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HIGHLIGHTS

e A homogeneous electrochemical
biosensor for miRNA detection has
been fabricated with G-triplex DNA/
methylene blue.

e An efficient two-stage amplification
system was employed to improve the
detection performances.

e A detection limit of 045 fM with
single-base recognition can be
realized.

e Target microRNA in cancer cell-
derived RNA samples was directly
quantified.
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GRAPHICAL ABSTRACT

The strategy of G3-EXPAR for miRNA detection

ABSTRACT

The electrochemical methods for microRNA (miRNA) detection have received increasing attention
because high portability and affordability of electrochemical biosensors may facilitate point-of-care
quantitative detection of miRNAs. Among these biosensors, the homogenous label-free electro-
chemical biosensors for miRNAs are rarely reported due to the lack of a universal and efficient signal
read-out-mode. A newly discovered G-triplex, 5'-CTGGGAGGGAGGGA-3’ (denoted as G3), can specifically
bind with methylene blue (MB), leading to a significant decrease of the diffusion current of MB. By using
miRNAs as a driving force, a two-stage isothermal exponential amplification reaction was proposed to
generate G3 through miRNAs. The generated G3 can combine with MB and produce observable current
changes, which depend on the concentration of miRNAs. Therefore, a novel homogeneous label-free
electrochemical biosensor for miRNA detection was successfully constructed. By choosing let-7a, the
down-regulation of which is possibly associated with the over-expression of RAS and HMGA2 oncogenes,
as a model, we discovered that this biosensor demonstrated excellent analytical performance in
detecting let-7a, with an ultralow limit of detection (0.45 fM) and high specificity (discriminating one
nucleotide variation). Moreover, the proposed biosensor was successfully applied in monitoring the
expression levels of the low-abundant miRNAs in the human lung adenocarcinoma cell lines. This assay
successfully verified the feasibility of G-triplex/MB as an efficient and sensitive probe for immobilization-
free and label-free electrochemical detection of nucleic acids, which would greatly promote the rapid
development of homogeneous label-free electrochemical biosensors.
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1. Introduction

MicroRNAs (miRNAs), a class of short (19—24 bases) non-coding
RNAs, are endogenous in many animal and plant genomes, which
have been recognized to be one of the major regulatory gene
families in eukaryotic cells recently. To date, over 1000 human
miRNAs have been identified, which can target more than 30% of
the human genome [1]. Apart from being post-transcriptional
regulators, increasing evidence has suggested that abnormal
expression of certain miRNAs is closely related to a variety of dis-
eases and disorders, especially cancers [2]. The close correlation
between dysregulation of miRNA expression and human cancers
has intrigued intense interests to explore the possibility of using
miRNAs to classify human cancers, and for utilization as cancer-
specific biomarkers for clinical diagnostics and research [3].
Hence, effective detection and quantitation of miRNAs are of great
significance for biomedical research, early clinical diagnosis, the
pathogenesis of diseases, and therapeutic intervention [4].

Although northern-blotting analysis has been well established
as the standard method for detecting miRNAs [5], the microarray
approach is becoming increasingly popular because of their high-
throughput-screening capability [6]. Nevertheless, these detection
methods are not satisfactory in terms of sensitivity and specificity
because miRNAs are not only tiny and rare but also tend to share
similar sequences [7]. To improve the sensitivity and specificity of
the approaches for miRNA analysis, real-time PCR has been devel-
oped to be one of the most sensitive and practical methods [8].
However, the short length of miRNAs makes the PCR design very
sophisticated. Stem-loop DNA probes, locked nucleic acid (LNA)-
modified DNA probes, or doubly fluorescence-labeled TagMan
probes are usually used to improve PCR-based assays, and these
probes greatly increase the experimental cost and the complexity
of the technical requirement. In terms of the limitations of the
traditional methods, various amplification methods including
rolling circle amplification [9], hybridization chain reaction [10],
catalytic hairpin assembly [11], etc. are designed to develop effi-
cient and simple methods for miRNA detection combined with
different detection technologies such as colorimetry [7], fluores-
cence [12], capillary electrophoresis [13], and electrochemistry
[14,15]. Among them, electrochemical assays for miRNA detection
have received increasing attention because the electrochemical
platform with high portability and affordability could be a powerful
tool for miRNA detection at the point of care [16—18].

