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ABSTRACT: The rapid and reliable recognition of nucleic acid
sequences is essential to a broad range of fields including
genotyping, gene expression analysis, and pathogen screening.
For viral detection in particular, the capability is critical for
optimal therapeutic response and preventing disease trans-
mission. Here, we report an approach for detecting identifying
sequence motifs within genome-scale single-strand DNA and
RNA based on solid-state nanopores. By designing DNA
oligonucleotide probes with complementarity to target
sequences within a target genome, we establish a protocol to yield affinity-tagged duplex molecules the same length as the
probe only if the target is present. The product can subsequently be bound to a protein chaperone and analyzed quantitatively
with a selective solid-state nanopore assay. We first use a model DNA genome (M13mp18) to validate the approach, showing
the successful isolation and detection of multiple target sequences simultaneously. We then demonstrate the protocol for the
detection of RNA viruses by identifying and targeting a highly conserved sequence within human immunodeficiency virus
(HIV-1B).
KEYWORDS: solid-state nanopore, viral detection, biomarkers, DNA, RNA, HIV

INTRODUCTION

Viruses are nanoscopic particles containing genetic material
that must invade living organisms and take over their cellular
machinery to replicate. In support of this mechanism, they can
be both highly transmissible and rapidly mutating, enabling
them to evolve quickly. From the identification of Yellow Fever
virus as the first reported1 human virus in 1900, viruses have
been a consistent threat to human health. Indeed, three to four
new species of human virus are identified every year2,3

accounting for over two-thirds of new human pathogens.4 In
recent history, diverse diseases have emerged from viral vectors
including human immunodeficiency virus (HIV), Ebola, avian
influenza, Zika, and middle east respiratory syndrome
(MERS).5,6 Enhanced global movement has further exacer-
bated the problem of rampant transmission, increasing the
likelihood of global pandemics like the one caused7 by SARS-
CoV-2 beginning in 2019.
Viral detection capabilities are critical for combating the

spread of such diseases, providing both accurate diagnosis for
early treatment planning and a means of performing contact
tracing for containment.6 While a broad range of diagnostic
approaches exist for this purpose, current technologies still
encounter significant challenges. For example, tests incorporat-
ing polymerase chain reaction (PCR)including quantitative

PCR (qPCR) and reverse transcription PCR (RT-PCR)are
considered gold standards in viral diagnostics.6,8 While these
techniques are highly sensitive, they can also feature a risk of
contamination and bias,9−11 commonly rely on expensive
optical systems for analysis, and are often slow. Indeed, the
typical hours-long cycling necessary for most PCR assays is a
critical factor limiting throughput and increasing time-to-
answer. Alternatively, immunoassays are also used extensively
to identify protein markers associated with viral exposure.
While high sensitivity can be achievable through several
measurement modalities including fluorescence,12 radiolabel-
ing,13 and colorimetric (biochemical),14 immunodetection also
relies on expensive reagents and can suffer from cross
reactivity, resulting in false negatives or false positives.15

Finally, recent developments have been made in the
application of next-generation sequencing (NGS)6 and mass
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spectrometry15 to viral diagnosis. While promising, these
approaches remain nascent, hinging currently on expensive
instrumentation and computationally demanding analyses.
An emerging platform for biomolecular analysis is the solid-

state (SS-) nanopore.16,17 Briefly, a SS-nanopore is composed
of a thin, insulating membrane supported by a silicon chip and
featuring a single, nanometer-scale pore. When the membrane
is used as a partition between reservoirs of electrolyte solution,
the application of a voltage bias across it generates an electric
field that can facilitate the electrokinetic movement of charged
molecules through the opening. Each translocation temporarily
interrupts the measured ionic current and results in a signal (or
“event”) that can be exploited for biosensing and molecular
evaluation. SS-nanopores have been employed extensively to
identify nucleic acids,18−20 proteins,21−23 biological nano-
particles (e.g., exosomes24), and synthetic nanoparticles.25−27

