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Abstract
miRNAs are short noncoding RNA molecules that are important in regulating gene expression.
Due to the correlation of their expression levels and various diseases, miRNAs are being
investigated as potential biomarkers for molecular diagnostics. The fast-growing miRNA
exploration demands rapid, accurate, low-cost miRNA detection technologies. This article will
focus on two platforms of nanopore single-molecule approach that can quantitatively measure
miRNA levels in samples from tissue and cancer patient plasma. Both nanopore methods are
sensitive and specific, and do not need labeling, enzymatic reaction or amplification. In the next 5
years, the nanopore-based miRNA techniques will be improved and validated for noninvasive and
early diagnosis of diseases.
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Every aspect of cellular activities, including cell proliferation, differentiation, metabolism
and apoptosis, can be regulated by a class of tiny but very important nucleic acid fragments
termed miRNAs. The binding of miRNAs to specific mRNAs causes mRNA degradation or
inhibits its translation, thereby regulating gene expression. While understanding miRNA
regulatory mechanisms remains the main focus of miRNA research, rapidly increasing
efforts are being made in exploring the correlation of miRNAs with disease development.
The downstream aim of disease correlation is to discover miRNAs that can be used as
biomarkers for disease diagnostics and prognostics. For example, in cancer cells,
dysregulated miRNAs disrupt the homeostasis of the normal biological processes. Aberrant
expression of miRNAs has been found in all types of tumors, including lung cancer, and
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different cancer types have distinct miRNA expression patterns and profiles. Therefore,
miRNAs (either the whole spectrum or a specific set of miRNAs) in tissues or biofluids such
as blood can be utilized as a diagnostic biomarker for cancer early detection, diagnosis,
staging and monitoring.

The fast-growing area of miRNA research demands rapid, accurate and low-cost miRNA
detection technologies. The current main technologies for miRNA measurements include
quantitative reverse-transcription PCR (qRT-PCR; gold standard), microarrays and next-
generation sequencing. In this review, we start with a brief discussion of the biogenesis of
miRNAs in humans, and then summarize two nanoporebased single-molecule techniques for
quantitative measurement of miRNAs. The nanopore method is highly sensitive and
specific; the measurement procedure does not require labeling, an enzymatic reaction or
amplification. The nanopore sensors can not only detect miRNAs, but also detect various
nucleic acid fragments, genetic alterations and pathogenic DNAs/RNAs. They could prove a
useful tool for the discovery of disease biomarkers, which are important for noninvasive
screening and early diagnosis of diseases such as cancer. In the section titled ‘Expert
commentary’, we will discuss the mechanism for the nanopore sensor’s sensitivity and
selectivity, and in the section titled ‘Five-year view’, highlight the pathway to the translation
of nanopores into a robust, clinically usable miRNA detector.

miRNAs, gene regulation & diseases
Small RNAs are important regulators of gene expression in eukaryotic cells. miRNAs are
the best-studied group of endogenous, small noncoding RNA. They are approximately 18–
24 nucleotides (nts) in length, acting as post-transcriptional regulators of mRNA stability
and protein synthesis in many eukaryotic organisms [1,2]. The altered levels of these small
RNAs can be important for both the diagnosis and prognosis of human disease. Since its
initial discovery in Caenorhabditis elegans, a nematode, in 1993 [3,4], over 17,000 mature
miRNAs have been identified across different species [5]. At present, the human miRNA
database contains 1424 miRNAs that represent approximately 2–3% of the total number of
genes in the human genome (see miRBase [101]). Approximately half of miRNA genes are
located in the introns of protein-coding genes or long noncoding RNA transcripts, whereas
the remainder are independent transcription units [2].

