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MicroRNAs (miRNAs) are desirable targets for the diagnosis, prognosis and treatment of diverse human diseases. In this

study, we developed a universal and enzyme-free signal amplification approach for the quick, sensitive and specific

electrochemical detection of diverse miRNAs from tumor cells using catalyzed hairpin assembly (CHA) and the DNA three-

way junction (DNA TWIJ). The target miRNA, which was formed as an initiator through specific recognition, periodically

triggered the assembly of two hairpins into a duplex via CHA. Subsequently, these duplexes induced the catalytic assembly
of the DNA three-way junction and the release of methylene blue-labeled DNA strands S (S-MB). Thereafter, the S-MB was
captured by the electrode through hybridization with the capture probe to generate a notable current response. The

proposed biosensor could be switched in response to different miRNA targets by changing the specific sequence of HO. These

findings point to the ability to distinguish the single base mismatch miRNAs and to analyze miRNAs extracted from cells.

Therefore, the universal and enzyme-free signal amplified electrochemical method described herein can be potentially

useful in diverse miRNAs-related clinical analysis and disease diagnosis.

Introduction

MicroRNAs (miRNAs) are a class of small, endogenous and non-
protein coding RNA molecules with a typical length of 19-22
nucleotides!. They play vital regulatory roles in diverse
physiological processes such as cellular proliferation,
differentiation and apoptosis?®. Recently, increasing evidence
has indicated that the pathogenesis of various human diseases®,
including cancers, cardiovascular diseases and neurological
diseases, associates with the abnormal expression of miRNAs in
cells”°. MiRNA expression profiles can provide new insights on
potentially valuable biomarkers and targets for the diagnosis
and clinical analysis of early tumours and related diseases!0-12,
In light of this, it is critical to engineer fast, efficient and
sensitive analytical techniques for the ultrasensitive detection
of low expression level of miRNAs.

Traditional approaches for miRNA assays such as quantitative
reverse transcription-polymerase chain reaction (QRT-PCR)3,
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northern blotting*and microarray’®> have been proposed.
However, some shortcomings of these methods limit their wide
applications in clinical analysis, such as low sensitivity, poor
specificity, time-consuming and operational complexity.
Recently, several miRNA analytic methods based on
electrochemiluminescencel®17, photoelectrochemistry19,
plasmon resonance?o, fluorescence?!,
chemiluminescence??, and electrochemistry?3-26 have been
widely reported. Of these methods, electrochemical miRNA
biosensor as a highly sensitive technology has gained particular
attention with the advantage of their simplicity, portability and
low-cost. Many powerful signal amplification strategies such as
nuclease-assisted amplification?’286 have been successfully
applied to increase the detection sensitivity of the
electrochemical miRNA biosensors. Due to the 1: N recognition
ratio pattern between target and probe molecules and the
robust signal amplification  ability, nuclease-assisted
amplification has further contributed to
electrochemical miRNA detection. However, most of these
amplification strategies require the use of one or several types
of enzymes, which complicates the experiments. Moreover,
false-positives may occur during the amplification. Thus,
engineering ultrasensitive electrochemical miRNA biosensors
without the need of nuclease is urgently needed.

Recently, catalyzed hairpin assembly (CHA), a robust and
enzyme-free amplification technique, has gained research
momentum in the signal amplification and detection of nucleic
acid targets owing to its excellent properties?®32, In a typical
CHA reaction, due to the intramolecular hybridization of the
hairpin structures, the two elaborately hairpin structures

surface
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cannot interact with each other. The addition of an initiator
strand can yield a hundred-fold catalytic amplification, thereby
assigning the CHA reaction enormous signal amplification
capability and operational flexibility3334, In addition to the DNA
assisted  amplification  technique, many stale DNA
nanostructures also offer new insights on bioanalysis. For
instance, the DNA three-way junction (DNA TWJ) consists of
three complementary oligonucleotide branches with high
stability, and it has been extensively applied in the construction
of dynamic DNA assemblies and architectures3>-37.Despite
present electrochemical biosensors targeting nucleic acids with
its excellent analytical performance, one limitation is that a
specific nucleic acid probe can only be used for the detection of
each miRNA, which make it impossible to detect multiple
miRNAs using the same probes. To overcome this challenge, a
feasible solution is to convert the detection of multiple miRNAs
into a unified alternative for subsequent signal transduction and
quantification with the sane probes.

