex DNA (up to one mismatched base) or ssDNA. Meanwhile
the specific binding of cDNA and target miRNA would be amplified
many times by the DSN-cleaved reactions (as shown in Fig. 1).

Fig. 1. Schematic diagrams of the ultrasensitive DNA biosensor for the detection of miRNA. The DSA strategy had a) a CESA process with DSN and miRNA, and b) a
hybridization with the probe of 3-QD@DNA NC.
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DPV experiments were also performed to test the DSA strategy for
the detection of miRNA. Compared with the blank (Fig. 3B, a), an ob-
vious current response was found for the biosensor with DSN and 3-
QD@DNA NC (Fig. 3B, b), which primarily implied the feasibility of the
DSA strategy. And the current response (Fig. 3B, b, 1.15 μA) was higher
than those in QD@DNA NC with DSN (Fig. 3B, c, 0.34 μA) and 3-QD@
DNA NC without DSN (Fig. 3B, d, 0.016 μA). Thus, the biosensor based
on DSA strategy achieved an enhancing signal output and a remarkable
magnification factor. The detailed current response results were shown
in Supporting Information (in Fig. S6). All these results indicated that
the special binding of cDNA and miRNA, DSN and 3-QD@DNA NC were
necessary for the ultrasensitive detection of miRNA in order to attain
multiply signal amplification.

3.4. Characterization of the biosensor

The electrochemical behaviors of the DNA biosensor in the pre-
paration and the detection were investigated by CV in a fairly reversible
redox couple of [Fe(CN)6]3–/4–. As shown as Fig. 4A, the decreased
current of redox peaks for cDNA/GE (curve b) than that for bare GE
(curve a), implies the immobilization of cDNA on the GE by a self-as-
sembled process. While incubated with miRNA and DSN, the increased

current of redox peaks for cDNA/GE (curve c) than that for cDNA/GE
(curve b) was found, indicating the cDNA on the GE were cleaved by
DSN due to the specific binding of cDNA and miRNA (as shown as
Fig. 1). Then incubated with 3-QD@DNA NC, the obviously decreased
current of redox peaks for cDNA/GE (curve d) than that for cDNA/GE
(curve c) was observed, indicating the hybridization of 3-QD@DNA NC
with the cleaved cDNA impeded the electron transfer of the redox
probes towards GE.

The changes in charge transfer resistance (Rct) of the cDNA/GE
biosensor were also investigated by EIS as a sensitive tool to detect the
interfacial properties. Fig. 4B showed Nyquist plots of the biosensors
measured by EIS. All the plots exhibited a semicircle portion at high
frequencies indicating it is a charge-transfer limited process, and a
linear portion at low frequencies meaning it is a diffusion limited
process. The semicircles diameters at high frequency region is closely
correlative to the Rct. As shown as the inset of Fig. 4B, a Randles model
was chosen as the equivalent electrical circuit to fit all the data of EIS
measurement. Here, Rs, Rct, Zw, CPE represented the solution resistance,
the charge-transfer resistance of the redox probes, Warburg impedance
and constant phase element, respectively. The simulated data of ele-
ments in equivalent circuit were shown in Table S2. The increased Rct

value of cDNA/GE (545Ω, curve b) than that of GE (6.9Ω, curve a)

Fig. 2. Characterizations of the signal probe of 3-QD@DNA NC and CdTe QDs. TEM graphs of (A) 3-QD@DNA NC and (B) CdTe QDs. (C) The particle size distribution
and (D) Raman spectrum of CdTe QDs.

Fig. 3. Validation of DSA strategy for the detec-
tion of target miRNA. (A) Standard agarose gel
electrophoresis of molecular events. Lane 1 to 5
referring to 1) cDNA, 2) miRNA, 3)
cDNA + miRNA + DSN, 4) cDNA + miRNA, 5)
no template control. Herein, agarose B low EEO,
TAE buffer, 100 V, 30 min, 25 °C. (B) DPV dy-
namic curves of the cDNA/GE biosensors in-
cubated with miRNA and detected with different
methods. a) DSN and 3-QD@DNA NC with the
blank sample (without miRNA), b) DSN and 3-
QD@DNA NC with 100 aM miRNA, c) a QD@DNA
NC with DSN incubated in 100 aM miRNA, d) 3-

QD@DNA NC without DSN incubated in 100 aM miRNA. The electrolyte solution was 0.02 M Tris-HCl (pH 7.5, 25 °C). The electrolyte solution was 0.02 M Tris-HCl
(pH 7.5, 25 °C). Scan rate: 100 mV/s.
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indicated the formation of cDNA on the GE. When incubated with
miRNA and DSN, the Rct value of cDNA/GE decreased to 175Ω (curve
c), implying cDNA were cleaved on the GE by a target-triggered CESA.
After incubated with 3-QD@DNA NC, the increased Rct value of cDNA/
GE (721Ω, curve d) indicated that the hybridization of the cleaved
cDNA with 3-QD@DNA NC blocked the electron transfer of the redox
probes towards GE.

