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ABSTRACT: Circular ribonucleic acids (circRNAs) are a type of RNA that
originates through back-splicing events from linear primary transcripts.
CircRNAs display high structural resistance and tissue specificity. Accurate
quantification of the circRNA expression level is of vital importance to disease
diagnosis. Herein, we construct a label-free fluorescent biosensor for
ultrasensitive analysis of circRNAs based on the integration of target-initiated
cascade signal amplification strategy with a light-up G-quadruplex. This assay
involves only one assistant probe that targets the circRNA-specific back-splice
junction. When circRNA is present, it hybridizes with the assistant probe to
initiate the duplex-specific nuclease (DSN)-catalyzed cyclic cleavage reaction,
producing abundant triggers with 3’OH termini. Then, terminal deoxynucleo-
tidyl transferase (TdT) catalyzes the addition of dGTP and dATP at the 3’-OH
termini of the resultant triggers to obtain abundant long G-rich DNA sequences
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that can form efficient G-quadruplex products. The addition of Thioflavin T (ThT) can light up G-quadruplex, generating an
enhanced fluorescence. This assay may be performed isothermally without the involvement of any nucleic acid templates, exogenous
primers, and specific labeled probes. Importantly, this biosensor can discriminate target circRNA from one-base mismatched
circRNA and exhibits good performance in human serum. Moreover, it can accurately detect circRNA in cancer cells at a single-cell
level and even differentiate the circRNA levels in the tissues of healthy persons and nonsmall cell lung cancer (NSCLC) patients,
with promising applications in circRNA-related cancer diagnosis and therapeutics.

C ircular RNAs (circRNAs) are characterized by high
stability, long half-life, and high specificity of tissue/cell
expression.l’2 CircRNAs can function as sponges of micro-
RNAs and RNA-binding proteins’ as well as the dynamic
scaffolds that modulate protein—protein interactions® and
regulate the translation/transcription’ and alternative splicing
events.” CircRNAs are deeply involved in human cancers and
have been identified as the oncogenes due to their upregulation
in various solid tumors such as lung cancer,” cervical cancer,”
colorectal cancer,” and hepatocellular carcinoma.'® Moreover,
circRNAs are downregulated in human glioblastoma'' and
gastric cancer,"” suggesting their tumor-suppressive function.
Aberrant circRNAs are involved in cardiovascular diseases,"’
diabetes mellitus,'"* and neurological disorders such as
Alzheimer’s disease,''® and may function as the promising
diagnostic, therapeutic, and prognostic biomarkers.”'”"
Therefore, the accurate identification and detection of
cancer-related circRNAs have become increasingly important
in clinical diagnosis.

Available technologies for the detection of circRNAs include
microarray analysis, . RNA sequencing,”’ Northern blot-
ting,zo’21 reverse transcription polymerase chain reaction
(PCR),>** droplet digital PCR* ligation-based PCR,**
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and electrochemical measurement.”>*® However, they usually
suffer from some limitations such as the requirement of
specialized equipment (for RNA sequencing and droplet digital
PCR), ample computational power (for RNA sequencing),
radioactively labeled probes (for Northern blotting), divergent
primers design, and high-precision temperature control (for
PCR), labor-intensive (for microarray analysis, RNA sequenc-
ing, and Northern blotting), and low sensitivity (for Northern
blottin$, ligation-based PCR, and electrochemical measure-
ment)." "~ Alternatively, isothermal amplification approaches
including hybridization chain reaction,”” rolling circle
amplification,”®*” and cyclic enzymatic amplification™ have
shown great potential in circRNA assay. Despite their
advantages of isothermal and high amplification efliciency
without the need for tedious procedures,” ** they often
require specific reverse transcription primers, DNA templates,
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Scheme 1. Schematic Illustration of the Label-Free Detection of CircRNA Based on the Integration of Target-Initiated
Cascade Signal Amplification Strategy with a Light-up G-Quadruplex