Herein, we developed an enzyme-free and universal
electrochemical biosensor for the ultrasensitive detection of
diverse miRNAs from cancer cells, which combines the
advantages of CHA with the DNA TWJ (Scheme 1). In our design,
the loop sequence of HO was designed as recognition module to
recognize the miRNA, which could extend the assay’s
recognition range from only specific miRNA to diverse miRNAs
by changing the loop sequence of HO to achieve multiple
miRNAs detection using the same probes. So, the target miRNA
specifically recognized HO, and the formed T/HO was designed
to serve as the universal initiator for amplification in the CHA
system, resulting in the formation of H1/H2 duplexes and the
release of T/HO. The liberated T/HO was recycled to facilitate the
CHA reaction and to accelerate the formation of H1/H2.
Subsequently, H1/H2 duplexes hybridized with the DNA strand
L to form the DNA TWIJ and release methylene blue (MB)-
labeled DNA strands S (S-MB) from L/S-MB duplexes.
Thereafter, the released S-MB bound onto the electrode by
hybridizing with the capture probe (CP), and notably amplified
electrochemical signals were produced for the sensitive
detection of miRNA. Therefore, this strategy could provide a
universal platform for the highly selective and sensitive
detection of miRNA in nascent stages of cancer.

Experimental section
Construction of the biosensor

At first, the gold electrode (AuE) was immerged in a fresh
piranha solution (3:1 by volume of 98% H,SO4 and 30% H,0,)
for 30 min. After washing thoroughly with ultrapure water, the
AUE was polished sequentially with 0.3 and 0.05 pm alumina
slurries, followed by ultrasonically treating in ethanol and
ultrapure water for a few minutes. Finally, the electrode was
electrochemically cleaned through successive potential scans
(between -0.35 to 1.6 V) in a fresh H,SO, solution (0.5 M) and
dried with nitrogen to obtain the pretreated electrode.

Prior to probe immobilization, hairpin probes (HO, H1 and H2)
were heated to 95 °C for 5 min followed by fast cooling 4 °C.

2| J. Name., 2012, 00, 1-3

Then the probes were stored at 4 °C for further usg, 5 Hl.of,10
UM the thiol-modified CP was mixed witR® L BFICMNPTTEP
for 1h to reduce the disulfide bonds. The mixture solution was
subsequently diluted to the CP concentration of 0.5 uM with
Tris-HCl buffer (20 mM, 100 mM NaCl, 5 mM MgCl,, 5 mM KCl,
pH 7.4) before use. 5 pL of diluted mixture was dropped onto
the above AuE surface and allowed to react overnight at room
temperature to create the CP/AuE. Subsequently, the CP/AuE
was further passivated with MCH (2 mM) for 1 h to block the
nonspecific adsorption sites to obtain the MCH/CP/AuUE.
Amplified detection of miRNA

In the miRNA assay, different concentrations of the target were
mixed with HO (50 nM), H1 (200 nM), H2 (200 nM) and the
partial DNA duplex (L/S-MB) (200 nM) in Tris—HCI buffer and
incubated at 37 °C for 120 min in a microcentrifuge tube.
Subsequently, 5 pL of the above reaction solution was dropped
on the MCH/CP/AUE sensing electrode for 3 h at room
temperature. Then, the sensing AuE was thoroughly washed
with ultrapure water and carefully dried under nitrogen
atmosphere.

