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MicroRNAs (miRNAs) have been considered as promising molecular biomarkers for disease diagnosis,
prognosis, as well as drug development. Herein, we wish to report a low background and label-free
aptamer-based biosensor for miRNA assay by RNA-regulated fluorescence of malachite green (MG). In
this biosensor-based strategy, target miRNA can specifically hybridize with the DNA extension template
to form the T7 in vitro transcription system. Then the following transcription amplification produces
a large number of MG RNA aptamers (MGAs) which light up the fluorescence of the MG, achieving
significant fluorescence enhancement for miRNA quantitative analysis. The aptamer-based biosensor
exhibits high sensitivity with a quite low detection limit of 10 amol target miRNA and high specificity to
clearly discriminate very similar miRNA family members, even only one base difference. Furthermore, we
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1 Introduction

MicroRNAs (miRNAs) are a group of small, noncoding RNAs
with the length of 18-25 nucleotides (nt) that play a critical role
in the process of gene expression."” Accumulating evidence has
shown that abnormal expression levels of miRNAs are closely
associated with the development of a variety of diseases
including cancers.** So miRNAs have been considered as
promising biomarkers for disease diagnosis, prognosis, as well
as drug development.® Therefore, sensitive and selective detec-
tion of miRNAs is of great significance for clinical diagnosis and
therapy. Up to now, various strategies have been developed for
miRNA detection. Typically, the northern blotting and DNA
microarray are widely used as gold-standard methods for
miRNA expression profiling. But they have several instinctive
drawbacks including limited sensitivity and specificity, time-
and sample-consuming.” In order to achieve high sensitivities,
a variety of nucleic acid amplification strategies are developed
for miRNA detection, such as reverse transcription-based or
ligase-depended PCR,*’ ligase-mediated rolling circle amplifi-
cation (RCA),*® loop-mediated isothermal amplification
(LAMP),"*** and isothermal exponential amplification
(EXPAR)>™ which efficiently improve the sensitivity and
selectivity of miRNAs assay. However, some of these methods
require the complex design of multiple probes/primers or
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multiple operating steps such as reverse transcription/ligation
reaction and subsequent amplification and detection
processes. Among these methods, EXPAR can realize miRNA
detection by one step-reaction with only one amplification
template, but the sequence dependence of the EXPAR has
limited its widespread use."® The duplex specific nuclease
(DSN)-assisted signal amplification'®"” and circular template-
depended RCA*'® can also realize miRNA detection with high
sensitivity and relatively simplified steps, in which labeled
probes are indispensable for signal readout. Therefore, a sensi-
tive and label-free miRNA detection method with simple design
and operation steps is still in great demand.

Aptamers are single-stranded DNA/RNA molecules that can
specifically bind a defined ligand with high affinity, which can
be selected by vitro selection technique known as the Systematic
Evolution of Ligands by Exponential enrichment (SELEX).">*°
SELEX is a powerful technique that mimics natural evolution in
the laboratory and has selected various aptamers specifically
binding to a wide-ranging of targets from small organic mole-
cules to proteins, even cells and viruses.** The affinity between
the aptamer and the target can be comparable to that of the
antibody (typically with pM affinities).>” Furthermore, aptamers
can be screened under non-physiological conditions, and also
synthesized easily."*

Due to the excellent characteristics of aptamers, many
research fields about aptamer-based sensors have developed
rapidly.”?*® The most design concepts of the aptamer-based
sensors are to convert binding events between the aptamers
and ligands into detectable signal changes, such as colori-
metric,> electrochemical,** chemiluminescent,>®
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fluorescent,”*” and phase changes.”® Among these aptamer-
based sensors, fluorescent sensors have attracted more atten-
tion in biosensing because of their high sensitivity and the
feasibility of quantification. However, most fluorescent aptamer
sensors need to label fluorescent groups and quencher groups
at the ends or active sites of aptamer molecules.* These labeled
groups will reduce the affinity of aptamers and increases the
measurement cost. In addition, the quencher group cannot
completely quench the fluorescence from the fluorescent group,
resulting in a high background signal.** Malachite green
aptamer (MGA) is a kind of RNA aptamer that can bind with
malachite green (MG) and light up the fluorescence more than
2000-fold compared to negligible fluorescence of free MG.*' The
MGA-MG system represents a promising platform for the
construction of low background and label-free fluorescence
biosensors.