Recently, the platform has also been applied to viral
diagnostics with several reports28−30 describing the detection
or analysis of whole virions, including Paramecium bursaria
Chlorella virus (PBCV-1),31 Hepatitis B,32 HIV,33 and
influenza.34,35 However, probing whole viruses does not
explicitly provide a route to viral discrimination without a
priori knowledge of the pathogens present in a fluid.
Consequently, the translational potential of these approaches
has been narrow. The alternative approach of detecting specific
viral biomarkers has been explored with the platform as well.
Recently, Nouri et al.36 demonstrated the solid-state nanopore
detection of specific HIV-1 DNA sequences using a CRISPR-
Cas12a approach. Remaining challenges with this approach
include potential difficulty in accounting for CRISPR cleavage
kinetics and an inability to apply the method directly to HIV
genomic RNA. In another example, Niedzwiecki et al.37

studied nucleocapsid protein 7, a protein constituent specific

to HIV, by probing the effect of binding to a synthetic RNA on
its translocation dynamics. Moreover, the detection of nucleic
acid (sequence-based) viral bioindicators has been challenging
with SS-nanopores. This is at least in part because the platform
itself lacks intrinsic selectivity; since all passing molecules
produce a signal, the differentiation of particular target
sequences is difficult.
To address the selectivity gap with conventional SS-

nanopore assessment, our group has established an approach
to detect and quantify target nucleic acids.38 Briefly, the two-
component assay employs a short nucleic acid fragment (<
∼250 bp) featuring a single biotin tag and a small, globular
protein (54 kDa monovalent streptavidin,39,40 or MS). When
each is introduced individually to a SS-nanopore of appropriate
size (typically ∼7.5−11 nm diameter), they do not yield
significant events due to their small size and rapid transit time
(Figure 1a,b). On the contrary, when bound together to form a
nucleoprotein complex, the larger structure interacts sterically
with the pore walls to slow the translocation speed and
produce translocation events (Figure 1c). We previously
extended this basic assay to allow for the detection of nucleic
acid sequences41 by exploiting the observation that events are
generated by protein-bound duplex constructs but not single-
strands bound to protein. Through the introduction of a
biotin-labeled DNA probe to a mixture of single-strand
sequences, duplex formation is possible only when antisense
molecules are present, yielding the specific detection of target
sequences.
However, to date, this detection has been demonstrated only

for naturally short, single-strand nucleic acids like microRNAs,
for which the probe can be matched in size to the target. In this
report, we expand our protocols to enable the SS-nanopore
assay to detect conserved sequence motifs within large single-

Figure 1. Selective solid-state nanopore assay. Diagrammatic representation (top) and example current trace (bottom) for the translocation
of (a) biotinylated duplex nucleic acids alone, (b) monovalent streptavidin protein alone, and (c) duplex nucleic acids bound to monovalent
streptavidin. The scale bars for all three current traces represent 500 pA (vertical) and 250 ms (horizontal). Individual components transit
through the nanopore rapidly and yield no events, while nucleoprotein complexes result in an event cascade due to steric hindrance. A 60 bp
duplex DNA construct was used for these measurements, and all traces were recorded at 300 mV applied bias. Inset: magnified view of an
example event from (c). Scale bars represent 500 pA (vertical) and 1 ms (horizontal).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.0c10887
ACS Nano XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsnano.0c10887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10887?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10887?rel=cite-as&ref=PDF&jav=VoR


strand genomes, including viral genomes. Our strategy, which
involves annealing to a synthetic probe sequence and the
subsequent digestion of nontarget regions, yields a short
duplex construct capable of binding to MS and consequently
being analyzed by our SS-nanopore assay. Like PCR, high
specificity is achieved through Watson−Crick base pairing, but
our approach provides potential advantages in both time and
cost. We validate the technique using a model DNA genome
(M13mp18 bacteriophage DNA) and then demonstrate its
extension to RNA, the more common carrier of viral genetic
information, by probing a conserved sequence in HIV-1B. The
ability of our approach to assess target subsequences within
large DNAs and RNAs suggests the potential value of SS-
nanopores not only for viral identification but also for other
nucleic acid detection applications as well.