Most electrochemical methods for miRNAs detection are based
on heterogeneous format [18—20] where the immobilization of
DNA probes on the electrode surface is necessary. Despite the high
sensitivity, the labeling process is laborious or expensive. Novel
strategies such as probe electrodeposition onto electrode [21] and
the use of non-DNA-based neutravidin probes [22,23] have been
reported to methodologically optimize the immobilization process.
However, homogenous electrochemical biosensors have the ad-
vantages of simplicity, rapidity, low cost and reliability, which could
solve the tricky problems on heterogeneous ones. To date, the
studies on the strategies for immobilization-free electrochemical
miRNA sensors mainly use target-triggered electroactive molecules
release (e.g., [Ru(NH3)s]>* [24], methylene blue (MB) [25],
[Fe(CN)s]>* [26], and tetramethylbenzidine [25]) and redox recy-
cling as the signal indicators. Nevertheless, those electrochemical
methods generally require the complex synthesis of nanoparticles
or metal—organic frameworks to entrap the electroactive mole-
cules. Thus, a universal, simple, sensitive and efficient signal read-
out-mode for homogenous electrochemical sensors is strongly
demanded.

Recently, we reported MB was an excellent intercalating probe
of a G-triplex DNA with a sequence of 5-CTGGGAGGGAGGGA-3’

(denoted as G3), which was a kind of uncanonical nucleic acids. Due
to the highly selective discrimination when binding G3 over dsDNA
and ssDNA, MB has served as a reporter of label-free homogeneous
electrochemical aptasensor [27]. To meet the demand for sensi-
tively detecting the trace amounts of miRNA in the real sample,
there still exist two challenges: a) how to convert target miRNA into
G3 proportionally, and b) how to amplify the trace amounts of G3
effectively to provide enough sensitivity for signal read-out.
Isothermal exponential amplification reaction (EXPAR) was intro-
duced, which displayed high amplification efficiency (106—108) for
short oligonucleotides in a short time (<30 min) and was very
suitable to amplify trace amounts of a specific sequence to micro-
molar levels [28—30]. Therefore, a label-free, homogeneous strat-
egy based on EXPAR using G3/MB complex as a signal generator
(denoted as G3-EXPAR) was proposed for ultrasensitive detection
of miRNA. The addition of target miRNA initiated the two-stage
EXPAR reactions, which contained the conversion of miRNA into
G3 in the first stage and the exponential amplification of G3 in the
second stage. The enormous amounts of G3 were released and
specifically bound with MB, causing obvious current changes of MB
for the detection of the low level of miRNA in a simple manner.

2. Experimental sections
2.1. Materials and reagents

RNA and DNA sequences were synthesized from Sangon Biotech.
Co., Ltd. (Shanghai, China) and their sequences were shown in
Table S1. The Vent (exo-) DNA polymerase and nicking endonu-
clease Nt. BstNBI were purchased from New England Biolabs
(Beverly, MA). Deoxynucleotide mixture (dNTPs) was bought from
Takara Biotechnology Co. Ltd (Dalian, China). SYBR-Green I (20X) in
dimethyl sulphoxide (DMSO) was obtained from Xiamen Zeesan
Biotechnology (Xiamen, China). MB was purchased from Beijing
Chemical Reagent Co. (Beijing, China). A 100 mM stock solution (in
DMSO) was stored at —20 °C. Ammonium acetate (NHzAc) was
purchased from Sigma-Aldrich (St Louis, MO). Acetonitrile (ACN)
was purchased from J. T. Baker. KCl was from Beijing Chemical Re-
agent Co. (Beijing, China). All reagents involved RNA experiments
were prepared in RNase-free Water purchased from Takara (Beijing,
China).

