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ABSTRACT: Solid-state (SS-) nanopore sensing has gained tremendous
attention in recent years, but it has been constrained by its intrinsic lack
of selectivity. To address this, we previously established a novel SS-
nanopore assay that produces translocation signals only when a target
biotinylated nucleic acid fragment binds to monovalent streptavidin
(MS), a protein variant with a single high-affinity biotin-binding domain.
While this approach has enabled selective quantification of diverse
nucleic acid biomarkers, sensitivity enhancements are needed to improve
the detection of low-abundance translational targets. Because the
translocation dynamics that determine assay efficacy are largely governed
by constituent charge characteristics, we here incorporate a polyhistidine-
tagged MS (hMS) to alter the component detectability. We investigate
the effects of buffer pH, salt concentration, and SS-nanopore diameter on
the performance with the alternate reagent, achieve significant improvements in measurement sensitivity and selectivity, and expand
the range of device dimensions viable for the assay. We used this improvement to detect as little as 1 nM miRNA spiked into human
plasma. Overall, our findings improve the potential for broader applications of SS-nanopores in the quantitative analyses of molecular
biomarkers.
KEYWORDS: solid-state nanopores, nucleic acids, monovalent streptavidin, amplification-free detection, selective detection, biomarkers

Solid-state (SS-) nanopores are an emerging technology for
biological sensing at the single-molecule level that has garnered
interest due to remarkable sensitivity, versatility, robustness,
and cost-effectiveness.1,2 The device consists of a nanometer-
scale aperture in a thin membrane that is positioned such that
the pore is the only connection between two chambers of the
ionic solution. When a voltage is applied across the membrane,
a strong electric field is produced in the pore and an ionic
current can be detected and monitored. Charged molecules
introduced to one side of the membrane are subjected to
electrical forces that translocate them through the pore and
into the opposite chamber. During this translocation process,
passing molecules produce transient blockades (i.e., events) in
the ionic current that are typically used to report on aspects of
the molecules themselves through event properties such as
amplitude, duration, and rate. Over the past decade, the
platform has been employed in the analysis of diverse
(bio)molecules including DNA,3−6 RNA,7−9 proteins,10−12

biomolecular complexes,13−16 and small molecules.17−19

Despite the utility of SS-nanopore detection, a major
limitation has been its lack of intrinsic selectivity; all
translocating molecules produce signals and thus must be
discriminated based on often subtle differences in event
characteristics. This has been especially challenging for

molecular disease biomarkers that are typically found in
heterogeneous biological fluids, where molecules of similar
sizes and physical properties may be present. To address this,
multiple strategies have been implemented to improve event
differentiation3,20−25 and to preselect for target analytes.10,26,27

Alternatively, we have developed an approach that achieves
selectivity through molecular conjugation and steric inter-
actions with the pore.7,28−30 Our assay (Figure 1a) is
composed of two elements: a short, biotin-labeled nucleic
acid and a monovalent variant of the protein streptavidin
(monovalent streptavidin, MS) that possesses only one active
biotin-binding subunit.31,32 When passing through a pore of an
appropriate diameter individually, neither the nucleic acid nor
the protein produces significant events due to their rapid
threading, which cannot be detected easily by conventional
electronics. However, when the two bind to form a
nucleoprotein complex, its larger size interacts with the walls
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of the pore during translocation, slowing it to a resolvable
speed.
The sensitivity and selectivity of our assay depend critically

on many experimental parameters that have been explored
systematically in prior studies to identify optimal conditions for
assay performance.28,33,34 One critical factor determining the
dynamics of translocation is the charge associated with both
the molecular components and the SS-nanopore itself. We
recently investigated30 the impact of modified salt conditions
on our assay, thereby varying charge screening and influencing
electrokinetics. While strong effects were observed, the
systemic nature of buffer ionic concentration alone as an
experimental variable limited our ability to modify charges
independently; because all assay components are in contact
with the buffer, it was not possible to vary the charge of any
one component without affecting the others. Therefore, we
reasoned that employing MS specifically with a less negative
charge profile would alter the translocation dynamics of the
nucleoprotein complex, potentially making it more detectable
by reducing electrokinetic transport through the pore while
maintaining stericity.
Here, we investigate this by utilizing an MS on which the