Biogenesis of miRNAs in eukaryotic cells is a multistep process involving several distinct
enzymes in protein complexes [1,2,6]. Like mRNA, miRNA is transcribed mainly by RNA
polymerase II as long primary transcripts of variable size characterized by hairpin structures
and capped and polyadenylated at the ends (pri-miRNA) [7]. The pri-miRNAs are
recognized by the RNAse III enzyme Drosha and a protein DGCR8 (microprocessor) in the
nucleus, and are cleaved into 70–100-nt-long precursor miRNAs (pre-miRNAs) [8]. The
precursor miRNA molecule has a short stem with a 2–3-nt overhang that is recognized and
exported by the exportin 5 nuclear export factor to the cytoplasm [9], where another RNAse
III – Dicer with its partner TRBP and Argonaut proteins 1–4 – excises the terminal loop and
generates a 22–24-nt duplex, named miR/miR* [10]. Only one strand of miRNA duplex
(guide strand or mature miRNA) is incorporated in the complex known as the RNA-induced
silencing complex, whereas the other strand (passenger strand or miR*) is subjected to
degradation. Nucleotides 2–7 of the mature miRNA sequence create the ‘seed region’ that
determines the specificity of binding to its target mRNA. As part of this complex, the mature
miRNA is able to regulate gene expression by binding to the 3′ untranslated region of target
mRNAs by Watson–Crick base pairing, leading to mRNA degradation in the case of perfect
matching or translation inhibition if it is not a perfect match [11,12].
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Since one miRNA can target multiple mRNAs and there are hundreds of miRNA species in
a given cell, it is not surprising that miRNAs regulate many genes involved in almost all
aspects of cell biological functions, including normal development, cell proliferation and
differentiation, cell cycle, apoptosis and signaling pathways [13,14]. Accordingly, aberrant
expression of miRNA by either downregulation or upregulation has been demonstrated in
many disease conditions including cancer [15,16]. Genome-wide expression profiling of
miRNAs in different types of cancer revealed specific signatures of abnormal miRNAs [17].
miRNAs can function as potential oncogenes or tumor suppressor genes (TSGs), depending
on the property of individual miRNAs, the cellular context and the target genes they regulate
in many types of cancer [18]. The first evidence of alterations of miRNA genes in human
cancer came from studies of chronic lymphocytic leukemia (CLL) [19]. CLL is the most
common leukemia of adults in Western countries and is a chronic lymphoproliferative
disorder of mature B cells that is characterized by the progressive accumulation of
functionally incompetent malignant B cells in the bone marrow and blood. Although the
leukemic cells are homogenous in morphology and immunophenotype, CLL is a remarkably
diverse disorder in its genetics and epigenetics, with different clinical courses and
prognoses. Deletions of chromosome 13 at band q14 are detected by cytogenetic studies in
half of CLL patients. Calin and colleagues aimed to identify a possible TSG in this critical
region of 13q14. However, they did not find any TSG coding sequences, but rather two
miRNA genes, miR-15a and miR-16-1, the repressors of the BCL-2 oncogene [19]. A large
study conducted by the same group indicated that a signature of 13 miRNAs is capable of
distinguishing between indolent and aggressive CLL forms [20]. This difference contributes
to the clinical decision-making in managing CLL patients. Notably, it was found that
miR-155 was overexpressed in aggressive CLLs [20]. miR-155 is an oncogenic miRNA that
is overexpressed in different lymphomas such as Burkitt’s lymphoma, an aggressive form of
diffuse large B-cell lymphoma and Hodgkin’s lymphoma, as well as in solid tumors such as
lung cancer [18]. Many other miRNAs have been identified to be dysregulated in virtually
all types of cancer and other diseases [15,16,18].

Interestingly, miRNAs are constantly released from primary tumors into body fluids and
blood [17]. Circulating miRNAs are present as an incredibly stable form and are detectible
with various molecular methods [21]. These features render miRNAs suitable noninvasive
biomarkers for cancer detection [22]. For example, Zheng et al. has utilized circulating
miRNAs as biomarkers for early detection of lung cancer and molecular monitoring [23]. By
screening plasma samples of lung cancer patients for 15 miRNAs that are frequently
overexpressed in primary lung cancer tissues, three miRNAs, including miR-155, miR-197
and miR-182, have been identified that are significantly elevated in lung cancer patients
compared with cancer-free controls. The combination of the three miRNAs yielded 81%
sensitivity and 87% specificity in discriminating lung cancer from controls. The levels of the
triplet markers showed no significant difference in tissue types of lung cancer and between
clinical stages, but it clearly differentiated early-stage lung cancer (stage 1) from normal
controls. Furthermore, the levels of miR-155 and miR-197 were significantly higher from
lung cancer patients with metastasis than in those without metastasis. These results indicated
that miR-155, miR-197 and miR-182 may become potential noninvasive molecular
biomarkers for lung cancer screening, early diagnosis and clinical follow-up. miRNAs as
biomarkers for cancer detection have been extensively studied in all types of cancer and are
becoming a rapidly evolving field [22,24].

Current miRNA detection methods
To explore miRNA functions, it is important to have sensitive technologies that can
accurately determine their levels in tissues and biofluids. Currently, main technologies for
miRNA measurement are qRT-PCR, microarrays and next-generation sequencing. The
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detection of miRNAs is complicated by their small size (18–24 nts). When a longer RNA
such as mRNA is detected by reverse transcription PCR (RT-PCR), it requires two opposing
DNA primers. The first primer is used to synthesize cDNA with reverse transcriptase, and
the second primer to copy cDNA to dsDNA. However, the short length of miRNA precludes
the two-primer approach. This is because the shortness of the miRNA sequences makes it
difficult to design two opposing primers. Detection by PCR amplification needs to be
controlled for bias in annealing of primers and for differential amplification of miRNAs. To
obtain quantitative data, the internal miRNA controls are required [25–27]. One approach
for PCR amplification uses unligated hairpin primers that have a short 3′ extension [28].
Alternative methods involve ligation of a DNA linker to the miRNA [29] or tailing of
miRNA with poly A polymerase to allow cDNA synthesis [30]. The sequencing power of
the next-generation sequencing platforms has greatly expanded the discovery of novel
miRNAs. The sequencing approaches usually require ligation of a DNA linker to the 3′ end
of the RNA, followed by PCR amplification. Ligation methods often exclude some
sequences because of the enzyme bias against certain structures [31].