In this study, combining the MGA-MG system and T7 in vitro
transcriptional amplification, we attempt to develop a low
background and label-free aptamer-based biosensor for the
quantitative detection of microRNA (miRNA). In this assay,
target miRNA can specifically generate the T7 transcription
system, which ensures the specificity of the biosensor-based
miRNA detection. The miRNA-generated T7 transcription
system could produce a large number of MGA resulting in
fluorescence signal amplification, which guarantees the sensi-
tivity for miRNA assay. Compared to the previously reported the
Spinach aptamer-based biosensor for miRNA assay,'**>** the
novel system requires only one DNA template, which will greatly
simplify the design principle and reduce the measurement cost.

2 Results and discussion

2.1 Principle of the aptamer-based biosensor for miRNA
assay

The principle of the aptamer-based biosensor for miRNA
detection is schematically illustrated in Fig. 1. Let-7 miRNA acts
as a tumor suppressor in human lung cancer® and its reduced
expression is closely associated with shortened postoperative
survival.* In this work, let-7a was chosen as a proof-of-concept
target. First, an extension DNA template is reasonably designed
containing a complementary sequence of miRNA (Anti-miRNA,
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Fig. 1 Schematic illustration of the label-free aptamer-based
biosensor for miRNA detection by the RNA-regulated fluorescence of
malachite green.
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red), a single-stranded T7 RNA polymerase promoter sequence
(T7 RNA Pro, pink) and a complementary sequence of MG RNA
aptamer (Anti-MGA, orange). The sequences of miRNA and
extension DNA template are listed in Table S1 (ESI).t In the
presence of the miRNA target (green), miRNAs hybridize to the
anti-miRNA sequence of the extension DNA template and
extension reaction is initiated by using miRNA as a primer
under the action of the Bst DNA polymerase. The extension can
generate a double-stranded template for T7 RNA polymerase
transcription system, which can produce a large number of MG
RNA aptamers (MGA) by the transcription amplification of T7
RNA polymerase. MGA can specifically bind to malachite green
(MG) and restrict the vibrational de-excitation of the MG to
produce fluorescence. In this way, one miRNA target can
produce amounts of MGA molecules, thereby generating
a signal amplification mechanism for miRNA detection. In the
absence of the miRNA target, no extension reaction and tran-
scription amplification will occur, with only free MG, thus
effectively eliminating non-specific fluorescence background.
In addition, the extension reaction of Bst DNA polymerase and
transcription amplification of T7 RNA polymerase can be effi-
ciently carried out under the same reaction conditions, which
greatly simplifies the operation steps. Hence the measurements
can be accomplished in one reaction tube.

2.2 Evaluation of the feasibility of the proposed biosensor

Several verification experiments were constructed to confirm
the feasibility of the aptamer-based biosensor for miRNA
detection. As exhibited in Fig. 2A, when synthetic MGA binding
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Fig. 2 (A) Fluorescence spectra of (a) 1 nmol MGA + MG, (b) MG. (B)