conventional glutamate tag32 has been replaced with a
polyhistidine peptide tag (Figure 1b). Polyhistidine comprises
a bulky ionizable side chain moiety in the form of an imidazole
ring that is partially protonated at neutral pH, decreasing its
net charge by about 6.5 e− per protein relative to glutamic
acid. Using this new reagent, we explore key experimental
conditions, including buffer pH, buffer salt concentration, and
SS-nanopore diameter, to determine their impacts on assay
performance, ultimately demonstrating a significant improve-
ment in both sensitivity and selectivity. Finally, we used these
improvements to demonstrate enhanced translational biosens-
ing with the assay by detecting a synthetic miRNA spiked into
human plasma.

■ MATERIALS AND METHODS
Biomolecules. All synthetic DNAs and RNAs were purchased

from Integrated DNA Technologies (Coralville, Iowa, USA). For
assay optimization, monobiotinylated DNA oligo (60 nucleotides)
with the sequence ATC AAC TGT TTC AGC CAC TGC TTC GCA
GGC TGA CGT ATC TGA CGT GGT GCC AGC GAC GGA

(where T indicates biotinylated thymine) was used to form double-
stranded constructs via annealing with an unmodified complementary
oligo. For human plasma measurements, a synthetic RNA oligo with
the sequence UAC CCG UAA UCU UCA UAA UCC GAG was used,
matching cel-miR-54, a 24 nt miRNA associated with Caenorhabditis
elegans and not found in human specimens. A complement
monobiotinylated DNA oligo probe (CTC GGA TTA TGA AGA
TTA CGG GTA) was utilized as a probe to form RNA/DNA
heteroduplex constructs.
Recombinant polyhistidine-tagged monovalent streptavidin (hMS)

was produced in-house as a heterogeneous tetrameric variant of
streptavidin containing one wild-type (WT) monomer with high-
affinity biotin-binding capacity and three mutant (inactive)
monomers.31,32 The genes encoding the streptavidinWT and
streptavidinN12A/S16D/S34A proteins were each expressed as a fusion
with maltose-binding protein (MBP) in a pET28 vector. The
sequences included the rhinovirus 3C protease recognition site
between the MBP and streptavidin to allow for cleavage and removal
of the MBP. The streptavidinWT sequence included a C-terminal
polyhistidine sequence. WT and mutant fusion monomers were
expressed independently in BL21* Escherichia coli. Each resulting
fusion protein was then captured separately on an amylose resin
column (New England Biolabs, Ipswich, Massachusetts, USA),
washed, and eluted. The fusion proteins were then cleaved by
glutathione-S-transferase-tagged (GST) PreScission Protease (Gen-
Script, Piscataway, New Jersey, USA), separating the streptavidin from
MBP. Following cleavage of the fusion protein, GST-PreScission
Protease was removed by a glutathione resin column (New England
Biolabs, Ipswich, Massachusetts, USA) to produce stocks of mutant
and WT proteins. The WT and mutant streptavidin proteins were
then mixed at a molar ratio of 1:4 and denatured in 8 M guanidinium
hydrochloride (pH 1.5) (Sigma-Aldrich, Saint Louis, Missouri, USA)
at 50 °C for 1 h. The denatured protein mixture was added dropwise
into cold 1× PBS under constant stirring and then left stirring
overnight to induce protein refolding. The MBP was then removed by
passing the protein mixture over an amylose resin column a second
time, after which MS tetramer was isolated and purified using a
HisTrap HP nickel column (Cytiva, Marlborough, Massachusetts,
USA). Finally, hMS was concentrated by a spin column (Sartorius,
Göttingen, Germany). hMS protein purity was confirmed by SDS-
PAGE, and its activity was verified by electromobility shift assay
(Supplementary Figure S1).
SS-Nanopore Measurements. SS-nanopores were fabricated

with a helium-ion milling (HIM) technique described elsewhere35 in
20 nm silicon nitride (SiNx) membranes supported by a silicon chip
(4.4 × 4.4 mm). Prior to measurements, each device was first exposed
to 10 W air plasma (Harrick Plasma, Ithaca, New York, USA) for 2