Results and discussion
Design principle of the sensor

The working principle of the proposed electrochemical
biosensor for the detection of miRNA is illustrated in Scheme 1.
The CHA and DNA TWJ-based biosensing system included three
hairpin probes (HO, H1 and H2), a thiol-modified capture probe
CP and a duplex of DNA strands L and MB-labeled DNA strands
S (L/S-MB). The sensing interface was constructed by the
immobilization of the CP onto AuE via Au-S interactions. HO
contained two functional groups, namely, the recognized target
sequence locked in the loop, which could extend the assay’s
recognition range from only specific miRNA to diverse miRNAs
by changing the loop sequence of HO, and the CHA initiation
sequence locked in the stem. In principle, CHA with the same
designs can be used for detection of any miRNA target by simply
changing the loop sequence of HO. Although H1 and H2 were
designed with complementary sequences, they interlocked by
intramolecular hybridization. Initially, the complementary
sequences of L/S-MB were designed with 3 nt longer than the
counterpart of S and the capture probe (CP), thereby leading to
a higher stability of L/S-MB and a lower background signal. In
the absence of target, HO, H1, H2 and L/S co-existed in the
system, and no free S-MB was generated to hybridize with CP.
After the target inputting, target specifically recognized HO to
form T/HO and exposed the stem-locking region containing the
CHA initiation sequence to trigger the CHA of H1 and H2. The
displaced T/HO was recycled to facilitate continuous CHA in
order to generate copious amounts of H1/H2 duplexes. More
importantly, the formation of H1/H2 brought the two single-
strand tails of H1 and H2 into close proximity. The close tails
could initiate displacement between H1/H2 and L/S-MB due to
the significantly increased stability between L and the tail
sequences of H1/H2.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1 Schematic diagram of the proposed biosensor for the
miRNA assay.

Subsequently, the stable hybrid complex DNA TWJ was formed
and S-MB was separated from L/S-MB. The released S-MB could
then hybridize with the CP on the electrode, thereby leading to
the highly sensitive detection of miRNA with a notably amplified
signal.

Characterization of the biosensor

Electrochemical impedance spectroscopy (EIS) was first utilized
to probe the electrochemical properties of the electrode
interface during the stepwise assembly modification. [Fe
(CN)g]3>/4- redox probes were used to monitor and confirm the
construction of the biosensor. As shown in Fig. 1A, the bare Au
electrode displayed an extremely narrow semicircle (curve a),
which reflected its excellent conductivity. After AUE was treated
with CP, the charge transfer resistance (Rct) was enhanced
(curve b) by the electrostatic repulsion between the negatively
charged CP and [Fe (CN)g]3*/4-. Subsequently, the Rct was
further increased by blocking the electrode surface with MCH
(curve c). In the absence of target miRNA, the co-existence of
HO, H1, H2 and L/S showed a negligible effect on the Rct (curve
d). In the presence of target miRNA, the biosensor was
activated, and S hybridized with CP on the electrode, thereby
significantly increasing the Rct (curve e). The results of all
experiments confirmed the successful development of the
proposed electrochemical biosensor, as shown in Scheme 1.
Gel electrophoresis (PAGE) was performed to further
characterize the biosensor (Fig. 1B). No new band appeared in
the mixture of HO, H1 and H2 in the absence of target miRNA
(lane 3), indicating that all hairpin reactants were stable and
without false hybridizations. Upon the addition of target
miRNA, a new band of high molecular weight appeared (lane 4),
which was indicative of the formation of the H1/H2 complex. As
expected, CHA was triggered by the T/HO duplex. Lanes 4-10
show the formation of the DNA TWJ and the capturing
capability of the CP strand. When the three hairpins (HO, H1 and
H2), L/S and CP were incubated with target miRNA, the bands
of H1/H2, L/S and CP attenuated with the appearance of larger
molecular weight product band (DNA TWJ) and a new band

This journal is © The Royal Society of Chemistry 20xx

corresponding to the S/CP complex (lane 7). This phenomenon
was due to the hybridization of L with the H1/H2 complex to
form the stable DNA TWJ complex, and the separation of S from
the L/S duplex reacted with CP. No new band was observed in
the absence of miRNA-21 (lane 6). (The detail PAGE image was
shown in Fig. S1). Taken collectively, these results show that the
formation of the DNA TWJ was specific for target-induced
assembly, and the CHA-DNA TW/J strategy was highly specific for
miRNA detection.

