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ABSTRACT: The accurate discrimination of microRNAs (miRNAs) with highly similar
sequences would greatly facilitate the screening and early diagnosis of diseases. In the present
work, a locked nucleic acid (LNA)-modified probe was designed and used for α-hemolysin (α-
HL) nanopore to selectively and specifically identify miRNAs. The hybridization of the LNA
probe with the target miRNAs generated unique long-lived signals in the nanopore thus
facilitated an accurate discrimination of miRNAs with similar sequences, even a single-
nucleotide difference. Furthermore, the developed nanopore-based analysis with LNA probe
could selectively detect target miRNAs in a natural serum background. This selective and
sensitive approach may be highly valuable in the detection of clinically relevant biomarkers in
complex samples.

MicroRNA specifies a group of short noncoding RNA
molecules that can complement to a part of one or more

mRNAs, thereby resulting in such as translational inhibition or
degradation of mRNA, which eventually regulates gene
expression.1,2 Besides extensive use in RNA silencing therapy,
accumulated evidence suggests that the expression levels of
miRNA correlate with various diseases based on the
observation that different miRNA expression patterns and
profiles are found in distinct types of cancer.3,4 Therefore, the
levels of miRNAs in tissues or biofluids like blood can be
investigated and used as a diagnostic biomarker to screen,
monitor or early diagnose of cancer.4−8 However, because of
the very small size, highly homologous sequences, and
sometimes very low level expression of miRNA, accurate
measurement of circulating miRNAs remains a highly
challenging task. Therefore, a rapid, convenient, sensitive, and
selective miRNA detection technology is highly desired.
Currently, the common miRNA detection methods include

microarrays and quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) assays. While the microarray-based
technique is amenable to assess genome-wide expression
profiles of miRNAs and qPCR is convenient to quantify
miRNA,9 these methods may generally suffer from some
disadvantages like the error-prone amplification, cross-hybrid-
ization, and a lack of suitable internal controls.10,11 Other
methods using a dye or radioactivity for labeling or techniques
based on colorimetry, bioluminescence, enzymatic activity, and
electrochemistry have also been developed or proposed,12,13

but they are lacking sufficient selectivity and are time-
consuming. Over the past two decades, the nanopore has
emerged as an attractive, powerful, and sensitive single-
molecule platform that has been used for a wide range of
applications including rapid gene sequencing14−17 and the
detection of various analytes such as metal ions,18,19 PEG
polymer,20,21 DNA and microRNA,22−24 DNA−protein inter-
actions,25 peptides,26,27 protein and trypsin in the mixture.28−30

Recently, it was also shown that the sensing capabilities of
solid-state nanopore can be enhanced in combination with
DNA origami.31 A hand-held wireless voltage-clamp amplifier
that interfaces a sensing probe of nanopore was constructed to
enable a miniaturized wireless platform that can be
conveniently operated with a smartphone.32 In particular, an
aerolysin nanopore was demonstrated to first exhibit impressive
advantage in the discrimination of multianalytes in the
mixtures, which was attributed to its narrow diameter and the
strong electrostatic interactions between the aerolysin and the
oligonucleotides.33 All these advancements indicate that the
nanopore technique holds a great potential for wide practical
applications. To enable an effective detection of miRNA, a
sensitive nanopore sensor is critically important. While
extensive efforts have been made to specifically measure
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miRNA,22 it is still a big challenge to accurately discriminate
between miRNAs having highly similar sequences, particularly
those with only one-base mismatch, in complex biological
samples.
Locked nucleic acids (LNAs) refer to nucleic acid analogues,

in which the 2′ oxygen and 4′ carbon are bridged, thus, locked
in the ribose moiety.34,35 The base stacking and backbone
preorganization are therefore enhanced by the locked ribose
conformation that significantly increases the hybridization
properties (i.e., melting temperature) of nucleotides. Such a
unique property of higher base-pairing ability makes LNA an
ideal tool when higher binding strength and specificity are
desired like in microarray profiling,36 qPCR,37 and micro-
magnetic beads,38 as well as in situ hybridization.39 In the
present work, we exploited this unique property of LNA to
design LNA-modified probe to identify miRNAs with high
specificity in α-hemolysin (α-HL) nanopore (Figure 1). The

LNA probe could discriminate between miRNAs with high
sequence similarities, even a single-base pair mismatch.
Furthermore, this nanopore-based analysis strategy facilitated
the highly selective detection of target miRNAs in serum
samples.