RESULTS AND DISCUSSIONS

Internal Sequence Isolation. Our general approach to
produce biotinylated duplex constructs from single-strand
genomes is shown schematically in Figure 2a. First, a short
target region is identified within the genome (Figure 2a(i),
orange) and used to design a complementary probe construct
(Figure 2a(i), green) consisting of a synthetic DNA
oligonucleotide with a single biotinylated base. This probe is
then mixed with the genomic material and subjected to a single
thermal cycle to promote annealing, resulting in constructs that
are locally duplex at the target site but single-stranded
elsewhere (Figure 2a(ii)). Finally, the constructs are incubated
with mung bean nuclease (MBN), an endonuclease that
catalyzes the degradation of internal phosphodiester bonds
specifically in single-strand nucleic acids.42 This treatment
digests unannealed genomic regions (Figure 2a(iii)) but leaves
the target sequence intact, yielding duplex fragments matched
in length to the synthetic probe and retaining the biotin tag for
downstream analysis (Figure 2a(iv)). Note that the positioning
of the biotin near the center of the DNA probe reduces the
chance of inadvertent MBN digestion due to thermally driven

structural fluctuations (or “breathing”) of the duplex product
at its ends.
We established our protocol initially using, as a template, a

model single-strand DNA genome derived from the bacter-
iophage M13mp18 (7249 nt in length). For a first
demonstration, we employed a 60 nt synthetic biotinylated
probe designed with complementarity to an internal motif of
M13mp18 (see the Materials and Methods section) and
determined assay success through gel analysis. M13mp18 alone
yielded a well-defined band in the gel (Figure 2b, lane 1).
Upon incubation with MBN (Figure 2b, lane 2), we observed a
total loss of features in the lane, confirming the ability of the
nuclease to digest the single-strand genomic DNA completely.
Repeating the same procedure after annealing the biotinylated
60 nt probe to M13mp18 (Figure 2b, lane 3), we instead
observed a distinct band that ran to the same position as a
synthetic 60 bp construct (Figure 2b, lane 5), showing that the
60 bp construct was successfully isolated. Some low-molecular
weight material was also seen following isolation (Figure 2b,
lane 3, bottom), which we attribute to secondary structure
elements in the template DNA or probes that would be slower
to digest due to their local duplex nature. The subsequent
binding of the isolate to MS yielded a shift (Figure 2b, lane 4)
identical to that of the synthetic construct (Figure 2b, lane 6),
verifying the retention of an active biotin following nuclease
treatment. Note that no shift was observed in the low-
molecular weight products (Figure 2b, lane 4, bottom),
indicating that they were not biotinylated.
MBN incubation time was critical for successful target

isolation. When insufficient time or enzyme concentration
were used, single-strand overhangs remained at the ends of the
products, as indicated by a smeared band on the gel (Figure
S2). This could negatively impact downstream processes.
Conversely, extended incubation times could induce a loss of
observed product (Figure S2b). Even though the specificity of
MBN for single-strand DNA is ∼30 000× more than that for
duplex,43 deterioration could be driven by breathing at the

Figure 2. (a) Schematic representation of steps involved in the isolation of subsequences from a single-strand genome. A long genome (i)
containing a target sequence motif (orange) is annealed (ii) to a complementary DNA probe (green) tagged with a biotin moiety (star). The
resulting construct is subjected to digestion (iii) with a single-strand specific endonuclease (mung bean nuclease or MBN) to yield a
monobiotinylated duplex (iv). (b) Agarose gel electrophoresis analysis. Lane 1, M13mp18 DNA alone; lane 2, M13mp18 DNA digested with
MBN; lane 3, 60 bp duplex isolated from M13mp18 DNA; lane 4, same as lane 3 bound to MS; lane 5, synthetic biotinylated 60 bp duplex
DNA construct; lane 6, same as lane 5 bound to MS. Full gel is shown in Figure S1.
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ends providing stochastic single-strand recognition points for
MBN activity.

SS-Nanopore Detection of Target DNA Motifs. Having
demonstrated the successful isolation of a target subsequence

Figure 3. SS-nanopore analysis of 60 bp constructs isolated from M13mp18 DNA. (a) Voltage-dependent translocation event rates for MS
alone (400 nM, green), biotinylated 60 bp M13mp18 isolate alone (100 nM, black), and the combination following coincubation (blue).
Solid lines are exponential fits to the data. Inset: example current traces for each group (colors matched). (b) Example current traces for
different concentrations (10, 50, and 100 nM) of 60 bp isolate (left) and synthetic 60 bp construct (right), each with MS bound. The red
dashed line represents threshold amplitude, and each red arrow indicates an identified event. (c) Concentration dependence of event rates
for biotinylated 60 bp M13mp18 isolate (blue) and a synthetic biotinylated 60 bp DNA construct (black), each bound to MS. Solid lines are
linear fits to the data points. All scale bars represent 250 ms (horizontal) and 500 pA (vertical), and all measurements were performed at 300
mV applied bias. Further analyses shown in Figures S3 and S4.

