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HIGHLIGHTS

GRAPHICAL ABSTRACT

e A new chemiluminescence imaging
method for miRNA assay was devel-
oped based on cascade EXPAR
strategy.

e The imaging method achieved ultra-
sensitivity and good specificity.

e The biosensing method possessed
the merits of isothermal and homo-
geneous assay system.
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A novel G-quadruplex DNAzyme-driven chemiluminescence (CL) imaging method was developed for
ultrasensitive and specific detection of miRNA based on the cascade exponential isothermal amplification
reaction (EXPAR) machinery. A structurally tailored hairpin probe switch was designed to selectively
recognise miRNA and form hybridisation products to trigger polymerase and nicking enzyme machinery,
resulting in the generation of product I, which was complementary to a region of the functional linear
template. Then, the response of the functional linear template to the generated product I further acti-
vated the exponential isothermal amplification machinery, leading to synthesis of numerous horseradish
peroxidase mimicking DNAzyme units for CL signal transduction. The amplification paradigm generated
a linear response from 10 fM to 100 pM, with a low detection limit of 2.91 fM, and enabled discrimination
of target miRNA from a single-base mismatched target. The developed biosensing platform demon-
strated the advantages of isothermal, homogeneous, visual detection for miRNA assays, offering a
promising tool for clinical diagnosis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

MicroRNAs (miRNAs) are small endogenous non-coding RNAs
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(18—25 bases) that function as part of the gene expression regu-
lating machinery at the transcriptional and post-transcriptional
levels [1,2]. Recent progresses in miRNA research has revealed
that miRNAs are critical components of various pathophysiological
processes [3] and that abnormal expression of miRNAs is associated
with many human diseases [4]. For example, overexpression of
some miRNAs, termed oncomiRs, plays a key role in the onset and
progression of cancer [5]|. Additionally, miRNAs can serve as
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biomarkers for a variety of cancers at different stages of the disease
[4,6]. Therefore, methods for quantification and visualisation of
aberrant miRNA expression are urgently needed for early clinical
diagnosis.

Owing to their small sizes, high sequence homology among
family members, and low abundance, miRNAs can be difficult to
detect and quantify. Conventional analytical methods include
northern blotting, polymerase chain reaction (PCR), and micro-
arrays. However, northern blotting and microarrays are limited by
time-consuming operation processes and poor sensitivity [7,8].
PCR, a widely used ultrasensitive method, is restricted by the
laborious reverse transcription process and the requirement for a
high-precision thermal cycler [9]. Based on these limitations, novel
methods that exhibit high sensitivity, selectivity, and simplicity are
needed for miRNA detection.

To explore alternative methods, extensive efforts have been
made to develop a variety of biosensors for miRNA detection,
including surface plasmon resonance (SPR) [10] and colorimetric
[11], electrochemical [12], fluorescent [13], and chemiluminescent
(CL) biosensors [14]. Among these methods, CL biosensors have
attracted much attention owing to its high sensitivity, good sta-
bility, and visual detection in homogeneous solution without sep-
aration and washing steps. Additionally, to achieve sensitive
sequence-specific miRNA sensing, various isothermal amplifica-
tion strategies based on enzyme activity have been developed [15],
including rolling circle amplification (RCA) [16—18], loop-mediated
isothermal amplification (LAMP) [19], and exponential isothermal
amplification reaction (EXPAR) [20—22]. Of these strategies, EXPAR
is a promising, feasible, and simple technique for sensing trace
amounts of nucleic acids owing to its isothermal nature, ultrahigh
amplification efficiency, and rapid amplification kinetics [23].

To date, EXPAR-based biosensors, including surface-enhanced
Raman spectroscopy (SERS) and electrochemical biosensors, have
been widely developed for sensitive detection of miRNAs [24,25].
Moreover, EXPAR coupled with enzymatic cascades can be used as a
powerful tool to develop various biosensors, such as CL biosensors
for ultrasensitive detection of transcription factors and telomerase
activity [26,27] or fluorescent biosensors for ultrasensitive detec-
tion of miRNAs and platelet-derived growth factor [28,29]. This
combined strategy exhibits excellent amplification capability,
enhanced design flexibility, and improved analytical performance.
In addition, CL, as a widely used method for detection of biomarkers
in clinical diagnosis, has also been shown to have potential appli-
cations in miRNA detection due to its superior features of simple
instrumentation, rapid response, and low cost [30,31]. Therefore,
further development of CL imaging biosensors is needed for ul-
trasensitive, specific, and visual detection of miRNAs by integration
of cascade EXPAR strategies.