■ EXPERIMENTAL SECTION
Reagents and Chemials. α-HL (lyophilized powder, from

Staphylococcus aureus), decane (anhydrous, ≥99%), and diethyl
pyrocarbonate (DEPC, 99%) were purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.). 1,2-Diphytanoyl-sn- glycero-3-
phosphocholine (chloroform, ≥99%) was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL, U.S.A.). All of the
other chemicals were of analytical grade unless otherwise

indicated. All miRNAs and LNA-modified probes were
synthesized in Exiqon (Denmark). The DNA probes were
synthesized in Sagon (Shanghai, China). All polymers were
dissolved in RNAase-free water to 100 μM as stocks. Before the
nanopore measurement, the miRNAs, probe, and their mixtures
at desired concentrations were heated to 90 °C for 5 min, then
gradually cooled to room temperature. All solutions for
analytical studies were prepared with ultrapure water (reaching
a resistivity of 18.2 MΩ cm at 25 °C). The ultrapure water used
in the preparation of miRNA was treated with DEPC.

Nanopore Electrical Recording. The nanopore electrical
recording was conducted according to the previous studies.40,41

The lipid bilayer membrane was formed spanning a 150 μm
orifice in the center of a Delrin bilayer cup (Warner
Instruments, Hamden, CT) that was partitioned into two
chambers, which are termed cis and trans. Unless otherwise
stated, the electrolyte solutions on each side of the bilayer
contained 1.0 M KCl and were buffered with Tris - EDTA (10
mM Tris, 1 mM EDTA, pH = 7.8). The α-HL was injected
adjacent to the aperture in the cis chamber, and the pore
insertion was determined by a well-defined jump in the current
value. Once a stable single-pore insertion was detected, the
DNA or miRNA solution was added to the cis chamber,
proximal to the aperture. The current trace was amplified and
measured via an Integrating Patch Clamp (Axon Instruments,
Forest City, CA) instrument with a 5 kHz lowpass Bessel filter.
Data were acquired at a sampling rate of 10 kHz by using a
DigiData 1440A converter and a PC running PClamp 10.6
(Axon Instruments, Forest City, CA). Analysis of data was
performed using OriginLab 8.0 (OriginLab Corporation,
Northampton, MA, U.S.A.). Nanopore measurements were
conducted at 25 ± 2 °C.

RNA Extraction from Serum and miRNA Quantifica-
tion by qRT-PCR. The let-7b was spiked into the normal
human serum (10%, v/v). RNAs containing miRNAs were
extracted from 40 μL of serum using the mirVana miRNA
Isolation Kit (Ambion) according to the manufacturer’s
protocol. The final elution volume was 100 μL. The yields of
RNAs were determined using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific, U.S.A.).
qRT-PCR was used for absolute quantification of miRNAs.

For preparation of standard curve, 10-fold serial dilutions of
synthetic let-7b oligonucleotides were prepared to cover six
points of a logarithmic range, reverse transcribed, and analyzed
by qPCR. For each standard or sample, reverse transcription
reaction consisted of 1 μL miRNA, 2 μL of Specific Stem-Loop
RT Primer (Applied Biosystems, U.S.A.), 2 μL of PrimerScript
Buffer (TaKaRa, Japan), and 0.5 μL of PrimerScript RT
Enzyme Mix I (TaKaRa, Japan), in a total volume of 10 μL.
Reactions were performed in a GeneAmp PCR System 9700
(Applied Biosystems, U.S.A.) for 15 min at 37 °C, followed by
heat inactivation of reverse transcription for 5 s at 85 °C. The
10 μL reaction mix was then held at −20 °C.
Real-time PCR was performed using LightCycler 480 II Real-

time PCR Instrument (Roche, Swiss) with 10 μL of PCR
reaction mixture that included 1 μL of cDNA, 5 μL of 2 ×
LightCycler 480 Probes Master (Roche, Swiss), 0.5 μL of
TaqMan MicroRNA Assays (Applied Biosystems, U.S.A.), and
3.5 μL of nuclease-free water. Reactions were performed in a
384-well optical plate (Roche, Swiss) by the incubation at 95
°C for 10 min, followed by 40 cycles of 95 °C for 10 s, 60 °C
for 30 s. Each sample was run in triplicate for the analysis. The

Figure 1. Illustration of LNA probe-enabled discrimination of
miRNAs with single-nucleotide difference in nanopore. The probe
contains a capture domain (blue) extended with a poly d(C)30 guide
(green). The capture domain used to bind the target miRNA (red) is a
sequence of LNA-modified oligonucleotides. Driven by the trans-
membrane voltage, the LNA probe/miRNA duplex generated unique
two-level and single-level long blocks that can be used to discriminate
miRNAs with a single-nucleotide difference in a visual way.
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concentrations of the let-7b were calculated based on the
standard curve.