Figure 1. (a) Schematic (top) and example conductance traces (bottom) demonstrating the selective SS-nanopore assay. When translocated
individually through an SS-nanopore, neither DNA (left) nor MS (center) yields significant events in the conductance trace (blue and red,
respectively). When in complex (right), events are readily observed (black trace). (b) Structural representation of the polyhistidine-tagged MS. The
streptavidin tetramer contains three inactive protomers (gray) and one active protomer (red) capable of binding biotin (green). The C-terminal
polyhistidine tag on the active monomer is shown as a stick representation.
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min on each side and then mounted in a custom flow cell fabricated
with a commercial 3D printer (Carbon, Redwood City, California,
USA). Both sides of the chip were then contacted with measurement
buffer consisting of 10 mM Tris-base, 1 mM EDTA, and NaCl
concentration and pH as described in the text. Ag/AgCl electrodes
introduced to each reservoir were used to apply voltage and measure
ionic current by using a commercial patch-clamp amplifier (Axopatch
200B, Axon Instruments, San Jose, California, USA). The diameter
dpore of a SS-nanopore device was determined from its open-pore
current−voltage (I−V) response using the expression.26
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where I is the current, V is the applied voltage, σ is the bulk
conductivity of the solution, and L is the effective length of the pore
(considered to be 1/3 total membrane thickness following previous
reports26).
All of the presented measurements were performed under a 300

mV applied bias. Translocation data were collected at 200 kHz with a
100 kHz Bessel filter and recorded using in-house data acquisition
software (LabVIEW National Instruments, Austin, Texas, USA). An
additional 10 kHz low-pass filter was applied digitally during the
analysis. Transient reductions in measured SS-nanopore conductance
were considered only if their durations were between 25 and 2500 μs,
and their amplitudes were at least 4.5 standard deviations from
baseline noise. Data were recorded in discrete 3.2 s segments, from
which the average rate was calculated. All measurements were
performed on 100 nM DNA, 500 nM hMS, or a mixture of the two
incubated for 30 min at room temperature to produce the DNA−hMS
complex.

For pH optimization, measurements were performed on SS-
nanopores with diameters between 7.3 and 10.1 nm. At least four
separate nanopores were utilized for each condition. For salt
concentration optimization, measurements were performed on SS-
nanopores with diameters between 7.7 and 10.6 nm. Analysis under
each condition was repeated using three different SS-nanopores
except for 1.0 M (n = 4) and 1.25 M (n = 5) NaCl. For diameter
dependence measurements, 14 independent SS-nanopores were
employed with diameters from 7.3 to 23.1 nm. All measurements
were performed for at least 5 min except for pH 7.0 due to instability
and clogging.
miRNA Quantification. Whole blood acquired from a healthy

human subject (Atrium Wake Forest Baptist protocol number
IRB00039804) was immediately processed by centrifugation at
1500 × g at 4 °C for 15 min. Separated plasma was stored at −80
°C prior to use. An miRNeasy Serum/Plasma Advanced Kit (Qiagen,
Germantown, Maryland, USA) was used to isolate small RNA
(including miRNA) from 200 μL of plasma. Synthetic cel-miR-54
miRNA (described above) was spiked into the plasma at
concentrations of 1, 10, or 100 nM after the addition of the protein
precipitate buffer (kit buffer “RPP”) to ensure the stability of the bare
synthetic RNA. Purification was performed according to the
manufacturer’s instructions but with the final elution step conducted
twice to maximize recovery.36 RNA isolate from an unspiked plasma
aliquot was also acquired using the same procedure and used as a
negative control. After isolation, a biotinylated DNA complement
probe (100 nM) was added to all isolates and heated to 95 °C for 10
min and then cooled to 39 °C over 2 h to promote annealing to
miRNA oligos. hMS was then added (500 nM) to bind to the
biotinylated DNA and form the RNA/DNA heteroduplex−hMS
complex, where spike-in was present. Finally, the samples were
measured with a single SS-nanopore for consistency (beginning