Methods for miRNA detection that do not involve amplification include labeling of
endogenous miRNAs with a dye or radioactivity followed by hybridization to an array with
miRNA-specific capture probes [32], or capture of the dye-labeled RNA using a bead
(Luminex Corporation) that is barcoded for laser detection [17]. Another approach,
developed by NanoString, uses a linear string of dyes attached to a reporter probe for
detection of the miRNA. Laser detection of the dyes gives quantitative and qualitative
information on the number of miRNAs present [33]. This approach requires very-high-
resolution microscopy. A novel detection method uses the dsRNA binding protein p19, from
a plant virus, to selectively bind a miRNA:RNA probe duplex. The p19 protein does not
bind ssRNA probes or long RNA, but has a preference for 19–21-bp dsRNA. The p19
protein is attached to chitin magnetic beads for easy usage. Labeled RNA probes can be
detected using radioactivity [34], and unlabeled probes can be detected using a nanopore
[35] (see following section). Using p19, the dsRNA of a miRNA:probe duplex can be
enriched over 100,000-fold. This approach can be used both for detection of known small
RNAs and for the discovery of novel dsRNAs. Other techniques based on colorimetry,
bioluminescence, enzyme turnover and electrochemistry have been proposed; nanoparticles,
molecular beacons, deep sequencing [25,27] and single-molecule fluorescence [36] have
also been applied to miRNA detection. For a detailed review of these technologies, please
see [25,27]. A classical technique, in situ hybridization, has been quickly adapted to detect
miRNA in a histologic section [37,38]. Although it is not a quantitative assay, it can localize
miRNA in the context of tissue or cells. In combination with other methods such as in situ
PCR, different chromogenic labeling or with immunohistochemistry, in situ hybridization
can detect both precursor and mature miRNA and its target protein at the same tissue section
[39,40]. A locked nucleic acid probe is often used to increase the efficiency of hybridization
[41,42]. Since the method can detect miRNA in the widely used formalin-fixed paraffin-
embedded tissues, it should significantly expand miRNA studies, especially in cancer
research.

Recently Wanunu et al. [35] and Wang et al. [43] have independently reported on a
nanopore single-molecule method to electrically detect miRNA in tissue and biofluids. Both
technologies are label-free and do not require enzyme reactions and amplification. Wanunu
et al. has utilized a 3-nm synthetic nanopore to detect the complex of liver miR-122a
hybridized with the probe RNA after enrichment using the p19 protein, providing an
accurate miRNA quantification method for quantifying miRNA in tissue [35]. It is assumed
that the same approach could be used for miRNA detection using serum to make dsRNA.
Wang et al. used oncogenic miR-155 and TSG LET-7 miRNAs as testing cases to verify the
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sensitivity and specificity of a protein–nanopore-based sensor in plasma samples of lung
cancer patients [43]. Both methods will be reviewed in the following sections.

Nanopore single-molecule detector
The nanopore is a molecular-scale pore structure that is able to detect with high sensitivity
the position and conformation of a single molecule that is present within the pore lumen
[44]. From the characteristic change in the nanopore conductance, one can electrically
elucidate single-molecule kinetic pathways and quantify the target. Nanopores can be
constructed in a variety of ways, including biological pores formed from transmembrane
protein channels [45], and synthetic pores in a variety of materials [46]. Various nanopore
sensors are being developed with broad biotechnological applications [44,46–53], including
the next generation of DNA sequencing technology [54,55]. The development of nanopore-
based miRNA detectors is a novel effort in this rapidly evolving field.

The principle of the nanopore sensor is illustrated in Figure 1. The sensor detects changes in
ion current across a nanopore as biomolecules such as RNA occlude the pore’s entrance. A
nanopore sensor comprises an insulating membrane that partitions the recording chamber. A
single nanometer-scale aperture is formed in the center of the membrane. When both sides
of the membrane are exposed to electrolyte solutions, the nanopore serves as the only ion-
conducting pathway across the membrane. Two electrodes are placed in solutions on both
sides of the membrane, to supply a voltage across the nanopore and to record the
picoampere level ionic flux through the pore. Passage of individual analyte molecules causes
transient pulses that correspond to a reduction in the ionic conductance of the pore,
observable by high-bandwidth measurements of current versus time. The statistical
properties of a large set of these pulses are useful for analyzing a biomolecular species in
solution. Of specific importance to the miRNA application, the rate of the current pulses
corresponds linearly to the concentration of the molecules in the sample. Therefore, one only
needs to count the occurrence frequency of the current pulse to calculate the concentration
of the target miRNA.

miRNA detection using a synthetic nanopore
Recently, sequence-specific detection of mature miRNA from total mammalian RNA was
demonstrated using ultrathin solid-state nanopores as single-molecule counters [35]. Success
in this work was enabled by overcoming two critical barriers: probe-specific isolation of
miRNA from total cellular RNA; and quantification using a stochastic, nanopore-based
molecular sensor.