Cell Total RNA
(0))
m
5™ 3’0H 5™ 3’OH 5™ 3’0OH '.‘-
5™ 3’0H 5™ 3’OH 5 ™3P ° BSJ
Triggers CircMTO1
‘ 5~ a3’P
TdT DSN Assistant probe
3) | 60% dGTP
40% dATP e
FanAAmAns SO 4 Ex 425nm
52 A b, - l 7/
R e e e e 5N ¢ 1\
52 M IASN ThT 5o SRR Snde ‘Iv 9| | Em497nm
Long G-rich sequences G-quadruplex/ThT complexes ‘
27-30

and fluorophore/quencher-labeled hairpin probes. Con-
sequently, new highly efficient methods for simple and
sensitive analysis of circRNA biomarker in real samples are
highly desirable.

In contrast to the detection of linear nucleic acids (e.g, long
noncoding RNAs and miRNAs),>**? the enrichment and
identification of circRNAs remain a great challenge due to their
lack of capping and poly-adenylation, ultralong sequence,
structure complexity, and the lower levels than linear
species.”*" Herein, we construct a label-free fluorescent
biosensor for an ultrasensitive analysis of circRNAs based on
the integration of a target-initiated cascade signal amplification
strategy with a light-up G-quadruplex. The combination of G-
quadruplex with small fluorogenic molecules may function as
signal indicators for biosensing.*' ~** This assay does not need
any complicated steps, large sample consumption, and specific
labeled probes and possesses distinct features of simple
operation, high sensitivity, and excellent specificity. Moreover,
it can accurately detect circRNAs in cancer cells and even
differentiate between cancer cells and normal cells.

B EXPERIMENTAL SECTION

Materials. Details about all materials are given in the
Supporting Information, and all oligonucleotide sequences are
given in Tables S1 and S2.

Synthesis and Purification of CircRNA. CircRNA was
prepared by ligation reaction in 20 yL of a mixture containing
1X ligation buffer, 200 nM linear RNA-1, 20 U of RiboLock
RNase inhibitor, 200 nM guide RNA, and 2 U of T4 RNA
ligase 2. The one-base mismatched circRNA was prepared
using one-base mismatched linear RNA-1. Prior to the addition
of ligase, linear RNA-1, guide RNA, ligation buffer, and RNase-
free water were reacted for 3 min at 95 °C, followed by cooling
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to room temperature. After the addition of ligase, the mixture
was reacted at 37 °C for 90 min to form circRNAs, followed by
inactivation at 80 °C for 5 min. Then, 2 U of RNase R and 1X
RNase R reaction buffer were added and reacted at 37 °C for
10 min to remove the excess linear RNAs, followed by
inactivation for 10 min at 70 °C. The obtained circRNAs were
subjected to the measurements.

Target-Initiated DSN/TdT-Assisted Cascade Signal
Amplification. For a typical DSN-catalyzed cleavage recycling
reaction, 100 nM assistant probe, 20 U of RNase inhibitor, 1X
TdT buffer, and different concentrations of circRNA were
reacted for 20 min at room temperature to produce the DNA/
circRNA heteroduplex. Then, 0.05 U of DSN was added and
reacted for 35 min at 60 °C, followed by heat inactivation at 80
°C for 20 min. Subsequently, the reaction mixture was
incubated with 4 U of TdT, 0.06 L of 100 mM dATP, and
0.09 uL of 100 mM dGTP with a total volume of 20 yL at 37
°C for 40 min to perform the TdT-mediated G-quadruplex
synthesis reaction, followed by inactivation for 20 min at 80
°C.

Fluorescence Measurement. FLS1000 (Edinburgh In-
struments, U.K.) with an emission slit of 5.0 nm was used to
obtain the fluorescence emission spectra of ThT for data
analysis, with error bars indicating the standard deviations of
three experiments.