Fluorescence spectra of (a) reaction products of the aptamer-based
biosensor for 1 pmol let-7a miRNA detection, (b) reaction products of
the blank. (C) Non-denaturing PAGE analysis of aptamer-based
biosensor for miRNA detection. Lane M: double strand DNA marker,
lane 1: let-7a miRNA (1 pmol), lane 2: extension template (1 pmol), lane
3: MGA (1 pmol), lane 4: reaction products of blank, lane 5: reaction
products of the aptamer-based biosensor for 1 pmol let-7a miRNA
detection. The blank control experiment was treated as the same as
let-7a detection except without adding let-7a.
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to MG, a significantly enhanced fluorescence signal can be
observed (curve a). In contrast, only MG is present, no fluores-
cence signal can be generated (curve b). These results clearly
prove that MGA can effectively limit the self-vibration de-
excitation of MG and greatly enhance the fluorescence of MG.
Furthermore, the proposed biosensor-based system was further
verified by the fluorescence measurement after the extension
reaction and transcription amplification. As demonstrated in
Fig. 2B, in the presence of let-7a, the obviously enhanced fluo-
rescence signal was observed (curve a). In contrast, no signifi-
cant fluorescence signal was observed in the blank control. The
system is also validated by polyacrylamide gel electrophoresis
(PAGE). As shown in Fig. 2C, the bands in lane 1, lane 2, and
lane 3 represent let-7a (22 nucleotides), extension DNA template
(83 nucleotides), and MGA (38 nucleotides), respectively. After
let-7a-primed extension and T7 RNA polymerase-catalyzed
transcription, an obvious band appeared in lane 5 at the same
position of lane 3, indicating that the new band was the tran-
scribed MGA. At the same time, because the extension DNA
template was extended to form an RNA-DNA duplex, a brighter
and slightly faster band appeared in lane 5 near the position of
the extension DNA template. All of these results indicated that
the enhanced fluorescence signal is specifically derived from
target miRNA and the proposed biosensor is unquestionably
feasible for label-free miRNA assay.

2.3 Analytical performance of the aptamer-based biosensor
for miRNA detection

The analytical performance of the aptamer-based biosensor for
miRNA detection was investigated by detecting 10-fold serial
dilutions of let-7a. As depicted in Fig. 3A, the fluorescence
signal significantly increases with increasing the amount of let-
7a in the range from 10 amol to 1 pmol, indicating that the
fluorescence signals come from the presence of the miRNA
target. More importantly, Fig. 3B displays that the fluorescence
intensities at 650 nm (Iy) are linearly dependent on the loga-
rithm (Ig) of let-7a miRNA amount with the correlation equation
of Iy = 424.0 + 23.6 1g Apnirna(mol), where the correlation coef-
ficient is R” = 0.9909. The results demonstrate that the aptamer-
based biosensor can quantitatively detect target miRNA with
high sensitivity and a wide dynamic range spanning over 5
orders of magnitude. It is noteworthy that the sensitivity of the
proposed biosensor-based miRNA assay is superior to the
ligation-mediated = Spinach-based  fluorescent light-up
biosensor,** and is comparable to that of ligation-mediated
RCA assay® and amplified tandem Spinach-based aptamer
transcription assay (AmptSpi assay).*® Unfortunately, the
ligation-mediated RCA assay and the AmptSpi assay require
multiple operation steps and longer analysis time. Certainly,
the sensitivity is inferior to that of the duplex specific nuclease
(DSN)-assisted signal amplification,'*"” circular template-
depended RCA,”*® and electrocatalysis-assisted biosensor.*
Fortunately, the sensitivity of the proposed biosensor can satisfy
the needs of most miRNA-related biological studies without
labeled probes.
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Fig. 3 (A) Fluorescence spectra of the aptamer-based biosensor assay
in the presence of different amounts of let-7a miRNA. Let-7a miRNA
from up to down: 1 pmol, 100 fmol, 10 fmol, 1 fmol, 100 amol, 10 amol
and 0O (blank), respectively. The blank was treated as the same as let-7a
detection except without adding let-7a. (B) The relationship between
the fluorescence intensity at 650 nm and the logarithm of the amount
of let-7a miRNA. Error bars represent the standard deviation of five
repetitive tests of each data.