■ RESULTS AND DISCUSSION
Detection Profile of miRNAs with a LNA Probe. The

let-7 tumor-suppressing miRNAs function as tumor suppressors
in lung cells and their reduced expression in human lung
cancers is associated with shortened postoperative survival.42 In
the present work, we used the let-7 miRNA family as the targets
(Figure 2a and Supporting Information, Table S1). The

detection probe LNA-Pb22 contains a 22 base LNA-modified
sequence that was designed to specifically hybridize with the
target miRNAs (Figure 2a). This probe was extended at the 5′
end with a sequence of poly(dC)30, which acts as a guide to
lead the miRNA/probe complex to enter the vestibule of the
nanopore formed by α-HL, a well-studied bacterial derived
toxin.43 To test the ability of LNA-Pb22 probe for let-7b miRNA
recognition, we analyzed the events of all analytes, including the
miRNA, the probe, and their hybrids, respectively. Figure 2
shows the current traces for let-7b, LNA-Pb22, and the hybrids
added on the cis side of the nanopore at an applied potential of
+180 mV. The addition of let-7b and LNA-Pb22 probe produced
many spike-like short blocks with durations of 0.53 ± 0.01 and
0.14 ± 0.01 ms, respectively (Figure S1). In a sharp contrast,
the let-7b/LNA-Pb22 complex generated remarkably long blocks

that could last for 916.35 ± 88.76 ms (Figure 2d). More
interestingly, unique two-level long blocks were identified
emerging from Level 1 to Level 2 (Figure 2e), which were not
observed in the presence of let-7b or LNA-Pb22 alone. Herein,
these long-lived blocks should be attributed to the formation of
stable let-7b/LNA-Pb22 hybrids that would interact with the
nanopore.
To better understand the events produced by the let-7b/

LNA-Pb22 hybrids, we then selected typical blocks for a detailed
analysis. Figure 2e illustrates a representative two-step current
block that contains Level 1 and Level 2. Here, I0 was defined as
the current of open pore and I as the block current when
analytes stayed inside the pore. Hence, the ratios of the two
current levels are assigned as I1/I0 and I2/I0, respectively. The
Level 1 state significantly reduced the nanopore current, with
an I1/I0 of 0.85 ± 0.01 (Figure S2). This state was followed by a
discrete current decrease to the Level 2, which fully reduced the
pore current. The bottom panel in Figure 2e depicts the
possible molecular configurations corresponding to the two-
level blocks. The amplitude of Level 1 was consistent with a
configuration in which the let-7b/LNA-Pb22 duplex is trapped
in the cis opening of the nanopore, with the guide poly(dC)30
occupying the β-barrel. Driven by the transmembrane voltage,
poly(dC)30 within the β-barrel induces the dissociation of let-
7b/LNA-Pb22. Due to a high binding strength between the LNA
probe and the miRNA, the unzipping process is bound to
overcome high energy barrier and thus leads to a strong
interaction between the duplex and the nanopre. As a
consequence, the subsequent translocation of LNA-Pb22
through nanopore yields the Level 2 state, which featured the
pore current reduced to zero. The let-7b in the nanocavity
might either pass through the β-barrel to yield a spike-like
short-lived block or return to the cis solution without
translocation. The duplex unzipping process is consistent
with previous studies,44−48 despite the unique two-level blocks
that featured such long durations were rarely observed in
previous reports. The let-7b/LNA-Pb22 hybrids also produced
the single-level long blocks (Figure 2f), which had the same
amplitude (I1/I0 = 0.85 ± 0.01) as those of the Level 1 of the
two-level blocks. They were likely generated by the captured
let-7b/LNA-Pb22 hybrids that returned to the cis side without
translocation, with the possibility that either the single or
duplex part of the hybrids might enter the vestibule first. Since
the long-lived blocks were only observed in the presence of let-
7b/LNA-Pb22 complex, they could serve as the signatures for
let-7b identification.
Higher voltage can not only enhance the unzipping of the

hybrids but also accelerate their translocation.22 As expected,
when the voltage increased to +200 mV, a number of multilevel
long blocks were observed in the current traces of the let-7b/
LNA-Pb22 hybrids (Figure S3a). They should be contributed by
the unzipping and translocation of those hybrids through the
nanopore driven by the high voltage (Figure S3b).
Furthermore, the voltage-dependent studies revealed that the
duration time of long-lived blocks that are featuring two or
multilevel transition for unzipping decreased exponentially
when the applied voltage increased from +180 to +220 mV
(Figures 2g and S4), which thus confirms the translocation of
let-7b/LNA-Pb22 through the nanopore.

