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We develop a dual-functional dumbbell probe-based fluorescent
biosensor for cascade amplification detection of miRNAs in lung
cancer cells and tissues by integrating a primer exchange reaction
(PER) with the CRISPR-Cas12a system. This biosensor can abso-
lutely quantify the miR-486-5p expression in different lung cancer
cells and distinguish non-small cell lung cancer (NSCLC) patients
from healthy individuals, holding great potential in biomedical
research and clinical diagnosis.

MicroRNAs (MiRNAs) are non-protein-coding single-stranded
RNAs with the capability of inhibiting the translation of corres-
ponding proteins by completely/incompletely matching with
target messenger RNAs (mRNAs), and they regulate various
cellular processes including differentiation and apoptosis.’
The dysregulated expression of miRNAs may lead to tumorigen-
esis, tumor growth and metastasis by affecting several key
processes (e.g., promoting cancer cell proliferation, inhibiting
apoptosis, and stimulating angiogenesis, migration, and
invasion).” Consequently, miRNAs can act as important diag-
nostic biomarkers, prognostic indicators, and potential thera-
peutic targets. Lung cancer is the most lethal malignancy
because it is mostly diagnosed at late stages, with non-small
cell lung cancer (NSCLC) accounting for more than 80%.> Some
miRNAs’ expression levels change linearly over several conse-
cutive stages from normal bronchial tissue to carcinoma.
Quantitative miRNA expression can distinguish high-grade
lesions from low-grade lesions, and can distinguish carcinoma
in situ from invasive carcinoma as well.* Thus, the sensitive
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quantification of tumor-specific miRNAs is crucial for early
NSCLC diagnosis.

Despite the progress in the development of miRNA detection
methods,” simple and sensitive measurement of low abun-
dance miRNAs in real samples (e.g:, tissue and serum) remains
a challenge because of their inherent characteristics (e.g., small
size, intrinsic susceptibility and high sequence similarity).®
gRT-PCR is frequently employed for miRNA assays, but it
requires an accurate thermal cycler, trained personnel, and
complex probe design.” Alternatively, loop-mediated isothermal
amplification (LAMP),® exponential isothermal amplification
(EXPAR)® and rolling circle amplification (RCA)'® have been
introduced for the construction of various fluorescent and
electrochemical miRNA biosensors. However, they require the
capability of switching between multiple temperatures at
various procedures (for example, a total of three different
temperatures are required for miRNA assays including 90 °C
for denaturation, 16 °C for ligation, and 37 °C for RCA)"* and
the synthesis of the expensive circular template, and they suffer
from the slow reaction kinetics of EXPAR induced by the
increasing amounts of nicking enzyme'? and time-consuming
and laborious operation steps.'* For practical applications,
simple and rapid methods for sensitive detection of miRNAs
are urgently demanded.

Recently, the primer exchange reaction (PER) has attracted
more and more attention due to its compactness, simplicity,
and ease of control."* Unlike polymerase/exonuclease/nickase
(PEN) reaction networks that require sophisticated coordina-
tion among multiple enzymes and complex design of probes to
achieve the cyclic generation of a specific sequence, the PER
strategy can realize the cyclic synthesis of any sequence with the
assistance of a hairpin, a short primer (7-9 nt) and a strand
displacing polymerase, providing a robust platform for engi-
neering molecular DNA circuits.'®> The powerful PER has been
widely applied for biosensing of SARSCoV-2,"® exosomal
miRNA,"” and survivin mRNA,"® but the detection sensitivity
is limited by its linear amplification nature. As revolutionary
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Scheme 1 Schematic illustration of the dual-functional dumbbell probe-
based fluorescent biosensor for cascade amplification detection of miR-
NAs in lung cancer cells and tissues.

miRNA extracts

gene-editing tools, the RNA-guided CRISPR-Cas systems have
shown great promise for accurate nucleic acid diagnosis.
Among all Cas nucleases, Cas12a performs collateral cleavage
activity to indiscriminately cleave nearby single-stranded DNA
(sSDNA).'® Herein, we develop a dual-functional dumbbell
probe-based fluorescent biosensor for cascade amplification
detection of miRNAs in lung cancer cells and tissues
(Scheme 1).