2.4 Specificity evaluation

Owing to the similarity of miRNA sequences, especially for
miRNA family members, the specificity is another essential
aspect to assess a practical miRNA assay. Human let-7 family
consisting of eight highly homologous miRNAs (let-7a to 7g,
and let-7i), they differ from each other with only 1-4 nucleotide,
which provides an ideal model system to evaluate the specificity
of the proposed miRNA assay. In this study, the same amount
(10 fmol) of let-7 family members were simultaneously detected
by using the let-7a-specific extension DNA template. As can be
seen from Fig. 4A, the fluorescence signal produced by let-7a
could be well distinguished completely from the other let-7
family members with a one-base difference (let-7c, let-7e, and
let-7f), two-base difference (let-7b, let-7c, let-7d, and let-7g), or
four-base difference (let-7i). For this assay, the specificity
depends on the target miRNA-primed specific extension reac-
tion along with the extension DNA template. Compared with let-
7a, only one base is different with let-7e and the mismatched
base is located near the 5'-terminus of let-7e sequence, so let-7e
produced the maximum nonspecific signal (19.5%). Meanwhile,
let-7c and let-7f also have a base difference with let-7a and
produce relatively small nonspecific signals (1.0% and 7.2%,
respectively). In addition, except that let-7d produces 2.1%
nonspecific signal, the rest of let-7 family members (let-7b, let-
7g, and let-7i) all produce negligible nonspecific signals (less
than 0.1%). Therefore, the proposed aptamer-based biosensor

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Evaluation of the specificity for miRNA detection by using the
aptamer-based biosensor. (A) Fluorescence spectra of let-7 family
members. The blank was treated as the same as let-7a detection
except without adding any miRNAs. (B) The relative detection of
human let-7 miRNA family members. The relative detection of let-7a is
normalized to 100%, and the relative detection of other miRNAs is
calculated by the correlation equation from Fig. 3B. Each of the
mMiRNAs was 10 fmol. Error bars represent the standard deviation of five
repetitive tests of each data.

assay has high specificity for miRNA detection and can clearly
discriminate very similar miRNA family members, even only
one base difference.

2.5 Detection of miRNA in the total RNA sample

As a promising biomarker, miRNAs expression levels have been
applied for cancer diagnosis.> To test the practicality of the
aptamer-based biosensor for miRNA detection in complex bio-
logical samples, the aptamer-based biosensor was applied to
detect the amount of let-7a in the total RNA samples extracted
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Fig. 5 Fluorescence spectra for let-7a miRNA detection in 1 pg total
RNA sample and 1.0 fmol synthetic let-7a miRNA + 1 pg total RNA
sample.
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from A549 lung adenocarcinoma cells. As shown in Fig. 5,
a well-defined fluorescence signal can be produced by the total
RNA sample. With the calibration curve (Fig. 3B), the average
amount of let-7a in 1 pg of the total RNA sample was estimated
to be 0.29 fmol. To further confirm the reliability of the
aptamer-based biosensor for miRNA detection, a spiked sample
(1.0 fmol synthetic let-7a spiked into 1 pg total RNA sample) was
detected by using the proposed biosensor and the determined
let-7a in the spiked sample was 1.23 fmol with a satisfactory
recovery of 94.2%. These results suggested that the aptamer-
based biosensor is practical and reliable for quantitative
detection of miRNA in complex real samples.

3 Conclusions

In conclusion, we have developed a low background label-free
aptamer-based biosensor by the RNA-regulated fluorescence of
MG and the novel sensor has been successfully applied to the
quantitative detection of miRNA. With the amplification
mechanism of the T7 in vitro transcription reaction, the
proposed biosensor-based miRNA assay has high sensitivity and
allows to detect as low as 10 amol miRNA target, which can
generally satisfy the needs for miRNA-related biological studies.
In addition, the proposed biosensor also exhibits remarkably
specificity to discriminate highly similar family miRNAs, which
is enough reliable to determinate the miRNA target in the
complex samples. This new strategy provides an ultra-low
background and fluorescent light-up platform for miRNA
assay without complex nucleic acids amplification, multiple
operating steps, and labeled DNA/RNA probes. By virtue of its
various advantages, we believe this aptamer-based biosensor
assay holds great potential in miRNA-related fundamental
research. More importantly, the MGA-MG can be used as
a universal signal reporting system, and thus the aptamer-based
biosensor will open new opportunities for the design of more
novel sensing protocols and expansion its application in
different fields.
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