Figure 4. Isolation and analysis of multiple distinct products from a single-strand genome. (a) Gel analysis. Lane 1, isolated products from
M13mp18 using three DNA probes (50, 60, and 75 nt); lane 2, electromobility shift assay in the presence of MS when only one probe is
biotinylated; lane 3, electromobility shift assay in the presence of MS when all probes are biotinylated. Full gel is shown in Figure S5. (b)
Example current traces at multiple concentrations for 60 bp products isolated from M13mp18 using probe 1 and probe 2 both
independently (left and center) and together (right) after binding with MS. The red dashed lines represent threshold amplitude, and each
red arrow indicates an identified event. All scale bars represent 250 ms (horizontal) and 500 pA (vertical). (c) SS-nanopore assay signal
amplification through the use of multiple probes. Concentration-dependent event rates for M13mp18 isolates using two independent
biotinylated 60 nt probes separately (blue circles and triangles, respectively) and for products using both 60 nt probes in tandem (black), all
measured after binding with MS. Solid lines are linear fit to the data. Inset: agarose gel showing two independent 60 bp duplex isolates where
neither are biotinylated (lane 1), one is biotinylated (lane 2), and both are biotinylated (lane 3), each in the presence of MS. The lower band
is 60 bp, and the upper band is 60 bp bound to MS. Full gel is shown in Figure S6. All SS-nanopore measurements were performed at 300
mV applied bias. Additional analyses are shown in Figure S7.
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from a large single-strand DNA genome, we next demonstrated
the viability of the isolated constructs to be analyzed with our
selective SS-nanopore assay. We first performed a series of
voltage-dependent measurements of translocation event rates
on both the 60 bp product of M13mp18 isolation and MS
alone (Figure 3a, black and green). We found that neither
produced significant signals up to at least 400 mV. However,
when combined, the resulting nucleoprotein construct
produced clear events, the rate of which increased exponen-
tially with applied voltage (Figure 3a, blue). These contrasting
signals were in agreement with our past measurements using
fully synthetic constructs41,44 and demonstrated our ability to
detect a target internal DNA motif using the assay with high
selectivity. Indeed, the event rate associated with MS-bound 60
bp isolate was more than an order of magnitude higher than
the rates of either constituent alone under all conditions.
We next conducted a concentration-dependent analysis to

investigate quantitation with our assay. Using a single applied
voltage (300 mV), we first performed a series of measurements
on the biotinylated 60 bp M13mp18 product and synthetic 60
bp dsDNA, each bound to MS. Example current traces for both
constructs recorded at 300 mV are also shown in Figure 3b. All
current traces are represented with their individual scale bars as
measurements of translocation event rates that were carried
over different nanopores, having different levels of noise.
Across a range of 1−100 nM, we observed a linear trend in the
measured event rate with a slope of 0.019 ± 0.002 nM−1 s−1

(Figure 3c, blue). This trend matched our previous results44

with the same assay and was in quantitative agreement with
similar measurements performed on a synthetic biotinylated 60
bp DNA construct bound to MS, which yielded a slope of
0.019 ± 0.001 nM−1 s−1 (Figure 3c, black). The close
correspondence demonstrated that our isolation protocol
yielded an intact duplex DNA construct capable of SS-
nanopore assay detection and indicated that targets could be
quantified directly from the event rate. Considering the low
false positive rate (i.e., the number of events associated with
control measurements), we found that concentrations as low as
1 nM could be resolved easily without further improvement.
Given the low fluid volume used in our system (10 μL), this
corresponds to a total of 10 fmoles of product or an equivalent
amount of single-strand genomes in solution.
Isolation and Detection of Multiple Target Motifs in a