2.2. G3-EXPAR for miRNA assay

The first stage of G3-EXPAR was performed at a volume of 10 pL
containing T-G’ template (200 nM), dNTPs (375 uM), Nt. BstNBI
(0.4 U/uL), Vent (exo-) DNA polymerase (0.05 U/uL), different
concentrations of miRNA let-7a, 1X ThermoPol buffer and 0.5X Nt.
BstNBI buffer. The mixture was incubated at 55 °C for 60 min and
stored at 4 °C. Then, 1 pL of the reaction sample was taken out for
the second stage of EXPAR. The second-stage reaction was prepared
separately as part A and part B solutions. Part A consisted of G'-G’
template, 1 pL of solution from the first stage reaction, Nt. BstNBI
buffer and dNTPs. Part B consisted of the nicking endonuclease Nt.
BstNBI, Vent (exo-) DNA polymerase and ThermoPol buffer. Part A
and Part B were mixed immediately containing G’-G’' template
(100 nM), 1 puL of solution from first-stage reaction, Nt. BstNBI (0.4
U/uL), Vent (exo-) DNA polymerase (0.05 U/uL), dNTPs (375 M), 1 X
ThermoPol buffer (20 mM Tris-HCl, pH 8.8, 10 mM KCl, 10 mM
(NH4)S04, 2 mM MgCly, 0.1% Triton X-100) and 0.5 X Nt. BstNBI
buffer (25 mM Tris-HCI, pH 7.9, 50 mM Nacl, 5 mM MgCl,, 0.5 mM
DTT). The mixture at a volume of 10 uL was incubated at 55 °C for
15 min and quenched at 4 °C. The total amplification time was
about 75 min. The product was kept at 4 °C for subsequent elec-
trochemical analysis.
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2.3. Electrochemical measurements

A CHI 660C electrochemical workstation (Shanghai Chenhua
Instruments Co., Shanghai, China) was employed to undertake the
electrochemical experiments. All measurements were carried out
in the miniaturized electrochemical device designed in our previ-
ous work [31]. The cylindrical carbon fiber microelectrode (CFME)
which diameter was about 7 pum as a working electrode was
inserted into the micropipette tip containing 20 pL of the analyte
solution. The micropipette tip was then placed in a homemade
glass cell containing Tris-HCI buffer. An Ag/AgCl reference electrode
and a Pt counter electrode were used to form a full three-electrode
system. Square wave voltammetry (SWV) was recorded at a fre-
quency of 200 Hz, pulse amplitude of 25 mV, and with an incre-
mental potential of 4 mV over a potential range of —0.7 to 0.2 V.
24 uL solution from amplification reaction was mixed with 1.5 puL
10 uM MB, 3 pL 500 mM KCl, and 1.5 pL water (All prepared in Tris-
HCl buffer, pH 7.4), where KCl was generally used to stabilize the G-
triplex structure. A 20 pL of the analyte solution indrawing in
micropipette tip was used for performing the electrochemical
measurement via the above electrochemical device.

2.4. Liquid chromatography electrospray ionization tandem mass
spectrometry (LC-ESI-MS) measurement

The LC-ESI-MS quantification of produced G3 in the amplifica-
tion reaction was performed on the LC-ESI-MS system consisting of
a Thermo Q-Exactive Mass Spectrometer (Thermo, USA) with an ESI
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source (Turbo Ionspray) and a Thermo Scientific Dionex Ultimate
3000 HPLC (Thermo, USA). Data acquisition and processing were
performed using Xcalibur Software (Thermo, USA). The HPLC sep-
aration was performed on a Zorbax Stablebond Analytical SB-C18
column (2.1 mm x 100 mm, 3.5 pm, Agilent Technologies, USA)
at 20 °C. 20 mM NH4Ac (pH 9, solvent A) and ACN (solvent B) were
employed as the mobile phases. A gradient of 30—100% B for 4 min
and 100% B for 5 min was used. The flow rate of the mobile phase
was set at 0.3 mL min~’. The mass spectrometry detection was
performed under negative ESI mode. Data were acquired over the
MS scan range of 950 m/z to 2000 m/z. The temperature of the ion
transportation capillary was set at 350 °C. The mass resolution was
70,000. Maximum inject time, automatic gain control (AGC) target,
sheath gas flow rate, aux gas flow rate, sweep gas flow rate and
spray voltage were 100 ms, 5 x 10°, 35 unit, 15 unit, 2 unit, and
3.20 kV, respectively.