Gel Electrophoresis Analysis. We used 12% native
polyacrylamide gel electrophoresis (PAGE) to verify the
product of circRNA-initiated DSN/TdT-assisted cascade
signal amplification. The product was stained with SYBR
Gold and then analyzed in 1X TBE buffer (0.2 mM EDTA, 9
mM boric acid, 9 mM Tris—HC], pH 7.9) for 60 min at a 110
V constant voltage. The images of gel electrophoresis were
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Figure 1. (A) Synthesis of circRNA using a linear RNA-1 and a guide RNA. (B) Verification of the synthesized circRNA product by PAGE. Lane
M, 20 bp DNA ladder marker; lane 1, linear RNA-1; lane 2, linear RNA-1 + guide RNA + T4 RNA ligase 2 + RNase R; lane 3, linear RNA-1 +
guide RNA + RNase R. The 200 nM linear RNA-1, 200 nM guide RNA, 2 U of RNase R, and 2 U of T4 RNA ligase 2 were used in the
experiments. (C) PAGE analysis of circRNA-initiated DSN/TdT-assisted cascade signal amplification product. Lane M, 20 bp DNA ladder marker;
lane 1, assistant probe + DSN + TdT; lane 2, circRNA + assistant probe + DSN + TdT; lane 3, circRNA; lane 4, assistant probe. The 100 nM
circRNA and 100 nM assistant probe were used in the experiments. (D) Fluorescence emission spectra in the absence (control, black line) and
presence (red line) of SO nM circRNA. (E) Fluorescence images of reaction products in the absence (control, left) and presence (right) of S0 nM
circRNA. The 100 nM assistant probe and 4 U of TdT were used in the experiments. (F) Circular dichroism spectroscopy in the absence (control,
black line) and presence (red line) of SO nM circRNA. CircRNA alone is shown in line a (blue line).

visualized by a Bio-Rad ChemiDoc MP Imaging system
(Hercules, CA).

Circular Dichroism Measurement. We used circular
dichroism (CD) spectroscopy to verify the formation of
circRNA-induced G-quadruplex/ThT complexes. Circular
dichroism spectra were collected using a MOS-500 multifunc-
tional circular dichroism spectrometer (France).

Preparation of Total RNA. The cultured cells (see the
Supporting Information) were counted using a Countstar cell
counter. CircRNAs were extracted from cells using a total RNA
extractor (Trizol). A miRNeasy FFPE kit (Qiagen, Germany)
was used to extract the total RNA from the lung tissues of
healthy persons and NSCLC patients, respectively. The
concentration of the total RNA was measured using a
Nanodrop 2000C spectrophotometer (Thermo Scientific).