3.5. Optimal experimental conditions of the biosensor

Because both of DSN dosage and reaction time had critical influ-
ences on the properties of the biosensor, these factors were tested
(Supporting Information, Figure S7), and 0.10 U DSN and 50min re-
action time were chosen as the optimal conditions.

Notably, the 3-QD@DNA NC on the cDNA/GE with a multiple-
signal amplification (as shown as Fig. 3B), can be used as a direct
electrochemical probe for the following detection of miRNA. The con-
ditions, such as pH, buffer solutions, and hybridization time, had im-
portant effect on the sensitivity of the biosensor based on the 3-QD@
DNA NC. All the experiments were tested (in Supporting Information,
Fig. S8). And a Tris-HCl buffer solution (0.02mol/L, pH 7.5) and 40min
was chosen as the optimal hybridization solution and time.

3.6. Application of this method for the detection of target miRNA

For quantitative detection of BRCA1 (a miRNA sequence screened
from National Center for Biotechnology, Blast results in Supporting
Information), different concentrations of miRNA sample (5 aM–5 fM)
and the blank sample were incubated with the biosensor and detected.
The DPV response of the biosensor were shown as Fig. 5A, and a linear
relationship between the changes of current (ΔI) and the concentration
of miRNA in range from 5 aM to 5 fM was recorded. The linear

regression equation was ΔI (μA)=0.391·lgC (aM) +0.384
(r = 0.9956) (inset of Fig. 5A). Thus, a limit of detection (LOD) was 1.2
aM (DL=3δb/K), which is two or three orders of magnitude lower than
the LODs of 0.5 fM by Exo III exonuclease-based CESA (Cui et al., 2017)
or 2.5 fM by SiO2@Ag/DNA (You et al., 2018). Thus, this method with
DSA strategy had superior performances for the detection of miRNA
with a lower LOD (Table S3).

The selectivity of the biosensor was detected by DPV in the same
concentration of target miRNA sample and other control samples, such
as one-base (m1), three-base (m2) mismatch and non-complementary
(m3) sequences. In Fig. 5B, compared with the target miRNA (100 aM),
the mismatched and non-complementary sequences (10 fM) produced
negligibly current responses, with a relative standard deviation
(RSD) < 5%. This excellent selectivity might be ascribed to the spe-
cificity of the biosensor based on DSA strategy.

The stability of the biosensor was investigated by storing it a re-
frigerator (4 °C) for 30 days, and detected under the same condition.
The decreased current responses were 2.0% for 5 days, 2.9% for 14 days
and 4.8% for 30 days than the initial current response to 100 aM target
miRNA, indicating its satisfactory stability. The intra-assay precision of
this biosensor were tested by detecting 100 aM target miRNA for 5
replicate measurements with RSD of 0.8%, showing the satisfactory
precision. Moreover, five batch-prepared biosensors also tested in the
same condition, and the RSD of the inter-assay results was 2.5%, in-
dicating a good reproducibility.

3.7. Real sample recovery tests

To investigate the application of target miRNA in real sample, the
biosensor was employed to in healthy human serum sample. Recovery
tests were performed using the standard addition method. And the
analytical results were exhibited in Table S4. The recoveries ranged
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from 94.2% to 103% with RSD<5%. Thus, the prepared DNA bio-
sensor is desirable and qualified for practical sample determination.

4. Conclusion

In conclusion, an ultrasensitive DNA biosensor was developed for
the detection of miRNA of BRCA1 by the DSA strategy, i.e. CESA and 3-
QD@DNA NC. Compared with conventional biosensors, the method
exhibited a better selectivity and sensitivity and had a detection limit of
1.2 aM of target miRNA in human serum samples. The improvement of
analytical properties was ascribed to specificity of CESA and good
amplification of both CESA and 3-QD@DNA NC. Furthermore, the
method based on the DSA strategy is generic and can be used to detect
low-abundance miRNA in clinical samples. Given its easy operation,
high sensitivity, and high selectivity, this biosensor assay is potentially
useful for clinical early diagnosis and treatment of breast cancer.
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