2.5. The extract of the total RNA sample from cells

The human lung adenocarcinoma cell lines (A549) were incu-
bated in complete medium (Dulbecco’s Modified Eagle’s Medium,
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin) at 37 °C in the atmosphere containing 5% CO,.
Incubated A549 cells were collected by trypsinization and centri-
fugation, washed with PBS, and pelleted at 3000 rpm for 5 min at
4 °C. The pellet was dissolved in 1 mL of TRIzol Reagent and 0.5 mL
of isopropanol and incubated for 10 min. The mixture was centri-
fuged at 12,000xg for 10 min at 4 °C, then the supernatant was
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Scheme 1. The strategy of G3-EXPAR for miRNA detection. (A) Schematic representation of G3-EXPAR system. (B) Electrochemical readout based on G3/MB probe.
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discarded with a micropipette. Subsequently, the pellet was
resuspended in 1 mL of 75% ethanol and 1 mL of TRIzol Reagent
then centrifuged for 5 min at 7500xg at 4 °C. Finally, the RNA pellet
was air dried for 5—10 min after the supernatant was discarded. For
miRNA detection, the pellet was resuspended in 50 pL of RNase-free
water, 0.1 mM EDTA and 1 U/uL recombinant RNase Inhibitor. The
RNA was highly pure as measured by Nanodrop (Aze0/A2s80 = 2.0).
The quantification was carried out by following the same procedure
as described above, then the concentration of target miRNA was
calculated.

3. Results and discussion
3.1. Principle of G3-EXPAR for miRNA detection

The strategy of G3-EXPAR is illustrated in Scheme 1A. The newly
discovered G-triplex sequence (G3) could strongly bind with MB to
cause a significant current decrease of MB [27]. Thus, G3 was
chosen to conduct an electrochemical probe with MB in this work
(Scheme 1B). G3-EXPAR contains two stages, linear amplification
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Fig. 1. (A) The SWV curves of (a) negative control, (b) G3-EXPAR production triggered
by 1 nM let-7a. (B) The control experiments of G3-EXPAR: (a) two templates + two
enzymes + dNTPs, (b) let-7a + T'-G’ template + two enzymes + dNTPs, (c) let-7a + G-
G’ template + two enzymes + dNTPs, (d) let-7a + two templates + Nt. BstNBI + dNTPs,
(e) let-7a + two templates + Vent (exo-) polymerase + dNTPs, (f) let-7a + two
templates + two enzymes, (g) let-7a + two templates + two enzymes + dNTPs.

which enables the conversion of target miRNA to the reporter G3,
and exponential amplification of G3 (Scheme 1A). In the first stage,
the template (T’-G’) contains two different regions that are com-
plementary to target miRNA and reporter G3, respectively, which
are separated by a short NEase recognition sequence. Once the
target miRNA hybridizes with the template, it is extended along
with the template by Vent (exo-) DNA polymerase with strand
displacement activity. The dsDNA containing the nicking recogni-
tion sequence is synthesized then cleaved by endonuclease Nt.
BstNBI, thereby generating a nick. The polymerase can extend the 3’
end of the nicked site, which simultaneously displaces the newly
synthesized strand G3. Through a polymerization, nicking, and
displacement reaction cycle, miRNA is converted into G3 in linear
amplification manner. Meanwhile, the exponential amplification
reaction in the second stage is initiated by the hybridization of the
created G3 and the template (G’-G’) which contains two repeated
complementary sequences of G3. Then trace amounts of the G3
generated by the linear amplification could be exponentially
amplified after the second-stage reaction. After amplification, MB
was added into the amplification product to form a stable G3/MB
complex. A 20 pL analyte solution was measured in the miniatur-
ized electrochemical device with CFME as a working electrode. As
shown in Scheme 1B, the forming G3/MB probe indicates the
variation of current, which is used as a metric to determine the
concentration of miRNA.

3.2. Feasibility of G3-EXPAR

First, we validated the feasibility of the G3/MB complex as a
signal generator by measuring the sensitivity of G3 detection ac-
cording to the electrochemical response of MB. As shown in
Figure S1, the diffusion current of MB was related to the concen-
tration of G3. The higher the concentration of G3 was, the lower the
current of MB was obtained. The lowest detectable concentration of
G3 was 10 nM. Therefore, to meet the demand for sensitively
detecting trace amounts of miRNA in the real sample, the efficient
conversion of miRNA to G3 and a proper amplification of G3 should
be introduced, which came out the strategy of G3-EXPAR shown in
Scheme 1.