Sequence-specific miRNA isolation—To isolate a specific miRNA sequence, we
utilized the p19 protein from the carnation Italian ringspot virus. p19 has been found to bind
dsRNAs that are 19–21 nts in length. However, while this protein is nucleic acid length-
selective, it exhibits no sequence selectivity, which makes it ideal for isolating probe-
specific miRNAs [56]. Furthermore, p19 exclusively binds short dsRNAs, and does not bind
ssRNAs or other structured RNAs such as transfer-RNAs or ribosomal RNAs [34].
Therefore, to simplify the isolation process, the C-terminal of p19 was fused with a chitin-
binding domain so that the protein can bind to chitin-coated magnetic beads. This approach
has already been demonstrated for probe-hybridized miRNA enrichment by five orders of
magnitude [34]. The structure of the p19:dsRNA complex is shown in Figure 2A. The use of
p19 binding in the duplex has significant advantages over traditional methods to detect
nucleic acid hybrids that involve digestion with a nuclease to remove single-stranded probes.
The digestion methods result in significant amounts of natural RNA hairpins, mainly from
ribosomal RNA. The use of p19 binding is much more selective, as it only binds dsRNA in a
narrow size range (19–21 nts). This selectivity evolved so that the plant virus could block
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RNA interference by sequestering the short siRNAs generated by the plant’s Dicer. This
property has been utilized to make a selective binding reagent that can isolate for detection
an unlabeled miRNA:RNA probe duplex free of other contaminating RNAs.

miRNA quantification using a stochastic sensor—Following the isolation of a
specific miRNA, detection is afforded by loading of the RNA sample onto a stochastic
nanopore sensor. The nanopore sensor detects changes in ion current across a nanopore as
RNA:probe complexes individually occlude the pore’s entrance. Passage of individual
RNA:probe complexes causes transient pulses that correspond to a reduction in the ionic
conductance of the pore, observable by high-bandwidth measurements of current versus
time. Statistical analysis of a large set of these pulses gives the frequency of the pulse
occurrence, which then is transformed into the concentration of the target miRNA owing to
their linear correlation.

miRNAs are extremely difficult to detect without RT-PCR amplification. From a physical
dimensions perspective, miRNAs are extremely small biomolecules, have a cross-section of
approximately 2.5 nm and a contour length of 6–7 nm. Since the nanopore signal from a
molecule is only measured during the molecule’s transit through the pore, one has to ensure
that transit is slow enough to enable detection, and that it produces a distinct signal. To
achieve this, nanopores in ultrathin solid-state membranes were fabricated using a scheme
that is detailed in reference [35]. Briefly, approximately 40-nm-thick free-standing silicon
nitride membranes supported by a silicon chip were thinned using electron beam lithography
and reactive ion etch chemistry. The thinning resolution is 1 nm, dictated by the reactive ion
etch time. Using this procedure, ultrathin membranes as thin as 6 nm have been fabricated,
the thickness of a biological lipid bilayer. Following the membrane fabrication,
approximately 3-nm-diameter nanopores were drilled in the thinned membrane region using
the electron beam of a field-emission transmission electron microscope. Current traces of a
nanopore under applied bias before and after the addition of RNA molecules to the analyte
chamber are shown in Figure 2B. As seen from the figure, the addition of RNA molecules
results in a frequent rate of current signal spikes, each corresponding to the passage of a
single RNA molecule through the pore.

Since nanopores are molecular counters, it is important to eliminate the possibility that a
particular signal for target quantification comes from an impurity in the sample. After
isolation of miRNAs, the solution contains various agents that may interfere with nanopore
detection. These agents include bovine serum albumin that coats the beads, sodium dodecyl
sulphate used for dsRNA elution from the p19, and trace amounts of other RNAs from the
total RNA sample. Therefore, control detections need to be conducted. Figure 2B illustrates
a series of 30-s current traces for different samples that have been treated following the same
p19-bead enrichment procedures. The first trace (red) was for the miR-122a:probe duplex
enriched from 1 μg of rat liver RNA (RL). The second trace (blue) was a positive control
(PC) detection for 30 ng of synthetic miR-122a:probe duplex that has been bound to and
eluted from p19 beads. Both traces for samples PC and RL show spikes with current
amplitudes as expected from dsRNA. In addition to the PC sample, four negative controls
(NCs) NC1–NC4 were performed. In contrast to RL and PC, no spikes with amplitudes
greater than 0.3 nA were presented in any of the four NCs.