Single Genome. Because MBN is an endonuclease and does
not require 3′ or 5′ ends to initiate, it should be possible for
single-strand regions between multiple annealed probes along a
single template molecule to be digested, thereby yielding
multiple discrete products from one genome. To test this
approach, we next repeated our isolation protocol with
M13mp18 using three distinct synthetic probes. For easy
differentiation on a gel, three biotinylated probes with different
lengths were utilized: the same 60 nt probe sequence
employed above, as well as 50 and 75 nt probes with
complementarity to disparate regions of the genomic sequence
(see the Materials and Methods section). Implementing an
isolation protocol identical to that described above for
M13mp18 but including all three probes during the anneal
step, we subsequently observed three separate bands on the gel
(Figure 4a, lane 1), demonstrating the isolation of discrete
products simultaneously. To verify the identities of these bands
as the intended target constructs and to confirm the retention
of the biotin tags, two versions of the isolation procedure were
performed: one in which a biotinylated 60 nt probe and

unlabeled 50 and 75 nt probes were used and one in which all
three probe lengths were biotinylated. After mixing the
resulting products with MS, we observed that only the center
band shifted for the product of the first treatment (Figure 4a,
lane 2), validating the selectivity of the protocol. For the
second treatment, all bands were found to shift (Figure 4a, lane
3), demonstrating consistent retention of the biotin moiety in
all cases. The complete gel image with all positive and negative
controls is in Figure S5. In principle, this same process could
be extended to arbitrary numbers of probes and sizes given
sufficient sequence differentiability. For the purpose of
quantifying target genomes with our SS-nanopore assay, the
simultaneous probing of multiple target sequences could
provide a critical route to signal amplification without the
need for PCR; when each genome provides multiple sequence
targets, the overall sensitivity of detection should be improved
concomitantly. We next demonstrated this concept empirically.
Because the translocation event rate is known to vary with
construct length in our assay,44 the three probes used above for
gel visualization could not be employed effectively here.
Instead, we used two biotinylated synthetic probes of the same
length (60 nt) that recognized different regions of M13mp18
(see the Materials and Methods section). The biotinylated
products of isolation for both probes were first confirmed by
gel. When two probes were included in the anneal step, we
retrieved a single band at the 60 bp position (Figure 4c, inset
lane 1). While the brightness of the observed band suggested
qualitatively that more product was generated, the common
size of both constructs made deconvolution challenging. To
address this, we also performed the same isolation procedure
with one biotinylated probe and one unmodified probe. In this
case, binding to MS shifted only one of the two products
(Figure 4c, inset lane 2), confirming that both target sequences
were isolated independently. For completeness, when both
probes were biotinylated, both were found to shift to a single
position upon MS binding (Figure 4c, inset lane 3), as
expected.
We next analyzed these products both separately and in

tandem by SS-nanopore. Figure 4b shows example current
traces for each isolate independently and in tandem across
multiple concentrations. When either 60 nt probe was used
individually (Figure 4c, blue circles and triangles), we observed
a concentration-dependent event rate that was identical both
to previous measurements (see Figure 3c) and to each other,
exhibiting slopes of 0.018 ± 0.001 and 0.018 ± 0.002,
respectively. However, when both probes were included
concurrently, we recorded a dependence that was approx-
imately double that of the single-probe measurements (Figure
4c, black), yielding a slope of 0.044 ± 0.002. This confirmed
that signal amplification could indeed be achieved through the
use of multiple probes having complementarity to different
regions of a single genome. We note that it could in principle
be possible to assign events to specific sequence motifs in this
approach to achieve multiplexing. However, most routes to
differentiation (e.g., different length probes, different number
of biotin moieties) would also impact translocation dynamics,
precluding the event rate quantification we pursue here.

Detection of RNA Sequence Motifs.We finally extended
our approach toward pathogen detection by examining a viral
genome. Because single-strand RNA viral genomes are
significantly more abundant than single-strand DNA viruses,
we chose to apply our protocols and subsequent nanopore
analysis to an RNA genome. Here, we focused on HIV,45 a
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lentivirus (subcategory of retrovirus) consisting of an
enveloped single-strand RNA. HIV is categorized into two
types: HIV-1 and HIV-2, with the former being a more virulent
and major cause of infections globally.46 For this study, we
specifically use as a model the viral genome of HIV-1B, the
dominant subtype in the Americas, Western Europe, Australia,
and Asia.47 While our DNA model M13mp18 had a stable,
well-documented genome, HIV-1B is known to undergo
mutation, making the identification of a highly conserved
target sequencing more challenging. We therefore first
performed a sequence alignment of ∼4300 known variants.
From this list, we identified a 60 nt motif in HIV-1B that was
more than 90% conserved among all available sequences and
designed a complementary biotinylated 60 nt DNA probe for
use in our isolation protocol.
As an initial check, we performed an independent test of