Using let-7a, a 22 nt miRNA as a model, we measured the SWVs
of the amplification production triggered by 1 nM let-7a and
without triggering (the negative control) using G3/MB as a signal
generator. As depicted in Fig. 1A, the G3-EXPAR production
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Fig. 2. Mass spectra of (A) G3-EXPAR production triggered by 1 nM target and (B)
negative control.
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triggered by 1 nM let-7a (curve b) shows a significant decrease in
peak current compared with the negative control (curve a). It
indicated that the G3-EXPAR strategy realized both the conversion
of let-7a to the G3 sequence and the generation of a large amount of
G3. The generated G3 was successfully detected via G3/MB system
based on our miniaturized electrochemical device. For the proof-of-
concept experiment, we carried out a series of experiments
differing in reaction conditions. The EXPAR process involved two
templates (T’-G’ and G’-G’), two enzymes (polymerase and nick-
ase), and dNTPs. As shown in Fig. 1B, when five constituents (T'-G/
template, G’-G’ template, Vent (exo-) DNA polymerase, Nt. BstNBI
nicking endonuclease, and dNTPs) co-existed in the EXPAR system,
1 nM let-7a could lead to a sharp decrease in SWV peak current
(sample g) in comparison with the peak current generated by the
negative control (sample a). However, when anyone among five
constituents was absent, as seen from curve b, ¢, d, e, and fin Fig. 1B,
no obvious peak current decrease was observed after the addition
of 1 nM let-7a. The experiment results without dNTPs or poly-
merase or template indicated that the initiation of this amplifica-
tion reaction was strictly dependent on all five constituents and
target.

To prove the current decrease was caused by the large amount of

G3 generated by EXPAR, LC-ESI-MS was performed. The MS spectra
of the G3-EXPAR production triggered by 1 nM let-7a and the
negative control are shown in Fig. 2A and B, respectively. It was
seen in Fig. 2A that the G3 sequence [m/z 1503.24054 (—3)] could
be easily identified. While from Fig. 2B, no obvious peaks for the
reaction products were detected. Taken together, the results
confirmed that the EXPAR assay was successfully carried out as
designed in Scheme 1A.

3.3. The validation of the necessity of using the G3-EXPAR strategy

To verify the necessity of using the two-stage EXPAR assay, we
compared its performance with that of T'-G’ strategy (Scheme 2A),
which only included linear amplification of let-7a to G3. As shown
by black columns in Fig. 3, the G3-EXPAR strategy could easily
distinguish the concentrations of let-7a as low as 1 fM. However,
the current obtained by T'-G' strategy (blue columns) had no
obvious change when the concentration of target let-7a was as high
as 100 pM. We speculated that this might be because that the
amplification efficiency of one-stage T'-G’ strategy was too low to
produce enough amount of G3 to reach the detection limit of G3 by
MB, which revealed the necessity of using the second-stage
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exponential amplification of G3 through G'-G’ template. On the
other hand, since MB could also non-specifically interact with
ssDNA and dsDNA, the necessity of using G3/MB as a signal output
was tested through comparing G3-EXPAR with that of T'-T’ strategy
which represented only exponential amplification of target, let-7a
(Scheme 2B). According to red columns (Fig. 3) obtained by T'-T
strategy, the amplification production triggered by 100 fM let-7a
only caused 3 nA current change to system. 10 fM or lower than
10 fM let-7a could not be distinguished between each other. Since
the products produced by T'-T’ strategy were dsDNA formed by
templates and a large amount of let-7a generated by the amplifi-
cation, the result indicated that the products had a much weaker
interaction with MB than G3 produced by G3-EXPAR, leading to the
relatively lower sensitivity of T'-T’ strategy for miRNA. Generally,
the above results indicated that G3-EXPAR strategy guaranteed the
sensitive detection of let-7a.