B RESULTS AND DISCUSSION

Principle of CircRNA Assay. Scheme 1 illustrates the
principle of circRNA assay. We used circRNA mitochondrial
tRNA translation optimization 1 (circMTO1, Table S1) as a
model circRNA, which ori§inates from exons of MTO1 located
on chromosome 6q13.">~" This circRNA assay involves only
one assistant probe that can hybridize with the back-splice
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junction (BSJ) of circMTO1. The BSJ region is the only region
of circMTO1 distinct from its corresponding linear RNA."**
To prevent the nonspecific amplification, the 3’ terminus of
the assistant probe is modified with the phosphate group
(3'P). The assay contains the following three steps: (1)
circRNA extraction from cells, (2) DSN-catalyzed cyclic
cleavage of assistant probes, and (3) TdT-mediated G-
quadruplex synthesis reaction. To identify exonic circMTO1
on a genomic scale, total RNA is isolated from the cultured cell
lines. Then, ribonuclease R (RNase R) digests linear RNAs
regardless of secondary structure, leaving circular RNAs
unaffected.*” The natural circRNAs selected from total RNA
are subjected to measurement. In the presence of circMTO],
an assistant probe binds with the BS] sequence within
circMTO1 to form the DNA/circRNA heteroduplex. Sub-
sequently, an assistant probe in the DNA/circRNA hetero-
duplex is selectively cleaved by DSN into DNA fragments,
releasing the intact circRNA and the triggers with 3'OH
termini. The released circRNA can hybridize with the new
assistant probe to form the DNA/circRNA heteroduplex,
initiating the DSN-catalyzed cyclic cleavage of assistant probes,
generating abundant triggers with 3’OH termini. With the
assistance of TdT, the incubation of the resultant triggers with
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60% dGTP and 40% dATP obtains abundant long G-rich DNA
sequences with different lengths. The G-quadruplex products
can form a stable fluorescent complex with Thioflavin T
(ThT) to produce an improved fluorescence signal. When
circMTOL1 is absent, no cleavage of assistant probes occurs.
Consequently, no trigger with the 3'OH terminus is available
for the TdT-mediated G-quadruplex synthesis reaction, and no
fluorescence signal is measured. Notably, this strategy has the
following distinct advantages: (1) RNase R treatment not only
purifies circMTO1 but also efliciently suppresses the
undesirable background because the covalent loop structure
of circRNAs protects them from exonuclease (e.g, RNase R)-
mediated degradation.”” (2) DSN-catalyzed cyclic cleavage of
assistant probes facilitates the continuous production of
abundant triggers with 3’OH termini, resulting in significant
signal amplification and a reduced background signal. Notably,
DSN can cleave the assistant probe in DNA/circRNA
heteroduplex without the involvement of a specific recognition
sequence,”” but it is inactive toward the assistant probe alone.
Moreover, DSN can differentiate perfectly from nonperfectly
matched DNA/circRNA heteroduplex with even one mis-
match. (3) TdT-mediated G-quadruplex synthesis reaction
induces high amplification efficiency and ultralow background
without the requirement of exogenous primers. The unique
sequence-independent extension property of TdT can produce
abundant long G-rich DNA sequences through encoding gene
to form the G-quadruplexes.”' (4) Introduction of ThT
induces an enhanced fluorescence without the involvement of
specific labeled probes. ThT is a small fluorogenic molecule,
and it selectively recognizes G-quadruplex structure instead of
other structures (e.g., assistant probe) to generate a lighting-up
fluorescence.”” Notably, the whole assay can be implemented
without the requirement of varying reaction temperature,
tedious experimental steps, and large sample consumption,
providing a simple platform for label-free and ultrasensitive
detection of circRNA.

Assay Feasibility. To mimic the circMTO]l-initiated
DSN/TdT-assisted cascade signal amplification, we synthe-
sized a circRNA using a linear RNA-1 and a guide RNA
(Figure 1A and Table S2). The linear RNA-1 is modified with
S’P and 3’OH ends containing two RNA sequences and a
back-splice junction (BSJ) site sequence of target circMTOL.
When guide RNA is present, it hybridizes with either side of
linear RNA-1, making the ends of linear RNA-1 to be
specifically ligated by T4 RNA ligase 2. The excess linear RNA-
1 and guide RNA are degraded by RNase R to efficiently
suppress the undesirable background. The synthesized
circRNA are subjected to the measurements.

The T4 RNA ligase 2-catalyzed synthesis of circRNA is
analyzed by 12% PAGE. Only a 52-nt band of linear RNA-1 is
detected in the presence of linear RNA-1 (Figure 1B, lane 1).
In the presence of linear RNA-1 + guide RNA + T4 RNA
ligase 2 + RNase R, one characteristic 52-nt band of circRNA
is observed (Figure 1B, lane 2). The 52-nt band of circRNA
(Figure 1B, lane 2) migrates more slowly than the 52-nt band
of linear RNA-1 (Figure 1B, lane 1), suggesting the successful
synthesis of circRNA. Since the linear RNA-1 and guide RNA
are quickly digested by RNase R, no RNA band is observed in
the presence of linear RNA-1 + guide RNA + RNase R (Figure
1B, lane 3).

The product of circRNA-initiated DSN/TdT-assisted
cascade signal amplification is electrophoresed in a 12%
PAGE. CircRNA generates a 52-nt band (Figure 1C, lane 3),
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and the assistant probe generates a 30-nt band (Figure 1C, lane
4). Upon the addition of DSN and TdT, the bands of
amplification products with different lengths are detected in
the presence of circRNA + assistant probe + DSN + TdT
(Figure 1C, lane 2), but no band is detected in the presence of
assistant probe + DSN + TdT (Figure 1C, lane 1). These
results indicate that circRNA can induce DSN-catalyzed cyclic
cleavage reaction and TdT-mediated G-quadruplex synthesis
reaction.