In this study, we aimed to establish an ultrasensitive and specific
biosensing strategy for the detection of miRNAs using a CL imaging
method based on cascade exponential isothermal amplification
machinery. Hairpin probe-mediated amplification machinery
enabled the biosensing platform to exhibit a low detection limit of
2.91 fM towards miR-21 detection and ensured high selectivity
using a nucleic acid switch with a stem-loop conformation.
Importantly, the CL imaging method established in this study was
based on a homogeneous, isothermal assay system, making the
sensing platform easy to operate and providing promising alter-
native tools for quantification and visualisation of miRNA.

2. Materials and methods
2.1. Materials and apparatus

The high-performance liquid chromatography (HPLC)-purified

oligonucleotides used in the study were synthesised by SangonlInc.
(Shanghai, China), and all sequences are listed in Table S1. The
Klenow fragment (exo-) DNA polymerase, Nb.BbvCl nicking
endonuclease, and deoxyribonucleoside triphosphate (dNTP) mix
were purchased from New England Biolabs Ltd. (Beijing, China).
Hemin was obtained from Sigma-Aldrich (St. Louis, MO, USA),
whereas dimethyl sulfoxide (DMSO) and 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid sodium salt (HEPES) were from
Sangon Inc. The stock solution of 1.0 ug pL~! total RNA extracted
from breast adenocarcinoma (MCF-7) cells was obtained from
Ambion (CA, USA). Hemin stock solution (10 mM) was prepared in
DMSO and stored in the dark at —20 °C. The CL reagent kits were
ordered from Advansta (CA, USA). All solutions were prepared and
diluted in diethyprocarbonated (DEPC)-treated water. All other
reagents were of analytical grade, and Millipore-Q water (S18 MQ)
was used in all experiments. An IFFM-E luminescent analyser
(Remax, China) was used to record the kinetic behaviours of the CL
reaction catalysed by the amplified HRP-mimicking DNAzyme. A
cooled low-light CCD camera (Biolmaging Systems ChemiHR 410
camera, UVP) was implemented to capture images of the CL cat-
alysed by the generated DNAzyme. Gel electrophoresis was per-
formed on a DYY-6C electrophoresis analyser (Liuyi Instrument
Company, China) and imaged on a Bio-Rad ChemDocXRS (Bio-Rad,
Hercules, CA, USA).

2.2. Cascade isothermal exponential amplification reaction

The cascade isothermal amplification reaction was carried out
in 20 pL of total reaction solution consisting of 2.5 U Klenow
fragment DNA polymerase, 5 U Nb.BbvCI nicking endonuclease,
500 pM dNTPs, 20 nM template I, 30 nM template II, and different
concentrations of miR-21 (10 fM to 10 nM). First, the one-pot re-
action system was incubated at 37 °C for 1.5 h in a mixed buffer of
NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCly, 1 mM
DTT, pH 7.9) and CutSmart Buffer (50 mM potassium acetate,
20 mM Tris-acetate, 10 mM magnesium acetate, 100 pg-mL~'BSA,
pH 7.9). Then, the resulting mixture was heated to 80 °C for
20 min to terminate the cascade isothermal amplification
reaction.

2.3. Chemiluminescence measurement

The CL system contained 3 pL of the above resulting solution
and 27 pL HEPES solution (pH 8.6, 2 5 mM HEPES, 200 mM Nadl,
20 mM KCl, Triton X-100 [0.05%, w/v], and DMSO [1%, v/v]). Next,
0.75 pL of 4 uM hemin solution was added to the system, and the
samples were incubated for 30 min at room temperature. Four
microliters of CL substance was then immediately transferred to
the system for CL measurement with a static method using a
luminescent analyser. Similarly, three volumes of the above CL
reaction solution were transferred into a well of a microplate, and
the CL imaging signal was collected by a CCD camera with a 3-min
dynamic integration.