Scheme 1 shows the principle of microRNA detection. The
miR-486-5p is used as a model target, and it is a tumor
suppressor by regulating a protumorigenic gene to repress
the metastasis and progression of NSCLC."® This assay involves
a dumbbell probe, a short primer, and a signal probe. The
dumbbell probe contains three functional domains including a
miRNA binding domain (Scheme 1, pink color), a primer
binding domain (Scheme 1, blue color), and a primer extending
domain (Scheme 1, green color). Three consecutive G-C pairs
(Scheme 1, orange color) located at a position close to the right
loop region of the dumbbell probe serve as a stop codon for
terminating polymerization. The addition of dATP, dTTP and
dCTP (without dGTP) only can halt the extension of the primer
when the first guanosine is encountered during polymeriza-
tion. When miR-486-5p is present, it hybridizes with the bind-
ing domain of the dumbbell probe, resulting in the exposure of
the complementary domain of the primer. The primer can bind
with the unlocked dumbbell probe and be extended by Bst.
large fragment DNA polymerase to generate an extended primer
until the strand extension reaction is terminated at the stop site
of the dumbbell probe. Subsequently, the extended region of
the primer is competitively displaced by the complementary
region of the template domain of the dumbbell probe through
the random walk process of three-way branch migration, result-
ing in the dissociation of the extended primer from the dumb-
bell probe. The released dumbbell probe can bind other
primers to induce the cyclical primer exchange reaction,
generating abundant extended primers. The extended primer
can function as an activator to hybridize with crRNA to activate
the collateral cleavage activity of Cas12a protein, digesting the
Cy5/BHQ2-labeled signal probes and recovering the Cy5
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Fig. 1 (A) PAGE analysis of miR-486-5p-initiated PER reaction. Lane M,
20 bp DNA ladder; lane 1, 10 nM dumbbell probes + 100 nM Cy5-labeled
primers + 80 nM crRNA; lane 2, 10 nM dumbbell probes + 10 nM miR-486-
5p; lane 3, 10 nM dumbbell probes + 100 nM Cy5-labeled primers + 10 nM
miR-486-5p; lane 4, 10 nM dumbbell probes + 100 nM Cy5-labeled
primers + 10 nM miR-486-5p + 80 nM crRNA. (B) Dynamic changes of
Cy5 fluorescence as a function of reaction time in response to the control
(black line) and 10 nM miR-486-5p (red line).

fluorescence signal. Target miRNA can be accurately quantified
by monitoring the Cy5 fluorescence signal via single-molecule
detection. In contrast, when miR-486-5p is absent, the primer
binding domain of the dumbbell probe is blocked, and neither
PER nor the activation of the collateral cleavage activity of
Cas12a protein can occur. As a result, the signal probe remains
intact and no Cy5 signal can be observed.

We calculated the standard free energy change (AG) and
theoretical conversion efficiency (E) of the PER activation
process and theoretically verified that even low-abundance
target miR-486-5p can efficiently initiate PER (see ESIT
Fig. S1 and Tables S2, S3). We performed nondenaturing PAGE
to verify the feasibility of this method (Fig. 1A). To clearly
distinguish primers from other nucleic acid sequences, we
modified the 5’ terminus of the primer with Cy5 for tracking
in gel electrophoresis experiments. When the dumbbell probe,
Cy5-labeled primer and crRNA coexist, the characteristic bands
of the dumbbell probe, crRNA, and Cy5-labeled primer are
observed (Fig. 1A, lane 1). When the dumbbell probe and
miR-486-5p are present, a distinct band of miR-486-5p/dumb-
bell probe duplex appears, accompanied by the disappearance
of the dumbbell probe band (Fig. 1A, lane 2), suggesting that
the hybridization of the dumbbell probe with miR-486-5p
enables the exposure of the complementary domain of the
primer. When the dumbbell probe, miR-486-5p and Cy5-
labeled primer coexist, a characteristic band corresponding to
the extended Cy5-labeled primer is detected, suggesting that
miR-486-5p induces the PER reaction (Fig. 1A, lane 3). When
the dumbbell probe, miR-486-5p, Cy5-labeled primer and
crRNA coexist, a yellow band with the colocalization of SYBR
Gold and the Cy5 signal is detected (Fig. 1A, lane 4), suggesting
that the products of Cy5-labeled primer extended by the PER
reaction can hybridize with crRNA to obtain DNA/RNA hybrids.
We further measured the dynamic curve of the reaction system
(Fig. 1). In the presence of target miR-486-5p, the Cy5 signal
increases with reaction time from 0 to 120 min and levels off at
120 min (Fig. 1B, red line), while the Cy5 signal remains
unchanged in the control group without target (Fig. 1B, black
line). The results clearly demonstrate that miR-486-5p can
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initiate the PER-activated CRISPR-Cas12a-mediated dual signal
amplification to recover Cy5 fluorescence.

