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A self-quenching fluorescence probe-mediated exponential
isothermal amplification system for highly sensitive and
specific detection of microRNAs

A new self-quenching fluorescence probe employing one
guanine base as an additional quencher was developed,
and this probe-mediated isothermal amplification system
constructed was proved to be capable of directly detecting
miRNAS as low as amole in single-step, single-tube, and
single-temperature.
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We designed an efficient self-quenching fluorescence probe and
constructed this probe-mediated exponential isothermal amplifica-
tion system for miRNA detection. Owing to the significant improve-
ment in the detective signal-to-background ratio, a wide dynamic
range of 9 orders of magnitude and a limit of detection as low as
0.08 aM can be easily achieved in a single step. Furthermore,
benefiting from the additional advantages of high specificity and
biocompatibility, the proposed method has been demonstrated to
be capable of accurately quantifying miRNA biomarkers in serum,
which will provide promising perspectives for clinical diagnosis.

MicroRNAs (miRNAs) are a class of endogenous, noncoding,
single-stranded RNAs that have been considered to be impor-
tant regulators of activity in human life. Since circulating miR-
21 was firstly reported as a potential new marker for diffuse
large B-cell lymphoma," studies on circulating miRNAs have
attracted extensive attention from researchers. A considerable
number of studies have shown that circulating miRNAs could
stay stable in a variety of bodily fluids such as serum, plasma,
and urine.” Meanwhile, owing to their higher specificity in
expression and lower invasiveness in sampling, circulating
miRNAs have been recognized as ideal biomarkers for early
diagnosis of cancer.> However, due to the particularities of their
sequences themselves, effective detection of miRNAs is a great
challenge. Therefore, it is of major significance to achieve
highly sensitive and highly specific detection of miRNAs.
Nucleic acid amplification-based miRNA detection has
always been considered as one of the rapid, specific and
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sensitive techniques. Quantitative reverse transcription-poly-
merase chain reaction (QRT-PCR), thereinto, is recognized as
the gold standard in detecting miRNAs. Nevertheless, there are
still some insurmountable hurdles in the qRT-PCR: (i) reverse
transcription is a mandatory step for miRNA detection when
employing PCR,* and this complex process of pretreatments
may cause serious degradation of miRNAs; (ii) rapid heating
and cooling, and a precise temperature controlling system are
critical for efficient PCR amplification,” and thus it poses fairly
high requirements to equipment performance; (iii) the DNA
polymerase used in PCR reactions is poorly tolerated in
complex biological samples,® so its reaction can be inhibited
by some cellular contents. These are, without a doubt, the most
critical factors that have restricted its applications in clinical
research and diagnosis for a long time. Recently, with the rapid
development of the isothermal amplification technology, lots of
new isothermal amplification methods have been developed
and proved to be particularly suitable for miRNA detection.
Compared with the traditional PCR, isothermal amplification
can not only greatly improve the efficiency of miRNA detection,
but also disengage itself from sophisticated equipment.”
Furthermore, it is particularly suitable for the scenarios and
applications of point-of-care testing (POCT), which can lay a
solid foundation for the rapid development of clinical
diagnosis.®® Hence, it is gradually being recognized as a novel
detection method that is comparable to the PCR.

It is generally known that both sensitivity and specificity are
the most important indicators to be considered when it comes
to the detection performance of one certain methodology.
Previously, the problems of poor sensitivity and specificity were
always present in the isothermal amplification technology, and
these were largely attributed to two facts: (i) some real-time
detection assays could merely be monitored using fluorescent
dyes owing to their methodological limitations; (ii) multiple
primers are required for the amplification reaction, causing
serious self-amplification between primers. It is, therefore, a
high priority to address these problems. In recent years, the use
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of an efficient probe has been considered to be an effective
solution for improving the specificity and sensitivity in isothermal
amplification.'® Furthermore, multiplexed detection of targets can
be easily achieved, benefiting from the probes modified by various
fluorescence labeling methods. Nevertheless, due to the particu-
larity of the structure in the traditional probe (TagMan), the signal
of the fluorophore cannot be completely quenched before the
reaction, and thus a certain background fluorescence is inevitable
in the reaction system. It should be pointed out that the higher
the background fluorescence is, the lower the signal-to-
background ratio of detection will be."" In other words, some
weak signals will be hardly detected if the signal-to-background
ratio is fairly low. In this case, this might substantially affect the
detection sensitivity of the system. Therefore, researchers have
always been devoted to studies on how to decrease the back-
ground signal of the probe, and a variety of fluorophores with
lower background fluorescence were developed.'*™* Nevertheless,
these solutions remain far from satisfactory due to a significant
increase in the cost and complexity of probe synthesis.