LNA Enables Discrimination of Single Nucleotide
Mismatch. It was shown that miRNAs with a single-nucleotide
difference can be statistically discriminated using an oligonu-
cleotide probe, by which the obtained block duration time was

Figure 2. Detection of miRNA using LNA-Pb22 probe. (a) Sequences
of the LNA-Pb22 probe and the target let-7b. The current traces of (b)
let-7b, (c) LNA-Pb22, and (d) let-7b/LNA-Pb22 hybrids, were
monitored at +180 mV in solutions containing 1 M KCl buffered
with 10 mM Tris (pH 7.8). The concentrations of let-7b, LNA-Pb22,
and let-7b/LNA-Pb22 complex were 500 nM. (e) A typical two-level
long block generated by the let-7b/LNA-Pb22 complex. Bottom: A
diagram showing the molecular configurations of the hybrid
dissociation and translocation. (f) Single-level block generated by a
trapped let-7b/LNA-Pb22 hybrid that exited the pore from the cis
entrance without translocation. Either the single or duplex part of the
hybrid might enter the vestibule first. (g) Duration time vs applied
voltage for let-7b/LNA-Pb22 blocks featuring two or multilevel
transition for unzipping. A single-exponential function was used to
fit the durations from +180 to +220 mV.
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about 3−4-fold for perfectly matched over one-mismatched
miRNA/probe hybrids.22 However, theoretical calculation
suggested that there should be at least 8−10-fold duration
difference in order to achieve 90% discrimination accuracy.22,49

Therefore, we next sought to examine if LNA-probes can
improve discrimination accuracy. To this end, we selected the
let-7 family members let-7a and let-7c, which have two or one
nucleotide differences compared with let-7b, respectively, to
perform the test. Figure 3a shows the current traces for the

hybrids let-7b/LNA-Pb22, let-7c/LNA-Pb22, and let-7a/LNA-
Pb22 monitored at +180 mV. While the fully hybridized let-7b/
LNA-Pb22 generated numerous two-level or single-level long
blocks with a duration of 916.35 ± 88.76 ms (Figure 3a,b), the
two-level long blocks were rarely observed for the single-base
mismatched let-7c/LNA-Pb22 hybrids. Instead, a small number
of multilevel blocks and numerous single-level blocks were
identified with a duration of 95.62 ± 21.46 ms, which is about
10 times shorter than those obtained by let-7b/LNA-Pb22. In
case of two-base mismatched let-7a/LNA-Pb22 hybrids, more
multilevel blocks with a duration of 28.31 ± 8.15 ms, which are
about 32 times shorter compared with let-7b/LNA-Pb22 blocks,
were observed. These results suggest that, at the potential of
+180 mV, the perfectly matched let-7b/LNA-Pb22 is highly
stable against dehybridization, while a one- or two-base
mismatch introduced in the miRNA/LNA-probe duplex greatly
destabilizes its hybridization. As a result, the current traces for
let-7a, let-7b, and let-7c can be easily discriminated visually.
When the potential was lowered to +100 mV; however, all of
the three hybrids produced “permanent” current blocks that
require the application of a negative potential to unblock the
pore (Figure S5) and, thus, could not be differentiated. This is
understandable given that the binding of LNA-Pb22 to any of
the three miRNAs (let-7a, let-7b, and let-7c) was so stable that
the low potential of +100 mV could not unzip any of the
duplexes.

The high discrimination efficiency of LNA-Pb22 is believed to
result from the incorporation of LNA in the probe because
when a 22 nt DNA probe without LNA modification was used
(Figure 3c,d), the differences of the block duration between
perfectly matched miRNA/probe (12.23 ± 1.27 ms) and one or
two mismatches are only 1.6 and 5.7 times as similar as
previously reported.22 Based on the block durations, a miRNA/
LNA complex shows much higher hybridization strength
compared with the same sequence of a miRNA/DNA complex.
This improved hybridization strength thus leads to greater
specificity in binding to complementary miRNAs. All together,
the combination of the LNA with the nanopore technology
possesses a sufficient high specificity in resolving the miRNA
family members with even a single-nucleotide difference.