2.4. Nondenaturing polyacrylamide gel electrophoresis (PAGE)

Native PAGE was performed on 10% acrylamide gels in 1 x TBE
buffer (90 mM Tris-HCl, 90 mM boric acid, 2 mM EDTA, pH 7.9) at a
constant voltage of 110 V for 35 min. The gel was then imaged using
a Molecular Imager Gel Doc XR (Bio-Rad) after ethidiumbromide
(EB) staining for 30 min.
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3. Results and discussion

3.1. Principle of the cascade EXPAR machinery-based biosensing
strategy

The principle of the cascade EXPAR machinery is illustrated in
Scheme 1. Hairpin probe template I was designed with three
functional regions: region I, region I, and region IIl. Region I
incorporated a sequence to generate product I in the stem region.
Region II contained a sequence complementary to the loop region
of the target miRNA. Region III contained an Nb.BbvCl nicking
endonuclease recognition sequence (5’-CCTCAGC-3’) in the region
adjacent to the stem and loop region. Additionally, linear probe
template II was designed to include a region (region I) with a
sequence complementary to triggers at the 5’ terminus, a region
(region IV) with a sequence complementary to HRP-mimicking
DNAzyme units at the 3’ terminus, and a region (region II) with
two repeated nicking endonuclease recognition sites between the
above two regions. Furthermore, the 3’ terminus of template Il was
labelled with a phosphate group in order to inhibit the nonspecific
polymerisation of the probe by Klenow fragment DNA polymerase.
Upon induction of the amplification machinery, the polymerisation
reaction first generated double-stranded DNA in the presence of
polymerase and dNTPs. Through the activity of nicking endonu-
clease, cleavage then occurred at the recognition sites, generating
new sites to initiate the next round of replication, which displaced
and released the existing synthesised primers at the cleavage site.
Thus, a cyclical reaction involving the replication/nicking machin-
ery was realised via continuous replication and cleavage. In the
absence of miR-21, two DNA templates coexisted in the reaction
buffer solution. In contrast, in the presence of miR-21, the autono-
mous replication/nicking machinery was initiated by the hybrid-
isation of stem-loop probe template I and miR-21, generating
product I as a trigger, which further activated the EXPAR replica-
tion/nicking machinery to yield numerous product Il molecules as
reporter units. The product Il molecules assembled with hemin and
formed the G-quadruplex HRP-mimicking DNAzyme nanostructure
to catalyse the CL reaction. Upon addition of the CL substance, the
CL response was generated.

3.2. Feasibility of the biosensing strategy

To confirm the feasibility of the developed biosensor based on
the cascade EXPAR strategy, CL responses to different reaction
systems were investigated (Fig. 1A and Fig. 1B). These reaction
systems consisted of dNTPs, template I, and template II. In the
presence of miR-21 (100 pM), the systems that contained

polymerase alone (curve a and image a) or nicking endonuclease
alone (curve b and image b) showed slight CL signals after addition
of hemin and CL substance, suggesting that little DNAzyme was
generated to catalyse CL substance with the existence of polymer-
ase alone or nicking endonuclease alone. The slight CL signals could
be attributed to hemin. In the absence of miR-21, the system that
contained both the polymerase and nicking endonuclease exhibi-
ted a slight increase in the CL signal (curve c and image c) due to the
synthesis of small amounts of DNAzymes by the synergy of poly-
merase and endonuclease. However, upon addition of miR-21
(100 pM) to the above system, the CL signal (curve d and image d)
was greatly increased, indicating the synthesis of numerous DNA-
zymes upon the activation of replication/nicking machinery by
miR-21. Thus, the developed biosensing system could be applied for
the amplified detection of miR-21.

Additionally, the kinetic behaviours of the CL reaction catalysed
by the generated DNAzyme were studied using a static method
(Fig. S1). The results showed that the CL intensity corresponding to
the CL reaction increased quickly to the maximum value and was
maintained above 80% of the maximum value for 3 min, indicating
that the stability of the CL signal was high.