We further carried out fluorescence measurements. When
target circRNA is absent, no significant fluorescence spectrum
is detected (Figure 1D, black line), indicating that neither
DSN-catalyzed cleavage recycling reaction nor TdT-mediated
G-quadruplex synthesis reaction occurs due to lack of target
circRNA. In contrast, when target circRNA is present, the
amplification product specifically binds to ThT to produce a
remarkable fluorescence with a maximum wavelength of 497
nm (Figure 1D, red line). The F/F, value is calculated to be
18.4, where F;, and F are the ThT signals in the absence and
presence of circRNA, respectively. The result is validated by
the distinct green fluorescence image of G-quadruplex/ThT
complexes in response to target circRNA (Figure 1E). In
addition, the formation of G-quadruplex/ThT complexes is
confirmed by circular dichroism (CD) spectroscopy. There is
no obvious peak in response to either circRNA alone (Figure
1F, blue line) or the absence of circRNA (Figure 1F, black
line), but a distinct positive peak at 260 nm is detected in
response to circRNA, suggesting the formation of the
circRNA-induced G-quadruplex/ThT complexes.*

To further confirm the high amplification efficiency of
circRNA-initiated DSN/TdT-assisted cascade signal amplifica-
tion, we used a linear RNA-2 modified with 3’-phosphate
(3'P) to investigate the process of DSN/TdT-assisted cascade
signal amplification (Figures S1 and S2). The F/F, value is
calculated to be 12.8 in response to linear RNA-2 (Figure S3),
which is much lower than that generated by circRNA (18.4),
suggesting that circRNA possesses higher amplification
efficiency as a result of the higher cleavage efficiency of DSN
toward circRNA than toward linear RNA-2 (Figure S4).

Detection Sensitivity. We studied the sensitivity of
circRNA under optimal reaction conditions (Figures SS—S8).
As the concentration of circRNA (C) increases, the ThT
fluorescence intensities (F) improve correspondingly (Figure
2A) with a large dynamic range over 7 orders of magnitude
from 1 X 107" to 1 X 10~ M. The correlation equation is F =
847230.89 + 49544.23 IgC (R* = 0.9995). The LOD is
determined to be 3.03 X 1077 M. This method is simple,
highly sensitive, label free, and superior to the reported
methods (Table S3). The sensitivity of this method is S orders
of magnitude higher than that of fluorescence assay based on
cyclic enzymatic amplification (1 pM),* 4 orders of magnitude
higher than that of electrochemical method (0.22 pM) > and 2
orders of magnitude higher than that of ligation-mediated PCR
(1 fM).** The ultrahigh sensitivity is mainly ascribed to the
following factors: (1) DSN-catalyzed cyclic cleavage of
assistant probe releases large amounts of triggers, greatly
improving amplification efficiency. (2) TdT-mediated G-
quadruplex synthesis reaction produces abundant long G-rich
DNA sequences, resulting in significant ThT fluorescence
signal amplification. Notably, the reaction time of circRNA-
initiated DSN/TdT-assisted cascade signal amplification is
very short (2 h) compared with the reported methods (Table
S3) such as the electrochemical measurement (11.5 h).*

https://doi.org/10.1021/acs.analchem.2c01901
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Figure 2. (A) Fluorescence emission spectra generated by various
concentrations of circRNA. (B) Variance in the fluorescence intensity
with the circRNA concentration. Inset displays the linear dependence
of fluorescence intensity upon the logarithm of circRNA concen-
tration from 100 aM to 1 nM. The 100 nM assistant probe and 4 U of
TdT were used in this research.