MBN nuclease on full-length HIV-1B RNA alone because
minimally the MBN digestion step of our procedure must
degrade all of the template genome. Some of the available
literature42,48 has reported that MBN activity is similar for
DNA and RNA substrates, suggesting that our existing

approach for isolation from DNA should hold. In contrast,
Kole et al.49 found that esters of ribonucleotides are cleaved by
the enzyme 100 times faster than deoxyribonucleotides due to
the presence of a 2′-hydroxyl group, suggesting that a
significantly lower MBN exposure would be required for an
RNA genome. To test this directly, we performed a titration
series of HIV-1B RNA against MBN (Figure S8) and found a
sufficient level of degradation for the same incubation time as
M13mp18 DNA but with a 400-fold lower concentration.
Taking this difference into account, we performed the full

isolation protocol after annealing full-length HIV-1B RNA with
the biotinylated 60 nt probe and observed an efficient recovery
of the heteroduplex (RNA−DNA hybrid) product (Figure 5a,
lane 1). As above, binding of the product with MS yielded an
electromobility shift in gel analysis (Figure 5a, lane 2) that
matched the behavior of a synthetic biotinylated DNA duplex,
as shown in Figure S9 and confirming the presence of the
biotin in the final constructs. We also observed an additional
band below the 60 bp product. In contrast with the low-
molecular weight smear observed in Figure 2b (lanes 3−4),
this band shifted with MS incubation, identifying it as an

Figure 5. (a) Gel analysis of sequence isolation from full-length HIV-1B RNA. Lane 1, biotinylated 60 bp RNA/DNA heteroduplex isolated
from full-length HIV-1B RNA; lane 2, biotinylated 60 bp RNA/DNA heteroduplex isolated from full-length HIV-1B RNA bound to MS. Full
gel is shown in Figure S9. (b) Example current traces for RNA/DNA heteroduplex bound to MS measured at three different concentrations.
The black dashed lines represent threshold amplitude, and each black arrow indicates an identified event. Scale bars represent 250 ms
(horizontal) and 500 pA (vertical). Additional analyses are shown in Figure S10. (c) Concentration-dependent event rate for
monobiotinylated 60 bp RNA/DNA heteroduplex isolated from full-length HIV-1B RNA bound to MS. The solid line is a linear fit to the
data. Inset: event rates for column 1, HIV-1B isolate alone (100 nM); column 2, MS alone (4 μM); column 3, 60 nt DNA probe bound to MS
(100 nM); and column 4, HIV-1B isolate bound MS (100 nM). All measurements were performed at 300 mV applied voltage.
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unconjugated biotinylated DNA probe. This is not unexpected;
because of the strong reduction in MBN concentration used
here, single-strand probes that were digested by the nuclease
under DNA conditions were left largely intact. However,
because single-strand nucleic acids do not contribute to the SS-
nanopore signal even when bound to MS,43 their presence was
not consequential to subsequent analyses.
To demonstrate the viability of our overall approach for

RNA analysis, we finally conducted our SS-nanopore assay
with the HIV-1B isolate. Figure 5c shows the result of
concentration-dependent event rate measurements using the
biotinylated heteroduplex product. We again found a linear
relationship exhibiting a slope of 0.018 ± 0.001. This result
demonstrated excellent consistency with our measurements on
M13mp18 above (c.f., Figure 3c), indicating that the sensitivity
for RNA genomes should be identical to that of DNA
genomes. As an additional control, we also measured the
biotinylated 60 nt single-strand DNA probe bound to MS at a
a very high concentration (100 nM) and found that even that
extreme amount yielded an event rate about an order of
magnitude less than that of the duplex construct (Figure 5c,
inset). This confirmed that the undigested probe remaining
after isolation from HIV-1B did not impact the measurement
significantly. Example current traces corresponding to control
measurements (HIV-1B isolate, MS, and 60 nt probe bound to
MS) are shown in Figure S11.