The target miRNA can be quantified by measuring the capture rate for the miR-122a:probe
duplex in the pore. The calibration curve in Figure 2C shows the capture rate at various
concentrations of the synthetic miR-122a:probe complex. When an unknown miRNA
sample was introduced to the nanopore, a current threshold of I0–0.4 nA was set (dashed
gray lines under the traces), where I0 was the baseline current and only spikes crossing the
threshold were counted. By counting approximately 250 current spikes, the mean capture
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rate was calculated and the miR-122a concentration was determined from the calibration
curve. Using this method, the concentration of the 20-fold diluted miR-122a in sample RL
was determined to be 0.7 fmol/μl. This concentration was translated to an original
abundance of 78 ± 2 pg miR-122a/μg liver RNA in rat liver cells, in close agreement with
the previously reported 58–67 pg miR-122a/μg RNA [34]. In addition, sample PC for the
control test showed an expected concentration of 5.2 fmol/μl, indicating an efficient loading/
unloading from the p19 beads during enrichment. The negative controls do not show any
crossed-the-threshold current spikes in 2 min each, indicating very low background noise of
<7 amol/μl, which is at least two orders of magnitude lower than sample RL. Figure 2D
compares the relative error in concentration at various numbers of detected molecules. The
relative error has been generated by computing the standard error in mean capture rates for
populations ranging in size from 100 to 4000 spikes.

In summary, this work represents a proof of concept that single-molecule counters can
quantify sequence-specific miRNA from cellular RNA. Coupled to p19-based extraction of
probe-specific RNA, the nanopore counters utilize very small devices that are approximately
3 nm in all dimensions to count 20-bp miRNA duplex molecules with good signal-to-noise
ratios.

Protein nanopore for circulating miRNA detection
Recently, Wang et al. proposed a protein nanopore-based miRNA sensor that followed a
different principle and demonstrated potential for a clinical diagnostic test [43]. This assay
utilized the α-hemolysin protein pore of Staphylococcus aureus as the sensor element. The
focus of the sensor is a DNA probe that hybridizes target miRNA in the solution. The probe
has been specially designed such that the miRNA:probe complex, when trapped in the pore,
produces a electrical signature that shows drastically different translocation kinetics from
free miRNA or probe. Therefore, the target miRNA can be quantified by counting the
signature events per unit time. This nanopore sensor can determine diagnostically relevant
circulating miRNAs in patient-derived samples, and can distinguish single nucleotide
differences between sequence-similar miRNAs.

Electrical signatures of single miRNA molecules—The ion pathway of the α-
hemolysin pore possesses a special geometric profile. According to the molecular structure
[57], the section from the pore’s cis entrance (2.6 nm) to the nanocavity (4.6 nm) is wide
enough to hold a double-stranded nucleic acid fragment (2 nm), whereas the constrictive β-
barrel from the middle of the pore (1.5 nm) to the trans mouth (2 nm) only allows single-
stranded nucleic acid translocation [45,58–62]. Based on this structural feature, the probe
has been designed to include the following domains: a capture domain used to hybridize
with target miRNAs in the solution; and a signal tag attached to the 3′ and 5′ terminals to
guide the entrapment of the miRNA:probe hybrid from the cis (wide) opening (Figure 3A).
Once trapped in the nanopore, the miRNA:probe hybrid can generate a multilevel long block
as shown in Figure 3B. Initially, the duplex section of the hybrid is encapsulated in the
nanocavity, and the signal tag in the β-barrel; then the transmembrane voltage pulls the
signal tag to induce the dissociation of the hybrid. This procedure with the signal tag in the
β-barrel is characterized by the long level 1 block (250 ms; +100 mV) that reduces 90% of
the pore conductance. Upon dissociation of the hybrid, the probe passes through the pore,
but the miRNA can reside in the nanocavity for a short period (410 μs). This configuration
generates level 2, which only reduces approximately 40% of the pore conductance. Finally
the miRNA in the nanocavity rapidly traverses the pore, driven by the voltage, producing a
short level 3 (270 μs) at similar conductance to level 1. Clearly, the dissociation–
translocation kinetics comprises a characteristic triple-level current signal that is well
distinguished from spike-like single-level events produced by free miRNA or probe
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translocation (Figure 3C), and therefore serves as a signature for single miRNA
identification.