Further, to verify whether the cascade EXPAR strategy could
work as designed, native PAGE was performed (Fig. 1C). The distinct
bands in lanes 1, 2, and 3 corresponded to miR-21, template I, and
template II, respectively. The incubation of miR-21 with template I
resulted in a band (lane 4) with lower mobility due to the hybrid-
isation between miR-21 and template I. Further addition of poly-
merase and dNTPs to the mixture in lane 4 led to a band with an
even lower mobility (lane 5), corresponding to the occurrence of
extension by employing miR-21 as primer and template I as scaf-
fold. Similarly, addition of nicking endonuclease and dNTPs to the
mixture in lane 4 caused the generation of a band at the same
position as the band in lane 4 (lane 6), suggesting that the addition
of nicking endonuclease did not cause any changes in the product.
Importantly, the mixture in lane 4 plus polymerase, nicking endo-
nuclease, and dNTPs generated a new band for product I (lane 7),
demonstrating that the first replication/nicking machinery was
activated to generate product I in the presence of polymerase,
nicking endonuclease, dNTPs, template I, and miR-21. Furthermore,
the mixture of template I and template II yielded two bands cor-
responding to template I and template II (lane 8), indicating that
these two templates coexisted stably in the reaction system
without miR-21. However, upon the addition of polymerase, nicking
endonuclease, dNTPs, and miR-21 to the mixture in lane 8 (lane 9),
the band of product II was observed, implying that the EXPAR
machinery was further activated in the cascade. Thus, the cascade
EXPAR machinery proceeded as designed.
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Scheme 1. Schematic illustration of the CL imaging strategy based on cascade EXPAR machinery for miRNA detection.
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Fig. 1. Verification of hairpin probe-mediated cascade signal amplification. (A) CL imaging and (B) CL spectra: (a) polymerase + miR-21, (b) nicking endonuclease + miR-21, (c)
polymerase + nicking endonuclease (without miR-21), (d) polymerase + nicking endonuclease + miR-21. (C) The gel electrophoresis images for cascade EXPAR products: lane 1, miR-
21; lane 2, MB; lane 3, MG; lane 4, MB + miR-21; lane 5, MB + miR-21 + polymerase; lane 6, MB + miR-21 + nicking endonuclease; lane 7, MB + miR-21 + polymerase + nicking
endonuclease; lane 8, MB + MG; lane 9, MB + MG + miR-21 + polymerase + nicking endonuclease; lane M, 20-bp DNA ladder.

3.3. Optimisation of the experimental conditions

To achieve optimal analytical performance, some experimental
conditions were optimised, including the amounts of Klenow
fragment DNA polymerase and Nb.BbvCI nicking endonuclease, the
concentration of hemin, and the molar ratios of the two DNA
templates. In theory, the amplification efficiency of replication/
nicking machinery mainly relies on the synergy of the polymerase
and nicking enzyme. Therefore, the effects of polymerase and
nicking endonuclease on the performance of the cascade expo-
nential isothermal amplification were investigated by comparing
the CL intensity ratio (S/N) of the solution with (S) and without (N)
miR-21 (100 pM). As shown in Fig. 2A and Fig. 2B, the maximum
value of S/N was achieved at 2.5 U and 5 U, respectively, and these
amounts were then used in subsequent experiments. The effect of
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the molar ratios of the two templates on the S/N value in the
presence of miR-21 was further observed by varying the molar ra-
tios to 1:4, 2:3, 3:2, and 4:1. As shown in Fig. 3C, the S/N value
increased in the range of 1:4 to 2:3 and decreased thereafter, with
the optimum S/N value observed at 2:3. In addition, the S/N values
of different hemin concentrations were analysed in the presence of
50 nM synthetic DNAzyme; the results showed that the optimum S/
N value was achieved in the presence of 100 nM hemin (Fig. 2D).