Feasibility of the biosensor

To examine the feasibility of the CHA-DNA TWJ strategy for
miRNA detection, miRNA-21, which is always observed to be
over-expressed in the tumour tissues, especially in prostate,
breast and lung cancers, was selected as the model target. As
shown in Fig. 2, when the sensing electrode was incubated with
L/S-MB, the intensity of the SWV response was very weak (curve
a), indicating that the stability of L/S-MB was higher than that
of S-MB/CP. The incubation of a mixture of H1, H2 and L/S-MB
with the sensor caused a negligible change in the SWV response
(curve b), indicating that DNA TWJ formation was inhibited.

320F

-0.5 -04 -0.3 -0.2 -0.1
E/V

Fig. 2 SWV curves of the CP/MCH/AUE sensor incubated with: (a) L/S-
MB (200 nM), (b) a mixture of H1 (200 nM), H2 (200 nM) and L/S-MB
(200 nM), a mixture of HO (50 nM), H1 (200 nM), H2 (200 nM) and
L/S-MB (200 nM) in (c) the absence and (d) the presence of miRNA-
21 (10 nM).

J. Name., 2013, 00, 1-3 | 3
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These findings could be attributed to the ultra-low background
reactivity between H1 and H2 in the absence of T/HO.
Furthermore, the treatment of the sensor with a mixture of HO,
H1, H2 and L/S-MB led to a small SWV response current (curve
c), revealing the stability of HO, H1, H2 and L/S in solution. In the
presence of miRNA-21 (10 nM), a discernible enhanced current
response at about -0.27V was achieved (curve d) corresponding
to the electro-oxidation of MB, which indicated that the S-MB
strands were brought close to the electrode surface. These
results demonstrate the developed CHA-DNA TWJ system could
be applied for the detection of target miRNA.

Optimization of the experimental conditions

To achieve excellent performance, the critical experimental
parameters, such as the immobilization concentrations of CP
and reaction time, were optimized using miRNA-21 as the
target. In light of the fact that the surface hybridization was
inhibited by the steric hindrance of CP, the effects of different
immobilization concentrations of CP were tested. As shown in
Fig. 3A, the SWV current signal reached a maximum level at a
CP concentration of 0.5 uM and decreased as the concentration
escalated from 0.5 to 1.0 uM. Therefore, 0.5 uM was selected
as the optimal immobilization concentration of CP for all
subsequent experiments. Furthermore, the effect of reaction
time was also investigated. Fig. 3B shows that the current signal
increased with the prolonged reaction time and approached a
plateau after 120 min. There was no obvious change in current
after 120 min. Thus, 120 min was employed as the optimal
reaction time for all subsequent experiments.

320 320

240 240
< <
-] =

= 160f S 160F

80 80F

0 0 i " ' n I "
0.2 0.5 0.8 1.0 30 60 920 120 150 180
c/pM t/ min

Fig. 3 The influence of CP immobilization concentrations (A) and
reaction time (B) on the SWV signal. Error bars: SD; n =3

Sensitivity of the biosensor

To evaluate the analytical performance of the CHA-DNA TWJ
platform, the sensors were investigated by using different
concentrations of miRNA-21 based on optimal experimental
conditions. Fig. 4A shows that the peak current intensity
gradually increased with miRNA-21 concentrations ranging
from 0 to 10 nM. Fig. 4B displays that the current intensity was
linearly dependent on the logarithmic miRNA-21 concentration
ranging from 10 fM to 10 nM. The linear regression equation
was i (nA) = 662. 9 + 44.85 Ig ¢ (M) (R2 = 0.9948), and the limit
of detection (LOD) was calculated to be 3.6 fM based on the
three S/N, which is comparable to the other previously reported
approaches listed in Table S2. Furthermore, the reproducibility
of this sensing platform was evaluated by a relative standard
deviation (RSD) of 4.5%, which revealed satisfactory
reproducibility of the sensor.

4| J. Name., 2012, 00, 1-3
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Fig. 4 The sensitivity of the developed approaches. (A) SWV current
responses of the present biosensor to different concentrations of
miRNA-21(from ato g: 0, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM
and 10 nM), (B) Calibration plot of the SWV peak current versus the
logarithm of the miRNA-21 concentration. Error bars: SD; n = 3.