Hence, a new self-quenching fluorescence probe was
proposed in this study, and the principle of the designed probe
is presented in Fig. 1. Firstly, a modified probe (mProbe)
(Fig. 1B) to be used for the isothermal amplification assay
was designed, and the spatial distance between the reporter
and the quencher was obviously shortened when compared
with the TagMan probe (Fig. 1A). In this way, its background
fluorescence could be decreased. Meanwhile, the fluorescence
signals of the mProbe could be instantaneously released as
soon as the reactions of digestion and replacement occur. Yet,
although the difference of background fluorescence between
the TagMan and the mProbe was extremely significant (Fig. 1E,
mProbe versus TagMan, p < 0.0001), the background fluores-
cence of mProbe was still at a high level. To further reduce the
background fluorescence of the mProbe, the guanine (G) base,
which has a significant effect on fluorescence quenching,'® was
employed for the structural modification of the probe itself for
the first time. Consequently, a self-quenching fluorescence
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Fig. 1 Schematic structure of a traditional probe and a self-quenching
probe, and the difference of background fluorescence intensity. (A) Tag-
Man probe used in the PCR system. (B) mProbe employed in the proposed
exponential isothermal amplification system. (C) Self-quenching mProbe-G
with a G base placed adjacent to the reporter. (D) Self-quenching mProbe-
QG with both the quencher and G base placed adjacent to the reporter. (E)
Comparison of the background fluorescence intensity of the probes. Error
bars represent the SD of three independent replicates. Statistical significance
was calculated using one-way ANOVA, ****p < 0.0001.
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probe with an additional quencher of the G base was con-
structed (mProbe-G) (Fig. 1C), and it was clear that this
new structure could contribute to reducing the background
fluorescence of mProbe (Fig. 1E, mProbe-G versus mProbe,
P < 0.0001). Hence, it is of significant importance to employ
G bases as new quenchers in the probe due to their advantages
in reducing the cost and avoiding complicated synthesis.
Furthermore, an enhanced self-quenching fluorescence
probe (mProbe-QG) (Fig. 1D) was designed in which both the
quencher and the G base were placed adjacent to the reporter.
This unique design could bring the background fluorescence of
the probe to almost zero (Fig. 1E, mProbe-QG versus mProbe-G,
p < 0.0001), which explained its excellent performance in
the self-quenching of fluorescence. More importantly, the
proposed mProbe-QG has significant advantages in fluores-
cence quenching, even compared with previously reported
probes with lower background fluorescence (Fig. S1, ESIT).'*"”

In this study, a self-quenching fluorescence probe-mediated
exponential isothermal amplification system (SqPIA) for
miRNA detection was developed, as illustrated in Scheme 1.
The SqPIA system is mainly composed of two cycles, and
exponential growth of targeted products and signals can be
easily achieved through multiple rounds of cascade amplifica-
tion. The reaction is firstly triggered by targeted miRNA, and
the extension of the chain can be launched instantly as soon as
the RNA-DNA hybrids (miRNA to mProbe-QG) formed. With
the formation of a double strand of RNA-DNA, enzymatic
digestion begins to occur, then the DNA part of the RNA-DNA
hybrids is nicked, thereby creating a gap. Meanwhile, the
sequence at the 5’ end of the incision continues to extend
and displace the sequence which labeled a reporter at the 3’
end of the incision. Thus, the reporter will be free from the
quenching effects of the quencher and the G base, and its
signal could be instantaneously released. Meanwhile, an equal
number of single-stranded DNAs (ssDNA, named M) can also
be generated. In particular, the sequence of M is reversed
complementary to the targeted miRNA sequence. It is worth
mentioning that the reactions of extension, nicking, and dis-
placement can be repeated in cycle I and continuously generate
lots of single-stranded DNAs (M) and signals. To achieve
exponential amplification of products and exponential
growth of signals, a hairpin probe (HPP) (Fig. S2, ESIt) with the
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Scheme 1 Schematic illustration of a self-quenching probe-mediated
exponential isothermal amplification system for miRNA detection.
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same self-quenching feature was also designed and primarily
involved in cycle II. Once M hybridizes with the 3’ end of HPP,
the extension reaction will begin and open the stem of HPP, and
thus the reporter can separate from the quencher and the signals
will be released. Besides, the reactions of nicking and displace-
ment can be performed simultaneously, generating a new kind of
ssDNA, named M*. In particular, the M* sequence is exactly the
same as the targeted miRNA, but with all the U bases replaced by
T bases, so it can serve as a direct target to trigger cycle I again. In
this way, multiple rounds of cascade amplification within or
between cycle I and cycle II can proceed continuously until
complete consumption of materials.