CONCLUSION
In this study, we have reported an approach for the isolation of
sequence motifs from single-strand genomes and their
subsequent detection using a selective SS-nanopore assay.
For isolation, a synthetic, biotinylated DNA oligonucleotide
probe was designed with complementarity to a known
sequence in the target genome. After annealing, the unpaired
portions of the genomic template were digested using a single-
strand specific endonuclease, resulting in duplex constructs
matched in length to the probe. Because of the incorporated
biotin moiety, these duplexes were amenable to analysis with a
SS-nanopore assay in which the presence of a bound MS
protein enables selective detection. We first demonstrated the
approach using as a model the single-strand bacteriophage
DNA M13mp18, showing quantitative assessment of a single
motif and extending to multiple independent sequence motifs
in a common genome. We then applied the same concept to
human pathogen detection by probing the HIV-1B genome.
After adapting our protocols to work with RNA, we isolated a
highly conserved sequence from the genome and observed
similar results as with the DNA target, showing an ability to
sense as little as 10 femtomoles of motif (and thus HIV-1B
genomes) using only a single probe sequence.
Our method offers potential advantages over standard

methods like PCR; while both are quantitative, SS-nanopore
analysis is all-electronic (i.e., more cost-effective than optical
readouts) and could offer faster time-to-answer as it explicitly
does not require enzymatic amplification and the thermal
cycling it entails. In addition, because we are able to probe
RNA directly, our process does not require reverse tran-
scription into cDNA prior to analysis. Ultimately, our results
expand the capabilities of the approach and its associated
protocols beyond the detection and quantification of short,
size-matched targets like microRNA41 to include any single-
strand targets. This will enable numerous additional
applications including the pathogen screening of viral genomes,

phylogeny and taxonomy assessments using rRNA, and
transcriptional analysis of mRNA.

MATERIALS AND METHODS
Biomolecules. All synthetic oligonucleotides, including all

synthetic probes and complementary sequences used to form control
constructs, were obtained commercially (Integrated DNA Technol-
ogies, Coralville, IA). The sequences of all probes are listed in Table
S1. All the oligonucleotides were resuspended in deionized water free
of DNase and RNase (Invitrogen, Grand Island, NY) to a stock
concentration of 200 μM and stored at −20 °C before use. Single-
strand M13mp18 DNA was obtained commercially (New England
Biolabs, Ipswich, MA). Synthetic duplex constructs were formed by
annealing complementary oligonucleotides at a molar ratio of 1:1,
heating to 95 °C for 10 min, and slowly cooling to room temperature.
For all MS binding reactions, constructs were reacted with MS at a
concentration equal to the biotinylated probe concentration in 1X
PBS for 10 min at room temperature.

HIV-1 BH10 noninfectious molecular clone (pBH10)50 was
obtained from the NIH AIDS Reagent program (catalog #90) and
subcloned into the SstI site of SP64 vector (Promega, Madison, WI)
as a competent bacterial culture that was stored in glycerol stock at
−80 °C prior to use. Fifty microliters of bacterial stock was plated on
an LB agar plate with a 50 μg/mL concentration of ampicillin and
grown overnight in a bacterial incubator at 37 °C. Formed colonies
were isolated, transferred to 5 mL of LB with 5 μL of 10 mg/mL
ampicillin, and then put in a shaker (135 rpm) at 37 °C for 12−16 h
until reaching an optical density (A600) between 2 and 4. The bacterial
culture was spun down at 5000g at 4 °C for 20 min to form a bacterial
pellet that was isolated and used as a source for plasmid DNA using a
Wizard SV Mini Prep plasmid DNA purification kit (Promega). One
microgram of the purified pBH10 plasmid was mixed with 1 U of
NheI (New England Biolabs) and 3 μL of 10X NEBuffer 3.1 (New
England Biolabs) in a 30 μL aliquot and incubated at 37 °C for 1 h to
cut the DNA downstream of the SP6 promoter and BH10 insert. After
heat inactivating the NheI at 70 °C, a small aliquot of the product was
analyzed on a 1% agarose gel to ensure successful linearization. The
linearized DNA was then processed with a HiScribe SP6 RNA
synthesis kit (New England Biolabs) to synthesize full-length viral
RNA product following the manufacturer’s suggested protocol. One
microliter of SUPERase•In RNase inhibitor (Invitrogen) was added
prior to sample storage at −20 °C for stability. For all RNA processing
steps, nuclease-free reagents were employed and work was carried out
in an Airclean PCR workstation (AirClean Systems, Creedmore, NC)
to reduce contamination.