3.4. Performance of G3-EXPAR for miRNA detection

We employed G3-EXPAR to detect different concentrations of
target let-7a. It was observed in Fig. 4A that the SWV peak currents
decreased along with the increase of the concentration of target let-
7a. In the logarithmic scales, the variation of the SWV peak currents
Ai (Ai = icontrol - isample) €xhibited a linear correlation with the
concentration of target let-7a over a range of 7 orders of magnitude
from 1 fM to 10 nM (Fig. 4B). The lowest detectable concentration
was as low as 1 fM and the limit of detection was calculated to be
0.45 fM by evaluating the average signal of blank plus three times
the standard deviation. Notably, the sensitivity of the proposed
method is better than most of the assays for miRNA detection re-
ported in recent years (Table S2) [32—40]. The improved sensitivity
may be attributed to the highly efficient amplification of EXPAR
with short G3 sequence and G3/MB as an electrochemical reporter.

An enormous challenge for miRNA analysis is the ability to
distinguish between miRNA family members of small size and with
high sequence homology. To investigate the specificity of the pro-
posed method, four similar and relevant let-7 family miRNAs, let-
7e, let-7f, let-7c, and let-7g, were tested using the same reaction
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Fig. 4. (A) SWVs in response to different concentrations of target let-7a: (a) 0 fM, (b) 1
fM, (c) 10 fM, (d) 100 fM, (e) 1 pM, (f) 10 pM, (g) 100 pM, (h) 1 nM, (i) 10 nM. (B)
Variations of the peak current Ai (Ai = icontrol - isample) as a function of the target
miRNA concentration. Inset: the linear relationship of currents versus the logarithm of
target concentration in the range from 1 fM to 10 nM. Error bars showed the standard
deviation of three experiments.

protocol described above. In detail, let-7e, let-7f, and let-7c contain
one mismatch each and let-7g contains two mismatches. As shown
in Fig. 5, the SWV peak current of let-7a was much lower than those
of other miRNAs. The sensor exhibited good selectivity to let-7a as
let-7a was the specific key to the initiation of the EXPAR reaction.
The results indicated that the G3-EXPAR strategy had a good
selectivity to target miRNA over the relevant let-7 family miRNAs.

In addition, the quantification performance of our system for a
practical sample was evaluated. We evaluated the feasibility of
monitoring the expression levels of miRNAs in the human lung
adenocarcinoma cell lines (A549). The amount of let-7a miRNA in
the total RNA sample of A549 cells was detected with the proposed
miRNA assay by extract of the total RNA sample. To avoid the effect
of the interferences from cell-derived RNA samples, the standard
addition method was used. By adding known amounts of let-7a (10,
50, 100, and 500 zmol) standards to the practical sample, the
amount of let-7a in the total RNA sample (1 ng) was estimated to be
179 zmol according to the obtained calibration curve (Figure S2).
1 ng of the total RNA samples spiked with let-7a at a final con-
centration of 10, 50 or 100 zmol showed a spiked recovery from 86%
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Fig. 5. SWVs of G3-EXPAR assay driven by 100 pM let-7a, let-7e, let-7f, let-7c, and let-
7g, respectively.

to 117% and repeatability from 6.7% to 15% (Table S3). Therefore, the
proposed method can be used to quantitatively detect as little as a
zeptomole amount of miRNA in a total RNA sample with good ac-
curacy and reproducibility. These results suggested that our pro-
posed assay held great promise for sensitive quantification of
miRNA in practical cell samples.

4. Conclusions

In summary, we developed a label-free, immobilization-free
electrochemical biosensing platform for ultrasensitive detection of
miRNA via G3-EXPAR. In this strategy, we converted miRNA to G3
and then amplified G3 exponentially to achieve an excellent
detection sensitivity of the target miRNA based on the distinct
current changes resulting from the high binding affinity between
G3 and MB. By combining such a strategy with microliter electro-
chemical devices, we have made the detection of miRNAs simple,
rapid, affordable, and convenient. We believe this simple, efficient,
and sensitive signal read-out-mode based on G3/MB complex
combining with EXPAR can be applied in the determination of
different kinds of targets which are well-designed to generate G3
sequence, and our study can greatly facilitate the development of
more functional and simpler homogeneous biosensing systems to
support point-of-care detection and clinical diagnosis.
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