Enhancing the Mismatch Discrimination with a
Shorter Probe. Given that the length of the probe is closely
related to the stability of its hybridization with the target, the
effects of probe length on the mismatch discrimination
capability were investigated. When the LNA probe was
shortened from 22 to 15 nt (Figure 4a), the fully hybridized

let-7b/LNA-Pb15 produced a large number of single-level long
blocks that lasted for a long period of 1.18 ± 0.25 s at a low
voltage of +100 mV, which is among the most commonly used
moderate voltages (Figure 4b). The single-level block was still
likely formed by the trapped duplex that was released back to
the cis solution without translocation. This is consistent with
the structural analysis of let-7b/LNA-Pb15 complex, which
suggests that the let-7b/LNA-Pb15 hybrid (2.1078 nm wide,
Figure 4a, right) can enter the vestibule from the cis side but
cannot enter the narrowest constriction of α-HL nanopore.
When we used the single mismatched let-7c/LNA-Pb15 and
two-base mismatched let-7a/LNA-Pb15 hybrids to perform the
test, the obtained blocks had durations of 27.91 ± 9.32 ms and
4.57 ± 1.55 ms (Figure 4b,c), which are about 42 and 260 times

Figure 3. Discrimination of miRNAs that contain one or two-base
mismatched nucleotides. (a) Probe LNA-Pb22 was used to detect let-
7a, let-7b, and let-7c. The current across the nanopore was monitored
at +180 mV in 1 M KCl. Upper: current traces. Lower: the histograms
of duration times that were each fitted by the exponential function. (b)
Comparison of the duration times of the three hybrids at +180 mV
using LNA-Pb22 probe. (c) Detection of let-7a, let-7b, and let-7c using
the DNA probe Pb22 at +180 mV. (d) Comparison of the duration of
the three hybrids using Pb22 probe.

Figure 4. Discrimination of let-7 miRNAs with one- or two-base
mismatch using shorter probes. (a) Sequences of the probe LNA-Pb15
and the structure of the let-7b/LNA-Pb15 complex in 1 M KCl at pH
7.8, with the molecular dynamic simulation detailed in Supporting
Information. (b) Upper: current traces recorded at +100 mV in 1 M
KCl. Lower: histograms of duration time, each of which was fitted by
the exponential function. (c) Comparison of the duration times of
three hybrids at +100 mV using LNA-Pb15 probe. (d) Detection of let-
7a, let-7b, and let-7c using the DNA probe Pb15 at +180 mV. (e)
Comparison of the durations of the three hybrids using Pb15 probe.
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shorter compared with those of let-7b/LNA-Pb15, respectively.
This higher discrimination factor enables an easier differ-
entiation of the current traces for let-7a, let-7b, and let-7c
visually, indicating that the LNA-Pb15 probe has a better
mismatch differentiation for let-7b detection. As a further
confirmation, a 15 nt DNA probe without LNA modification
was used to discriminate let-7b from let-7a and let-7c (Figure
4d,e). The discrimination factors between a perfect match and
one and two-mismatches are only 2.7 and 6.2, respectively,
further demonstrating that the excellent single-base discrim-
ination capability of the LNA-Pb15 probe is because of the
presence of LNA.
When the voltage increased from +100 to +180 mV, on the

one hand, a large number of multilevel events were produced
by let-7b/LNA-Pb15 hybrids, suggesting that shortening the
LNA probe increases the translocation probability of the
complex. On the other, the duration of let-7b/LNA-Pb15 blocks
(73.46 ± 15.27 ms) was still up to about 12 and 50 times
longer than that for let-7c/LNA-Pb15 and let-7a/LNA-Pb15,
respectively (Figure S6). This result, combined with the data
obtained at +100 mV, indicates that enhanced discrimination
ability was achieved by using the shorter probe LNA-Pb15,
regardless of the value of the voltage applied. Herein, the
hybridized complex stability seems to be a key factor in
determining the mismatch discrimination and is greatly
dependent on the LNA length. As for the LNA-Pb22 probe,
too much LNA is incorporated and the hybridization of the
probe with either perfect match or mismatch is so stable that
the hybrids would only be unzipped at very high potential; as a
result, the LNA-Pb22 probe exhibits lower selectivity. In
contrast, the LNA-Pb15 probe seems to gain an optimal LNA
length thus confers a certain degree of flexibility to lower the
complex stability to an optimal range, which enables the
production of sufficient characteristic blocks and excellent
single-nucleotide discrimination capability in a wide range of
voltages.
Quantification of miRNAs. Quantitative detection of