To validate the amplification mechanism of the proposed
SqPIA system for miRNA detection, a series of confirmatory
trials were conducted. Firstly, an agarose gel electrophoresis
assay was performed to validate the specificity of the amplifica-
tion product generated from the SqPIA system (Fig. S3, ESIT).
Besides, the real-time SqPIA assay was performed to investigate
the roles of the regular fluorescence probe (mProbe) and the
self-quenching fluorescence probes (mProbe-G and mProbe-
QG) in improving the signal-to-background ratio (Fig. S4, ESIT).
Finally, to determine the sensitivity of the SqPIA system in
miRNA detection, the reaction system was optimized in
advance (Fig. S5-S8, ESIt). Then, the synthetic miR-223 stan-
dard with different concentrations was analyzed under the
optimal conditions. As shown in Fig. 2, a good linear correla-
tion was observed between POI values and negative logarithmic
values within the range of 10 aM to 1 nM. Furthermore, the
correlation equation was POI = 7.8767 (—Ig Apir223) — 60.5410
(R* = 0.9947), where Apig.203 is the concentration of miR-223. In
addition, the limit of detection (LOD) was calculated to be as
low as 0.08 aM (mean =+ 3SD, n = 21), particularly the mean
value was the average POI value of 21 assays in blank control
groups, and the tripled standard deviation was added. Further-
more, to evaluate the overall performance of the SqPIA system,
comparisons between our approach and recently proposed
ones for miRNA detection were made. As shown in Table S2
(ESIY), the detection efficiency, detection range, LOD, and other
performance metrics observed in our approach were better
than those of others.'®*?” Without a doubt, this ultrasensitive
detection threshold can be ascribed to the following reasons: (i)
the adoption of self-quenching fluorescence probes greatly
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Fig. 2 Sensitivity and dynamic range of the SgPIA assay. (A) Real-time
fluorescence curves of miR-223 at nine different concentrations ranging
from 10 aM to 1 nM, and the group without miR-223 was considered as the
negative control simultaneously. (B) Linear relationship between POI
values and negative logarithmic values of concentration. Error bars repre-
sent the SD of three independent replicates.
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improves the detective signal-to-background ratio. Thus, the
targets at lower concentrations can be easily detected; (ii) only
two kinds of probes are employed in the system, the occurrence
of non-specific amplification is avoided, and the exponential
growth of products and signals is also guaranteed. By contrast,
this is the problem that cannot be addressed by loop-mediated
isothermal amplification or other technologies.”® Meanwhile,
the complementary region is completely absent between the
employed probes, thus minimizing the risk of non-specific
amplification. Indeed, these considerations did not attract
attention from other researchers;*®*® (iv) the effects of the
secondary structure of the sequence on the amplification
efficiency are taken into account for the first time, since the
secondary structure of the sequence is greatly affected by
temperature, as shown in Fig. S9 (ESIt). Without a doubt, the
self-hybridization of the sequence can greatly influence the
binding efficiency and thus affect the detection sensitivity. In
summary, the aforementioned technical solutions can provide
particularly favorable conditions for making highly sensitive
detection of circulating miRNAs practically applicable.