Sensitivity & ability to discriminate miRNAs with similar sequences—The probe
in the nanopore sensor determines both the sensitivity and specificity. The probe structure,
including its length, composition and directionality, can be optimized to maximize the
capture rate of the miRNA:probe complex for high detecting sensitivity. It has been known
that that a poly(dC)30 tag at the 3′ end of the probe increases the capture rate over 20-fold
compared with the same tag at the 5′ end [61,62]; a poly(dC)30 tag is much more efficient
in generating signature events than a poly(dA)30 and poly(dT)30 tag, or a shorter tag such
as poly(dC)8. The probe optimization, combined with other approaches such as pore
engineering [63], salt gradient [64] and high voltage, can effectively enhance the miRNA
sensitivity to 100 fM.

This nanopore sensor has demonstrated high specificity due to the Watson–Crick base
pairing in miRNA:probe hybridization. Most notably, the nanopore can discriminate
miRNAs with similar sequences. Among over 1400 human miRNAs that have been
identified, including many members of the same miRNA family such as the Let-7 tumor-
suppressing miRNA family [6,65,66], are only different in one or several nucleotides.
Owing to their short lengths, sequence-similar miRNAs are difficult to distinguish using
current PCR or hybridization-based methods [25,28,67]. The nanopore, however, can
discriminate them because single mismatch in the miRNA:probe complex weakens their
hybridization strength, which significantly shortens its dissociation time (i.e., the duration of
signature events compared with a fully-matched miRNA:probe complex). For example,
Let-7a and -7c only have a one nucleotide difference. When using the probes for Let-7a (Pa)
and Let-7c (Pc) to target both miRNAs at +100 mV, the duration of signature events
decreased 2.4-fold from 303 ms for Let-7a:Pa to 124 ms for Let-7c:Pa, and 2.0-fold from
342 ms for Let-7c:Pc to 179 ms for Let-7a:Pc. This result is consistent with previous reports
on detection of dsDNAs containing single nucleotide mismatch in the nanopore [68–71].
Overall, the nanopore method can be applied to studying both miRNAs with similar
sequences and SNPs in genomic detection that are associated with significant biological
properties of cancers, such as susceptibility, prognosis and the response to therapeutic agents
[72].

Nanopore detection of circulating miRNAs—The protein nanopore sensor has
demonstrated ability to detect circulating miRNAs. In the nanopore detection, miR-155 has
been selected as the target, among over 100 miRNAs identified to be dysregulated in lung
cancer [6,21,27,65,66,72–76]. It has been found that high levels of miR-155 is correlated
with significantly poor prognoses and shorter survival times in lung cancer patients [77,78].
Using the nanopore, the miR-155 level in plasma has been compared for lung cancer
patients versus healthy individuals. The measurement was conducted in total RNA extracted
from each plasma sample using mirVana™ PARIS Kit (Ambion, Austin, TX). When the
probe (P155) was mixed with the recording solution containing RNA extract, both distinct
short and long current blocks can be identified in the normal group (see upper trace of
Figure 3D) and lung cancer group (see lower trace of Figure 3D). As the characteristic long
blocks shared the same current profile and properties with the synthetic miR-155 RNA
(Figure 3B), they are considered as the single molecular signature for the miR-155:P155
complex. The frequencies of signature events for miR-155 (f155) in the lung cancer group
were higher than those in the control group (Figure 3D). To reduce the variability, the
spiked-in miR-39 was used as an internal control. The frequencies of spiked-in synthetic C.
elegans miRNA miR-39 events (f39) have been found to be independent of the samples.
Therefore the ratio f155/f39 was used to normalize the assays. Figure 3E shows that f155/f39
in the lung cancer group (0.62 ± 0.06) was significantly higher than f155/f39 in the control
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group (0.24 ± 0.05). Collectively, the mean level of miR-155 was increased 2.6-fold in the
lung cancer group compared with the control group as measured by the nanopore sensor
(Figure 3F). This trend was verified using qRT-PCR, the result of which shows a 4.3-fold
increase with a greater variability. In conclusion, both the nanopore and qRT-PCR assays
indicated a significant elevation of miR-155 in lung cancer patient samples, but the
nanopore method demonstrated higher accuracy with no requirement for labeling or
amplification (Figure 3F).

In summary, the protein nanopore-based miRNA sensor utilizes a programmable
oligonucleotide probe to generate an electrical signature signal for the direct and label-free
detection of target miRNAs in total RNA extracted from clinical plasma samples.