miRNAs was performed using the LNA-Pb15 probe. As shown
in Figure 5, we could verify that the frequency of let-7b/LNA-
Pb15 signature events was proportional to the let-7b
concentrations ranging from 5 to 500 nM at +100 mV and
the data can be fitted to a straight line in the log−log scale. The

relationship can be described as the function log f = −1.242 +
0.749 log[let-7b] (R = 0.995), where f is the frequency of
signature events. It should be mentioned that though the α-HL
pore could behave a slightly gating property, the gating events
feature intensive occurrence that can be easily distinguished
from the let-7b/LNA-Pb15 signatures. Because they were not
observed in the background current trace of the α-HL (Figure
S7) during the tests, they could be excluded from the events
used for miRNA quantification, even at low concentrations. In
addition, it was reported that a gradient of salt concentration
across a nanopore greatly increases the capture rate of
dsDNA50 and miRNA.22 As expected, herein, the use of
asymmetrical KCl solutions (0.5 M/3 M, cis/trans) greatly
improved the detection sensitivity, thus, allowing for the
measurement of the frequency of let-7b/LNA-Pb15 events at
lower concentrations ranging from 50 pM to 1 nM (Figure S8).

Detection of miRNA Levels in Human Serum Samples.
To evaluate the applicability of the proposed nanopore analysis
strategy for miRNA probing in real biological samples, let-7b
was spiked into the normal human serum (10%, v/v) to be
determined. While the current trace of serum samples retained
a low level of noise-like spikes (Figure 6a), the addition of

LNA-Pb15 produced spike-like short blocks (Figure 6b). In a
sharp contrast, the serum samples containing both let-7b and
LNA-Pb15 probe showed distinct long blocks (Figure 6c,d),
whose frequencies were comparable to the samples without
serum (Figure 6f). In particular, the addition of let-7c into the
sample mixture produced very short events (Figure 6e), which
could be easily discriminated from that of let-7b. In order to
test the accuracy of the presented assay, the let-7b spiked into
human serum with the same concentration was also quantified
comparably using the qRT-PCR method (Figure 6g). It was
found that the let-7b concentrations measured by qRT-PCR
were basically in consistent to those obtained using nanopore

Figure 5. Quantification of miRNA let-7b using the LNA-Pb15 probe.
The concentration-dependent frequency of let-7b/LNA-Pb15 signature
events was shown. The target concentration ranges between 5 and 500
nM. Data were measured at +100 mV in 1 M KCl.

Figure 6. Detection of let-7b in human serum samples using the LNA-
Pb15 probe. Current traces for human serum in the absence (a, b, e)
and presence (c, d) of target let-7b were shown. The LNA-Pb15 probes
in (b)−(e) are in concentrations of 50, 50, 100, and 100 nM,
respectively. Red triangles are signature events. The current traces
were recorded at +100 mV in 1 M KCl for 3 min. (f) Comparison of
let-7b detection capability with and without human serum. (g)
Comparison of let-7b levels measured with the nanopore and qRT-
PCR method.
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sensor. Therefore, the developed nanopore-based bioassay with
LNA-probe has a great potential in practical applications to
detect biomarkers in complex biological samples.

■ CONCLUSION
In the present work, a LNA-modified oligonucleotide probe has
been designed to enable a selective and sensitive detection of
miRNAs in the nanopore. LNA constitutes a key component of
the probe and its high binding affinity to the target miRNA
generates unique long-lived signals. This enables an excellent
discrimination of miRNAs with single/two nucleotide differ-
ence. Compared to previous reports regarding the nanopore
analysis of miRNAs, this approach could achieve a greatly
enhanced mismatch discrimination by coupling nanopore
technology and LNA probes. In particular, the proposed
strategy exhibits an outstanding anti-interference capability and
can be used to detect the target miRNAs with a high selectivity
in complex biological samples, in which usually a sample
preseparation is required. Therefore, such a simple, convenient,
selective, and sensitive analysis approach holds a great potential
for the detection applications of clinically relevant biomarkers
in the early diagnosis of diseases and biomedical research fields.
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