To further evaluate the analytical performance of the
proposed SqPIA system in multiplexed detection of miRNAs, a
combination of targets including miR-21, miR-27a and miR-223
was detected using the same reaction system. As shown in
Fig. S10A (ESIf), the real-time curves for the triplex detection of
miR-21, miR-27a and miR-223 showed good homogeneity.
Furthermore, these could be validated through a more intuitive
linear relationship (R*> > 0.9) between the POI values and
dilution of miRNAs (Fig. S10B-D, ESIY), indicating that the
SqPIA system was capable of achieving multiplexed detection of
miRNAs in a single reaction system. Without a doubt, this will
be of immense significance for improving the detection accu-
racy of circulating miRNA biomarkers clinically.

To explore the specificity of the SqQPIA method, the same
concentration (100 pM) of miR-223 and its homologous
sequences and mutant sequences (Fig. 3A) were simultaneously
detected using the probes corresponding to miR-223. As shown
in Fig. 3B. It was observed that the real-time curve of miR-223
could be effectively distinguished from the other groups under
equivalent conditions. To further validate the analytical
specificity of the system, the relative detection ratio of the
homologous sequences was calculated using the formula:
g~ [POIMut) — POIWeOJPOLWet) 10004 (Fig. 3C). Obviously, a
significant difference in the value of the relative detection ratio
was obtained not only for the two homologous genes, but also
for the three mutants, relative to the control group (p < 0.01).
More importantly, miR-223-5p (15.22% =+ 1.90, p < 0.001) and
miR-599 (12.87% + 0.43, p < 0.0001) as the homologous
sequences of miR-223 were barely undetectable in the SqPIA.
Hence, these results clearly demonstrate that the proposed
SqPIA method has good specificity in miRNA detection.

Finally, in order to determine the applicability in real
biological samples and the accuracy in the quantification of
the proposed SqPIA method, the expression pattern of the three
serum miRNAs was analyzed between 8 HCC patients and 4
healthy subjects. Particularly, prior to the quantitative assay,
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Fig. 3 Specificity analysis of the SqPIA system for the detection of miR-223
and its homologous sequences. (A) Multiple sequence alignments between
miR-223 and its homologous sequences. (B) Comparison of the real-time
fluorescence curves between miR-223 and its homologous sequences at the
same concentration (100 pM). (C) Evaluation of the specificity of the SqPIA
system using the 2~ [POIMub — POIWeUPOIWeY mathod, Error bars represent the
SD of three independent replicates. Statistical significance was calculated
using one-way ANOVA, **p < 0.01; ***p < 0.001; ****p < 0.0001.

the primers and probes used in both RT-qPCR and SqPIA were
tested and optimized (Fig. S11 and S12, ESIt). Then, the expres-
sion of miR-21, miR-27a, and miR-223 in HCC patients and
healthy subjects is presented in Fig. S13 (ESIT). It was not difficult
to see that the obtained expression patterns of the same sample
from two approaches were roughly the same. Therefore, these
results have sufficiently proved that the SqQPIA method was well
tolerated in complex biological samples, and it was capable of
accurately quantifying miRNA biomarkers in human serum.

In summary, we developed a self-quenching fluorescence
probe-mediated exponential isothermal amplification system for
miRNA detection. With a unique probe designed, as well as a
cascade amplification system constructed, the SqPIA approach
could achieve the goals of an ultrasensitive detection limit of
0.08 aM, an effective distinction of a single-base difference among
homologous miRNAs and a triplex detection of miRNAs. Further-
more, compared with previous studies on miRNA assays,***! the
SqPIA strategy has its significant advantages: (i) the sensitivity and
the signal-to-background ratio in miRNA detection were greatly
improved; (ii) the usage of self-quenching probes instead of dyes
could make multiple target detection in a single sample more
feasible; (iii) the use of probes with a special design of structure
and strict control of the amount can effectively reduce non-
specific amplification. More importantly, the proposed method
can get rid of the dependence on sophisticated equipment, when
compared with the traditional PCR. In a word, based on the
advantages of the SqPIA method, we firmly believe it will make a
significant difference in the future if combined with the assay of
digital readout, or applied to the POCT system.
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