DNA Sequence Isolation Protocol. Annealing was carried out
by mixing synthetic probes and M13mp18 DNA at a molar ratio of
13:1 in water, heating to 95 °C for 10 min, and then slowly cooling to
room temperature. The digestion of unconjugated regions of
M13mp18 and the excess probes was performed by adding 20 U
MBN (New England Biolabs) for every 2.5 μg of M13mp18, adding
10X MBN reaction buffer (New England Biolabs) to reach a final
concentration of 1X, and incubating the mixture at 30 °C for 15 min.
Endonuclease activity was quenched by adding an equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1) (Acros Organics,
Morris, NJ) followed by centrifugation at 17 000g in phase lock gel
tubes (Quantabio, Beverly, MA). The process was repeated once
using pure chloroform to remove any residual phenol. The aqueous
component containing DNA isolate was retrieved and further purified
using a nucleotide purification kit (Qiagen, Germantown, MD).
Obtained DNA constructs were redispersed in DNase-/RNase-free
water at a final concentration of 320 nM and diluted as needed for
concentration-dependent studies. The samples were loaded on 3%
agarose gel in 1X TBE buffer with Gel Red nucleic acid dye (Phenix
Research Products, Candler, NC) and imaged by E-Gel Imager
system (Invitrogen, Carlsbad, CA) to confirm products.

RNA Sequence Isolation Protocol. The multiple sequence
alignment program Kalign51 (European Informatics Center) was
used to align sequences of HIV-1B for identifying a candidate probe.
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Full genome sequences (4300) of HIV-1B retrieved from Los Alamos
National Laboratory (LANL) database52 were considered ranging in
collection year and geographical area to maximize the precision of the
conserved sequence. The target conserved motif was selected from
candidate sequences with more than 90% alignment among all
considered genomes. Annealing was performed using the same
conditions as employed for M13mp18 but with a molar ratio of probe
to RNA of 40:1. The necessity of this higher ratio as compared to the
DNA target was determined empirically as shown in Figure S12.
Magnesium chloride was added to the annealing mixture at a final
concentration of 200 μM to enhance the stability of the duplex by
screening the negatively charged phosphate backbones of the nucleic
acids. After annealing, 0.2 U of MBN was added for every 10 μg of
RNA, 10X MBN reaction buffer was added to reach a final
concentration of 1X, and the mixture was incubated for 15 min at
30 °C. All other steps were followed as for M13mp18 above except
that the use of the nucleotide removal kit for purification was replaced
with an ethanol precipitation step to reduce contamination from spin
columns and buffers. The obtained heteroduplex products were
redispersed in DNase-/RNase-free water at a final concentration of
320 nM and diluted as needed for concentration-dependent
measurements. Products were analyzed by gel electrophoresis as
with M13mp18 as above but with the electrophoretic cells cleaned
using a 0.1% SDS solution in 70% ethanol before gel casting.
Solid-State Nanopores. Silicon chips with a 4 × 4 mm2 frame size

and supporting a 20 μm silicon nitride window were obtained
commercially (Norcada, Alberta, Canada). RNA measurements (see
Figure 5b,c) were performed on devices with 30 nm thick membranes,
while all other measurements shown used 20 nm thick membranes. In
each membrane chip, a single nanopore 7.5−11 nm in diameter was
fabricated using a scanning helium ion microscope (Orion PLUS, Carl
Zeiss, Peabody, MA) technique described elsewhere53 and stored in
50% ethanol prior to use. Directly before a measurement, chips were
rinsed with ethanol and HPLC grade water, dried under filtered air
flow, and cleaned with air plasma (30W) for 2 min on each side to
promote hydrophilicity. The silicon chip was then placed into a
custom 3D printed flow cell, and measurement buffer (900 mM NaCl,
0.5X PBS) was introduced immediately on both sides. For the
application of voltage and the measurement of current, Ag/AgCl
electrodes were immersed into the solution on each side and
connected to a patch-clamp amplifier (Axopatch 200B, Molecular
Devices, San Jose, CA). Pore diameters were verified through the
analysis of a linear current−voltage curve and a comparison to a
standard model.54 Translocation measurements were carried out by
replacing the measurement buffer in the cis chamber with analyte in
measurement buffer. All current traces were collected at a bandwidth
of 200 kHz with a 100 kHz four-pole Bessel filter and analyzed using
custom software through which an additional 30 kHz low-pass filter
was applied. Event rates were determined by analyzing discrete 3.2 s
blocks of data to identify events as defined by signals exceeding a
threshold amplitude of 4.5σ and having a duration between 12.5 μs
and 2 ms.
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