Different from the ensemble fluorescence measurements,
single-molecule detection is characterized by low sample con-
sumption, high signal-to-noise ratio, and high sensitivity.>* We
detected the target signal using total internal reflection fluores-
cence (TIRF) microscope-based single-molecule imaging (ESL,
Fig. S2). When miR-486-5p is absent, no Cy5 spot is detected
(Fig. 24), indicating no occurrence of CRISPR-Cas12a-assisted
recycling cleavage reaction. On the contrary, when miR-486-5p
is present, distinct Cy5 spots are generated (Fig. 2B), suggesting
that target miR-486-5p can induce the PER reaction and sub-
sequently initiate the CRISPR-Cas12a-assisted recycling clea-
vage reaction to generate Cy5 fluorescence signals. Notably, the
Cy5 fluorescent spots exhibit irreversible one-step photobleach-
ing (Fig. 2C), suggesting a single-molecule event for each
observed Cy5 spot. These results demonstrate the feasibility
of this biosensor to accurately quantify miR-486-5p at the
single-molecule level.

The sensitivity of this biosensor was investigated under the
optimized conditions (see ESI, Fig. S3). Cy5 counts improve
when the miR-486-5p concentration increases from 1 fM to
10 nM (Fig. 3A), and the Cy5 counts (N) display linear depen-
dence upon the miR-486-5p concentration (C) in logarithmic
scale (Fig. 3B), with the equation being N = 5872.89 + 360.57 1g C
(R* = 0.998). The detection limit is determined to be 0.45 fM
(9 zmol). Notably, the assay performance of this biosensor is
superior/comparable to those of reported sensing strategies in
terms of the number of required enzymes and temperatures,
the involved steps, assay time, and detection limit (see ESIL,
Table S4)."%%!

We selected single-base mismatched miR-486-5p (miR-486-
5p M1), double-base mismatched miR-486-5p (miR-486-5p M2),
three base-mismatched miR-486-5p (miR-486-5p M3), miR-
4529-3p, and an irrelevant miRNA (let-7a) as the interference
sequences. A low Cy5 signal is generated by let-7a, miR-4529-3p,
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Fig.2 (A and B) Representative fluorescence images of Cy5 in the
absence (A) and presence (B) of target miR-486-5p (10 nM). (C) Photo-
bleaching trajectory of individual Cy5 spots over time. The left panel shows
the single-molecule fluorescence image prior to photobleaching. The
scale bar is 2.5 pm.
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Fig. 3 (A) Plots of Cy5 counts versus various concentrations of target
miR-486-5p. (B) Linear dependence of Cy5 counts upon the miR-486-5p
concentration in logarithmic scale. (C) Measurement of Cy5 fluorescence
signal generated by the reaction buffer (control, gray column), 10 nM miR-
486-5p (red column), 10 nM miR-4529-3p (green column), 10 nM let-7a
(magenta column), 10 nM miR-486-5p M3 (blue column), 10 nM miR-486-
5p M2 (violet column), and 10 nM miR-486-5p M1 (orange column),
respectively. (D) Measured miR-486-5p concentration exhibits good cor-
relation with the actual input miR-486-5p concentration.

miR-486-5p M3, miR-486-5p M2, miR-486-5p M1, and the
control without any miRNA, respectively (Fig. 3C). However, a
high Cy5 signal is generated by target miR-486-5p, which is
15.14, 14.75, 13.80, 12.08, 8.84, and 6.94-fold higher than that
of control group, let-7a, miR-4529-3p, miR-486-5p M3, miR-486-
5p M2 and miR-486-5p M1, respectively (Fig. 3C), suggesting
that this biosensor can even distinguish the single-base
mismatch.