To evaluate the generality of the detection strategy, we used
the CHA-DNA TWJ system to detect miRNA-141, which is a
potentially reliable biomarker of prostate cancer, by changing
the specific sequence of HO. A good linearity was also obtained
in 7 orders of magnitude from 10 nM to 10 fM. The correlation
equation was i (nA) = 679.7 + 46.70 Ig c (M) with a correlation
coefficient R2 = 0.9878 (Figure S2A and S2B). And the limit of
detection (LOD) was calculated to be 4.5 fM based on the three
S/N. These results confirm that our strategy could be easily
adapted to different target miRNAs through simply
programming the recognition sequences on the HO to achieve
efficient universal detection.

Selectivity of the biosensor

Selectivity is an essential parameter for investigating the
specificity of a sensor. Here, we used non-complementary
oligonucleotides miRNA-141sequence, single-base-mismatch
miRNA-21 (1) and three-base-mismatch miRNA-21 (3) to assess
the selectivity for miRNA-21 detection. As shown in Fig. 5, the
SWV current response of the miRNA-141 sequence and
mismatched sequences were much lower than that of the target

320

o Lol B s o

a b ¢ d e f

Fig. 5 Selectivity of the biosensor for the target miRNA-21 against
different miRNA sequences: (a)blank, (b) single-base mismatched
miRNA-21 (1) (100 nM), (c) three-base mismatched miRNA-21 (3)
(100 nM), (d) miRNA-141 (100 nM), (e) miRNA-21 (10 nM), and (f) a
mixture of single-base mismatched miRNA-21(1) (100 nM), three-
base mismatched miRNA-21(3) (100 nM), miRNA-141 (100 nM) and
miRNA-21 (10 nM). Error bars: SD; n =3.
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miRNA-21. In addition, a mixture of the target miRNA-21 (10
nM) and three other control sequences (each at 100 nM)
showed a peak current comparable to that in the presence of
miRNA-21 at 10 nM. These results clearly suggest that the
fabricated sensor possessed excellent selectivity for miRNA
detection and the specificity of the assay was satisfactory.
Detection of miRNA in cancer cells

To explore the feasibility of the developed electrochemical
sensor in practical samples, the expression of miRNA-21 was
examined in lysates extracted from MCF-7 and Hela cells. As
shown in Fig. 6, the peak current response increased slightly as
the number of Hela cells increased from 10! to 10°, indicating
the low expression of miRNA-21 in the Hela cells. However, the
peak current response increased significantly as the number of
MCF-7 cells increased from 10! to 10° implying the high
expression of miRNA-21 in the MCF-7 cells. Taken collectively,
these results clearly show that the presented biosensing
method could detect miRNA-21 in different tumour cells. This
method may be a potential tool in real biological samples.

250
. B Hela
[ I MCF-7
< 150}
=
~ 100}
50}

Blank 10' 10° 10° 10* 10°
Number of Cells

Fig. 6 Determination of miRNA-21 expression in Hela and MCF-7 cells

with the developed sensor. Error bars: SD; n= 3.

Conclusions

In conclusion, we have successfully established a universal and
platform that
amplification and the DNA TWJ strategy. The presence of
miRNA induced the catalytic formation of the H1/H2 duplex via
the CHA reaction, which could then hybridize with L/S-MB to
form the DNA TWJ. Subsequently, S-MB was released from L/S-
MB and hybridized with CP on the sensor electrode, which

enzyme-free biosensor relies on CHA

resulted in a notable current response. Furthermore, the
proposed biosensor could be used to detect the miRNA level in
lysates derived from tumour cells. The proposed strategy shows
features such as simple operation without the participation of
any enzymes, high sensitivity, good specificity and universality
for target miRNA detection by simply programming the
recognition sequences on the hairpin 0. We envision that this
proposed biosensor will serve as a potential platform for the
early and accurate clinical diagnosis of cancer.

This journal is © The Royal Society of Chemistry 20xx
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A catalyzed hairpin assembly and binding-induced formation of DNA three-
way junction for ultrasensitive electrochemical detection of diverse miRNAs is
reported.
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