Expert commentary
Both nanopore platforms described above utilize single-molecule strategies for quantitative
miRNA detection. In single-molecule measurement, each target molecule interacting with
the nanopore can generate a unique electrical response, which can be an electrical pulse –
like that in the synthetic nanopore (Figures 1 & 2B) – or a signature current block in the
protein nanopore (Figure 3B). The target miRNA at certain concentrations can result in a
specific frequency of signal event occurrence (number of events per unit time), which in
principle is proportional to the target concentration. Therefore, the target can be quantified
from the event frequency. Throughout the procedure, no enzyme or amplification are
involved. The detection accuracy relies on the target capture rate (number of events per unit
time per unit target amount). With a higher capture rate, one would be able to count more
events at the same target concentration and in the same recording time. As a result, both
accuracy and efficiency are promoted. The high capture rate in the synthetic nanopore is
related to the appropriate pore size. The 3-nm pore diameter is suitable for miRNA
detection. Smaller pore size may limit the target access, reducing the capture rate, while
larger pore size may be less sensitive to the short oligonucleotide translocation. Meanwhile,
the 100,000-fold enrichment by the p19 protein greatly promotes the detection efficiency.
The synthetic pore can accurately measure 1 fmol/μl of enriched miRNA in a couple of
minutes [35]. Unlike the synthetic nanopore, the protein pore’s diameter is fixed. Therefore
the capture rate cannot be adjusted by the pore size. However, it can be greatly enhanced by
various approaches, including recording at high voltage, engineering the pore lumen with
positively charged amino acids [63], optimizing the probe sequence [43] and establishing a
electrolyte gradient across the membrane [64] to attract negatively charged oligonucleotides
into the pore. With these approaches, the protein nanopore can detect low miRNA
concentrations at sub-picomolar levels [43].

The nanopore is more than a single-molecule counter. One of the intrinsic properties of the
nanopore is that the pore conductance is very sensitive to the target molecule residing in the
pore. The conductance amplitude of the nanopore block indicates a specific configuration of
the target molecule, and the block duration represents the lifetime for the molecule staying
in a kinetic state. This means an observed conductance profile (or pattern) could represent a
series of sequential molecular configurations. With this capability, the nanopore can be used
to investigate kinetic pathways of single-molecule reactions. Such specific conductance
changes can serve as a signature. For example, the signature identified in the protein pore
sensor (Figure 3B) is produced by the trapped miRNA:probe complex that sequentially
unwinds and translocates through the pore. These signatures completely distinguish the
miRNA:probe complex from other components that interact with the pore, such as free
miRNA or probe translocation, providing high detection specificity in total RNA extract (not
enriched miRNAs). The high specificity allows discrimination of miRNAs with similar
sequences.
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Five-year view
We anticipate that the nanopore technique can be translated into a real-time, clinically
usable miRNA quantification tool. But several issues need to be resolved in the next couple
of years during the development. For the synthetic nanopore, future devices need to improve
on the isolation method and detection limits by miniaturizing the fluidic cell in which the
nanopore experiments are carried out, as well as by parallelization of the experiments using
multiple, electrically addressable pores [79]. For the protein pore system, it is important to
validate the engineered probe for high sensitivity and specificity. For example, the probe can
be incorporated into unnatural compounds such as locked nucleic acids and peptide
nucleotide acids. These compounds strengthen hybridization of the probe with miRNAs,
thus enhancing the target miRNA discriminatory ability. In addition, the barcode probe can
be designed to fulfil multiple miRNA detection [59,80]. Another improvement will be the
construction of a robust protein pore device. To realize such a device, the membrane in
which the protein pore is embedded needs stabilization. Many promising membrane
strategies have already shown feasibility, such as a macropolymer-encapsulated lipid bilayer
[81–83], supported or suspended lipid bilayer [84–86] and droplet interface bilayer [87]. The
droplet interface bilayer is also the first membrane platform showing the potential to form a
protein pore array [87], as well as minimized sample consumption down to a microliter
level. These advantages make it possible for high throughput miRNA detection and real-
time applications.
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Key issues

• miRNA is an important indicator for the development of diseases including
cancer.

• The increasing exploration of miRNAs demands rapid, accurate, low-cost
miRNA detection technologies.

• One of the main challenges for miRNA-based biomarkers is the need to use
purified miRNAs from biological samples. Stability of the RNA and
quantitative detection of miRNAs compared with an internal RNA standard is a
challenge for the clinical use of miRNAs.

• The nanopore single-molecule technology can accurately quantify miRNA in
tissue and blood from cancer patients without labeling, enzymatic reaction or
amplification.

• The nanopore method paves a road to the development of a noninvasive
diagnostic tool for early cancer detection.