To demonstrate the anti-interference capability of this bio-
sensor, we performed a recovery study by spiking various
concentrations of miR-486-5p (0.2-10 pM) in 10% normal
human serum. The recovery ratio of 98.58-100.6% with a
relative standard deviation (RSD) of 0.3-1.5% is obtained (see
ESLf Table S5). Notably, the measured miR-486-5p concen-
tration (Y) is linearly proportional to the actual input miR-486-
5p concentration (X) (Fig. 3D), with the correlation equation
being Y = 0.001 + 0.99X (R*> = 0.999), suggesting the reliability of
this biosensor for complex biological sample analysis.

We further measured the miR-486-5p expression in NSCLC
cell lines including H460 cells, H292 cells, H358 cells, A549
cells, and H1975 cells. The miR-486-5p concentration (Fig. 4A,
red columns) was calculated according to the linear fitting
equation (Fig. 3B). Our results indicate that the miR-486-5p
expression level in human NSCLC cell lines decreases in the
order of H358 cells > H292 cells > A549 cells > H1975 cells >
H460 cells (Fig. 4A, red columns), which is consistent with the
previous literature.®> The miR-486-5p expression level in five
types of NSCLC cell lines was further quantified by gold
standard qRT-PCR (see ESI,t Fig. S4), and the obtained results
(Fig. 4A, green columns) are consistent with those obtained by
this biosensor (Fig. 44, red columns).

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2cc01341j

Published on 07 April 2022. Downloaded by Tsinghua University on 11/4/2022 9:28:53 PM.

Communication

B 16. I
6 EGRT-PCR 14 I=3 aRT-PCR
5 Emproposed method « = immproposed methed
55 =g !
S84 S 210 !
= 2 ) I
£ds £g® |
£ © @ d
g3, cg© .
cx S E 4
3¢ oE ;
1 2 |
0 L g m , 5I R
H358 H292 A549 H1975 H460 AN AT AP AR A% (N KT ab
R

Fig. 4 (A) Measurement of the miR-486-5p expression in total RNA from
various types of human NSCLC cell lines by this biosensor (red columns)
and gRT-PCR (green columns). (B) Quantitation analysis of the miR-486-
5p expression level in lung tissues of healthy individuals and NSCLC
patients by gRT-PCR (green columns) and this biosensor (red columns).

To assess the potential of this biosensor in clinic diagnosis,
we monitored the miR-486-5p expression in human tissue
samples from 5 diagnosed NSCLC patients and 5 healthy
individuals. The measured miR-486-5p concentration in NSCLC
tissues is remarkably lower than that in normal lung tissues
(t-test, P = 0.00036 < 0.001) (Fig. 4B, red columns), with a
median concentration of 9.63 pM for normal lung tissues and
1.92 pM for NSCLC tissues (see ESI,i Table S6), suggesting
downregulation of miR-486-5p expression in NSCLC tissues.’
Meanwhile, the miR-486-5p expression in tissues is quantified
by the qRT-PCR method, and the obtained results (Fig. 4B,
green columns) are consistent with those obtained by this
biosensor (Fig. 4B, red columns).

In conclusion, we have developed a dual-functional dumb-
bell probe-based fluorescent biosensor for cascade amplifica-
tion detection of miRNAs in lung cancer cells and tissues. This
biosensor possesses unique characteristics: (1) the designed
dumbbell probe integrates target miRNA recognition with PER
amplification in one probe, endowing this assay with an
extremely low background due to the perfect folding of the
dumbbell probe; (2) the integration of single-molecule detec-
tion with PER-activated CRISPR-Cas12a-mediated dual signal
amplification endows this biosensor with improved sensitivity;
(3) the whole amplification reaction can be carried out at a
constant temperature, eliminating the need for tedious switch-
ing between multiple temperatures; (4) this assay can be
performed in a one-pot reaction by simply mixing the commer-
cially available materials, without the requirement of laborious
separation/washing steps. This biosensor can sensitively detect
miRNA with a detection limit of 0.45 fM (9 zmol) and distin-
guish single-base mismatches as well. Moreover, it can abso-
lutely quantify the miR-486-5p expression in different types of
lung cancer cells and even discriminate healthy individuals
from NSCLC patients. Importantly, this biosensor can be easily
reconfigured to monitor different target miRNAs by simply
altering the corresponding recognition sequences, with great
promise in the early diagnosis of diseases.
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