Detection Specificity. A significant challenge for circRNA
analysis is the discrimination of a single-base mismatch in
circRNA. We designed one-, two-, and three-base mismatched
assistant probes and one-base mismatched circRNA. As shown
in Figure 3, the fluorescence signal generated by circRNA +

6x10°
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4x10°1
3x10°1

2x10°1

Fluorescence intensity

1x10°1

04

Control a b c d circRNA

Figure 3. Measurement of fluorescence intensity generated by
circRNA + one-base mismatched assistant probe (a, orange column),
circRNA + two-base mismatched assistant probe (b, green column),
circRNA + three-base mismatched assistant probe (c, magenta
column), one-base mismatched circRNA + assistant probe (d, blue
column), circRNA + assistant probe (red column), and assistant
probe without circRNA (control, black column). The circRNA
concentration is S0 nM, and the concentration of each assistant probe
is 100 nM.

assistant probe (Figure 3, red column) is much higher than
those generated by circRNA + one-base mismatched assistant
probe (Figure 3, column a), circRNA + two-base mismatched
assistant probe (Figure 3, column b), circRNA + three-base
mismatched assistant probe (Figure 3, column c), assistant
probe + one-base mismatched circRNA (Figure 3, column d),
and the control without circRNA (Figure 3, black column).
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Notably, the fluorescence intensity produced by circRNA +
assistant probe is 12.5-, 15.5-, 19.3-, and 19.2-fold higher than
that produced by one-, two-, and three-base mismatched
assistant probe + circRNA and one-base mismatched circRNA
+ assistant probe, respectively. These results suggest that this
method possesses excellent specificity and can even discrim-
inate single-base mutation.

Detection of CircRNA in Serum. We further measured
circRNA spiked in 10% human serum. Figure 4 displays the
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Figure 4. Linear dependence of fluorescence intensity upon the
logarithm of circRNA concentration in 10% human normal serum.

calibration curve of fluorescence intensity (F) vs the
concentration of spiked circRNA (C) from 1 X 107 to 1 X
10~ M, with the equation being F = 876477.98 + 52631.71
lgC (R* = 0.9989). The LOD is determined to be 7.52 X 1077
M, consistent with that obtained in Figure 2B (3.03 X 107"
M). In addition, we determined the recovery ratio (Table S4).
A recovery ratio of 99.80—100.98% with a relative standard
deviation of 2.51—5.18% is obtained. These results suggest that
this method exhibits good reliability and reproducibility even
in a complex biological matrix.

Profiling of Cellular CircMTO1 Expression. The
circMTO1 biomarker is valuable for the early phase diagnosis
and therapeutics of cancers.*” We investigated the feasibility of
this method for cellular circMTO1 detection. We tested five
human cell lines including human normal liver cells (LO2
cells), hepatocellular carcinoma cell lines (HepG2 cells), breast
cancer cell lines (MCF-7 cells), lung adenocarcinoma cell line
(AS49 cells), and cervical carcinoma cell line (HeLa cells), and
we detected the emission spectra generated by extracts of
100,000 cells (Figure S9). Notably, the proposed method
exhibits excellent selectivity toward cellular circMTO1 with no
response to nonspecific proteins and peptides (Figure S10). As
shown in Figure SA, the fluorescence intensity generated by
normal liver LO2 cells (Figure SA, blue column) is higher than
that generated by HepG2 cells (Figure SA, green column),
suggesting that circMTO1 is downregulated in hepatocellular
carcinoma cells, consistent with the previous report.*> The
lowest fluorescence intensity is detected in AS49 cells (Figure
SA, orange column), indicating that circMTOL is significantly
downregulated in lung adenocarcinoma cells (previous RT-
qPCR analysis).”> The highest fluorescence intensity is
detected in HeLa cells (Figure SA, red column), indicating
the upregulation of circMTOI1 in cervical cancer cells,
consistent with the previous RT-qPCR analysis.*® The
expression of circMTO1 decreases in the order of HeLa cells
> LO2 cells > MCEF-7 cells > HepG2 cells > A549 cells,
consistent with the result obtained by rolling circle
amplification-based fluorescence imaging.28 In addition, we
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Figure 5. (A) Measurement of fluorescence intensity generated by
AS49 cells (orange column), HepG2 cells (green column), MCF-7
cells (magenta column), LO2 cells (blue column), and HeLa cells
(red column). A total of 1 X 10° cells were used for each experiment.
(B) Threshold cycle (Cr) value of circMTO1 measured by RT-qPCR
in response to AS49 cells (orange column), HepG2 cells (green
column), MCF-7 cells (magenta column), LO2 cells (blue column),
and HeLa cells (red column). 1 X 10° cells were used for each
experiment. (C) Linear dependence of fluorescence intensity upon
the logarithm of HeLa cell number from 1 to 1 X 10° cells.