3.4. Analytical performance of the biosensing strategy

To investigate the analytical performance of the developed
biosensing system, we measured the CL intensities upon the
addition of different concentrations of synthetic miRNA standards
(10 fM to 10 nM) under optimal conditions. The results showed that
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Fig. 2. Optimisation of the experimental conditions: (A) Klenow fragment polymerase, (B) Nb.BbvCI nicking endonuclease, (C) molar ratios of template I and template II, and (D)

hemin.
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the CL intensity gradually increased with the increase in miR-21
concentration from 10 fM to 10 nM, and there was a linear rela-
tionship between CL intensity and the logarithm of miR-21 con-
centration in the range of 10 fM to 100 pM (Fig. 3A—C). The linear
regression equation was I = 1693.67 + 106.77logC (R? = 0.9978),
where I is the CL intensity, and C is the concentration of miR-21. The
detection limit (LOD) was estimated to be 2.91 fM based on the 3o
rule. These results indicated that the increased miR-21 activated
additional cascade EXPAR machinery, resulting in the generation of
DNAzymes and increased signals. In addition, the CL biosensing
system was compared with other reported biosensors based on
isothermal exponential amplification for nucleic acid analysis
(Table S2). The results showed that the LOD of the developed
method was lower than those of electrochemical biosensors
[20,25], colorimetric biosensors [22], and fluorescent biosensors
[32] and comparable to that of CL biosensors [30]. The achieved
ultrasensitivity was attributed to cascade EXPAR and DNAzyme
catalysis.

3.5. Selectivity of the biosensing strategy

To investigate the selectivity of the developed biosensor,
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different targets (100 pM) were tested, including non-
complementary mismatched target (NC), double-base mis-
matched target (DM), single-base mismatched target (SM), and
miR-21 (Fig. 4A and B). The results showed that NC target (curve b
and image b) and DM target (curve c and image c¢) caused negligible
changes in CL signals against the blank test (curve a and image a).
The SM target caused only a slight increase (curve d and image d).
However, in the presence of miR-21, a dramatic increase in the CL
signal was obtained (curve e and image e), confirming that only
target miR-21 could effectively activate the cascade EXPAR ma-
chinery to generate abundant DNAzymes for signal transduction.
Thus, the designed biosensor had good selectivity and single-
nucleotide difference discrimination ability, which could be
attributed to the improved selectivity conferred by the hairpin
probe with a stem-loop conformation [33].

3.6. Interference of biological samples on miRNA detection

To investigate the interference of biological samples on the CL
biosensor, the proposed spiked assay was carried out by adding
miR-21 to the total RNA extracted from MCF-7 cells (Fig. 5A and
Fig. 5B). The total RNA sample was first diluted to 400 ng pL~! with
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Fig. 4. Selectivity of the biosensing system. (A) CL spectra, (B) CL intensity, and CL images in response to (a) blank, (b) non-complementary target, (c) double-base mismatched
target, (d) single-base mismatched target, and (e) miR-21. Error bars represent the standard deviations of three independent experiments.
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DEPC-treated water, and 200 ng of the total RNA sample was then
added into 20 pL of the reaction system for CL detection. According
to the calibration curve (Fig. 3A), the amount of miR-21 in 200 ng of
total RNA sample was estimated to be 10.2 amol (RSD = 2.8%, n = 5),
and the signal response (curve b and image b) could be distin-
guished from that of the blank (curve a and image a). To further
investigate the interference caused by the complex matrix, 10 amol
of miR-21 was spiked into 200 ng of total RNA for measurement.
The amount of miR-21 in the spiked total RNA was estimated to be
19.8 amol (curve c and image c) with a recovery of 96.0%
(RSD = 3.2%, n = 5), indicating that the analytical performance of
the designed biosensor was not comprised in complex samples.
These results demonstrated that the biosensing method had a high
potential for miRNA detection in biological samples.

4. Conclusions

In summary, we established a novel CL imaging method for
miRNA assays based on a hairpin probe-mediated cascade of EXPAR
machinery. The biosensing strategy showed ultrasensitive detec-
tion toward target miRNA owing to the cascade of exponential
isothermal amplification and DNAzyme catalysis, which mediated
CL signal transduction. Additionally, the biosensing strategy ach-
ieved excellent detection selectivity resulting from the design of a
hairpin probe with a stem-loop conformation. Moreover, this
method was successfully applied for the detection of miR-21in a
complex matrix. Importantly, this biosensing strategy has the ad-
vantages of isothermal, homogeneous, label-free detection without
the need for sophisticated operation procedures or instruments.
These features make the detection technique easy to adapt for
miRNA determination [34,35]. Thus, this biosensing strategy may
provide a powerful tool for miRNA detection in clinical diagnosis.
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