• Issues such as robustness and multiplex detection should be solved in the future,
in order to translate the nanopore technique into a clinically favorable miRNA
detection method.
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Figure 1. Scheme of nanopore-based single-molecule detection
Voltage is applied using a pair of electrodes that provide an electrochemical circuit with the
solution. The voltage (V) drives ions through the nanopore, which results in a measurable
steady-state ‘open pore’ current (I). When a biomolecule in the top chamber diffuses into the
pore, it blocks the ion pathway of the pore and the flux of ions is reduced, resulting in a
negative spike that signals each molecule. Under the same applied voltage conditions, the
rate of spike events has a linear correspondence with the macromolecular concentration.
Therefore, miRNA duplexes can be counted and quantified by measuring their rate of
passage through the pore. A real current trace is shown for illustration, as well as three
parameters that are typically quantified in nanopore experiments. δI and td are used to
identify the target blocks, while δt is used to calculate the rate of block occurrence, which is
the inverted value of δt.
δI: Current block amplitude; δt: Interval between adjacent blocks; I: Current; td: Block
duration; V: Voltage.
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Figure 2. miRNA detection using solid-state molecular counters
(A) Scheme of the miRNA-specific detection method. First, RNA is extracted from tissue
(not shown), and the extract is hybridized to a miRNA-specific oligonucleotide probe (red).
In step (I), the probe:miRNA duplex is enriched by binding to p19-functionalized magnetic
beads, followed by thorough washing in order to remove other RNAs from the mixture. In
step (II), the hybridized probe:miRNA duplex is eluted from the magnetic beads. In step
(III), the eluted probe:miRNA duplex is electronically detected using a nanopore. (B)
Detection of miR-122a from RL RNA using a 3-nm diameter nanopore in a 7-nm thick
membrane. Method shown in panel (A) was applied to the detection of miR-122a from 1 μg
of RL total RNA. Representative 30-s current versus time traces are shown for a pore after
the addition of the enriched miR-122a (RL), a PC containing a synthetic miR-122a RNA
duplex bound to magnetic beads, followed by washing, elution and detection (PC), and four
different NCs (NC1–NC4). The NCs did not produce any signal below the threshold, which
was set to I0–0.4 nA (see dashed gray lines), where I0 was the baseline current. (C)
Quantification of miR-122a from the mean capture rates. A calibration curve of capture rate
versus concentration was constructed (dashed black line) using different concentrations of
synthetic 22-bp RNA duplex, showing that capture rate scales linearly with concentration
over three orders of magnitude. Determination of miR-122a amounts (per μl of solution) is
based on the spike rate for sample RL (thick red lines) and the positive control PC (thick
blue lines). (D) Relative error in the determined RNA concentration as a function of the
number of molecules counted by the nanopore (see text). To achieve 95% accuracy under
our conditions, the time required for determination of a 1-fmol RNA sample is 4 min,
corresponding to approximately 250 translocation events.
NC: Negative control; PC: Positive control; RL: Rat liver RNA.
Adapted from [35].
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Figure 3. miRNA detection using a protein nanopore sensor (see facing page)
(A) Total RNA was extracted from plasma, then mixed with the probe (green) that
hybridizes with the target miRNA (red). The probe bears signal tags on each end. (B) Upper
panel shows the molecular mechanism of the miRNA:probe hybrid dissociation and
translocation in the nanopore. The mixture in (A) was added to the cis solution, and the
miRNA:probe hybrid entered the pore from the cis opening. The lower panel is a typical
multilevel long block in the nanopore as a signature generated by the hybrid of miR-155
miRNA and its probe P155 (miR-155:P155). It was from a trace recorded at +100 mV in
solutions containing 1 M KCl buffered with 10 mM Tris (pH 8.0). Level 1: trapping of the
miRNA:probe hybrid in the pore, unzipping of the miRNA from the probe and translocation
of the probe through the pore. Level 2: unzipped miRNA residing in the pore cavity. Level
3: translocation of the unzipped miRNA through the pore. (C) A spike-like short block
generated by the translocation of unhybridized miR-155 or P155 from the cis solution. (D)
Current traces for total plasma RNAs from healthy volunteers (normal sample) and lung
cancer patients in the presence of the probe P155. The traces were recorded in 1 M KCl at
+100 mV. Red arrows are signature events, which were seen only in the presence of probe
for both healthy volunteers and lung cancer patients. (E) Frequency ratio of miR-155 and
spiked-in synthetic miR-39 signature events (f155/f39) from six healthy individuals (1–6) and
six patients with lung cancer (7–12). Conditions of patients: 7: metastatic squamous lung
carcinoma; 8: recurrent small-cell cancer; 9: early-stage small-cell carcinoma, status
postchemotherapy and radiation; 10: early-stage small-cell cancer, status postchemotherapy;
11: late-stage non-small-cell carcinoma, status post-resection and -chemotherapy; 12: late-
stage adenocarcinoma, status postchemotherapy. (F) Box and whisker plots of the relative
miR-155 levels in healthy and lung cancer groups measured with the nanopore sensor and
qRT-PCR. Boxes mark the intervals between the 25th and 75th percentiles. Black lines
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inside the boxes denote the medians. Whiskers denote the intervals between the 5th and 95th
percentiles. Filled circles indicate data points outside of the 5th and 95th percentiles.
qRT-PCR: Quantitative reverse-transcription PCR.
Adapted from [43].
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