compared our results with those obtained by the RT-qPCR
analysis (Figure S11). Figure SB shows that the threshold cycle
(Cr) values of different cell lines increases in the order of HeLa
cells < LO2 cells < MCF-7 cells < HepG2 cells < AS549 cells.
There is good agreement between the proposed method
(Figure SB) and RT-qPCR analysis (Figure SI11).

We further detected the fluorescence intensity induced by
various numbers of HeLa cells. As the number of HeLa cells
increases, the ThT fluorescence intensities improve corre-
spondingly. Figure SC displays the calibration curve of
fluorescence intensity (F) vs various numbers of HeLa cells
(N) from 1 to 1,000,000 cells, with the equation being F =
15673.76 + 104680.98 IgN (R* = 0.9829). The LOD is
determined to be 1 cell.

Measurement of CircMTO1 in Clinical Tissues. To
further confirm the feasibility of this method for real clinical
samples, we detected the circMTO1 levels in the tissues of
healthy persons and nonsmall cell lung cancer (NSCLC)

9198

patients (Figure 6). In comparison with that in the tissues of
nine healthy persons, circMTO1 expression levels are

2.0x10%

P =0.000008

1.6x10%
1.2x10%

8.0x10*%

4.0x104

Fluorescence intensity

Figure 6. Measurement of circMTO1 expression level in the tissues of
NSCLC patients (blue column) and healthy lung tissues (red
column). Two hundred fifty nanograms of total RNA extract was
measured for each experiment.

significantly downregulated in nine NSCLC patient tissues
(P < 0.0001). The average fluorescence signal generated by
healthy person tissues is 98214.81 + 24961.21, which is
threefold higher than that generated by the tissues of NSCLC
patients (32700.11 + 10645.85), suggesting that the
dysregulation of circMTO1 is closely related to NSCLC,
consistent with the previous research.>”

B CONCLUSIONS

We have constructed a label-free fluorescent biosensor for an
ultrasensitive analysis of circRNAs based on the integration of
a target-initiated cascade signal amplification strategy with a
light-up G-quadruplex. This biosensor has significant features:
(1) The target-initiated DSN/TdT-assisted cascade signal
amplification significantly improves the sensitivity and reduces
the background signal. (2) In comparison with the reported
isothermal ampliﬁcations,zg’29 the TdT-mediated G-quadru-
plex synthesis endows this biosensor with excellent simplicity
without the involvement of any DNA templates and exogenous
primers. (3) The use of G-quadruplex/ThT complexes as a
signal producer does not require specific labeled probes,”’
enabling label-free detection of circRNA. (4) This assay may
be implemented isothermally without the involvement of
expensive complicated instruments.”” Taking advantage of the
high efficiency of DSN/TdT-mediated cascade signal amplifi-
cation and enhanced fluorescence signal of G-quadruplex/ThT
complexes, this biosensor exhibits high sensitivity with a LOD
of 3.03 X 1077 M and a wide linear range over 7 orders of
magnitude. Importantly, this biosensor can discriminate target
circRNA from one-base mismatched circRNA and exhibit good
performance in human serum. Moreover, it can accurately
detect circRNA in cancer cells at a single-cell level and even
differentiate the circMTO1 levels in the tissues of healthy
persons and nonsmall cell lung cancer (NSCLC) patients,
providing great potential for circRNA-related cancer diagnosis
and therapeutics.
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