Figure 2. (a) Representative conductance traces for DNA only (blue), hMS only (red), and the DNA−hMS complex (black) at (l−r) pH 7.0, 7.6,
and 8.0. (b) Translocation event rates (n ≥ 3) measured for DNA only (blue), hMS only (red), and the DNA−hMS complex (black) for all
examined pH conditions. (c) Measured selectivity (n ≥ 3) for all examined pH conditions. Error bars represent the standard deviation of the
measurements.
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diameter 9.4 nm and final diameter 10.5 nm), utilizing the
experimental conditions optimized in this study.

■ RESULTS AND DISCUSSION
Buffer pH can influence the translocation dynamics of
biomolecules through SS-nanopores37 by modifying the
surface charges of all components in contact with the buffer
or in extreme conditions by altering the molecular structure.38

These changes can impact the speed and direction of
translocation,39 the molecular capture rate, and the level of
interaction between the pore surface and target molecules.
Consequently, we initially sought to probe the effect of buffer
pH on the performance of the assay incorporating hMS. For
this purpose, we performed a series of SS-nanopore measure-
ments across a pH range of 7.0 to 8.0, chosen to be above the
isoelectric points (pI) of all assay components to ensure their
net negative charge: the pI for both the SS-nanopore surface39

and the double-stranded DNA (dsDNA)40 was taken to be
∼5.0 from prior literature while the pI of the hMS was 6.0 as
calculated41 using the pK values42 of all amino acids in its
sequence, including the polyhistidine tag itself.
For each pH condition, analyses were conducted on at least

four independent SS-nanopore devices and in standard 1 M
NaCl. Measurements included DNA only (using 60 bp dsDNA
with a single biotin as a standard; 100 nM), hMS only (500
nM), and finally an incubated mixture of the two constituents
to form a DNA−hMS complex. Considering representative
conductance traces for all investigated conditions (Figure 2a),
more translocation signals per unit time were observed at low
pH. Quantitative analyses confirmed this, showing that the
measured event rates for all three groups reduced as pH
increased (Figure 2b). There are several possible explanations
for this observation. First, the progressively more negative net
charge of the molecular constituents as pH is increased above
the pI could have had the effect of reducing event durations
due to a higher electrophoretic driving force, making
translocations more difficult to resolve and thereby reducing
the apparent event rate. Indeed, like other proteins, the charge
of streptavidin is known to change significantly with pH39,43;
even a simple summation of all amino acid pKa values in hMS
suggests that a twofold increase in net negative charge could be
expected between pH 7.0 and 8.0. However, the charge of
DNA has been shown to be nearly invariant across the same
range44,45 and the observed rate for DNA alone in our
measurements (Figure 2b) decreased by almost the same
amount as hMS (Figure 2b) across the pH window. In

addition, the charge of the nanopore surface itself has been
shown experimentally to become more negative across this pH
range as well.39,46 The resulting electroosmotic flow would
slow translocation speeds, which could be expected to make
them more detectable and increase the measured event rate,
counter to our observation. Consequently, we consider these
electrodynamic effects to be unlikely explanations for the data.
As a second possibility, the baseline noise of the

conductance could have increased with pH and made events
harder to discern from the noise floor, resulting in a decrease in
measured rate. However, we found that the baseline noise
(standard deviation) of the baseline actually decreased with pH
(Supplementary Figure S2), in agreement with a recent work47

that showed that the electrical noise in SS-nanopores is
greatest at the pI. Therefore, this is not considered an adequate
rationalization for the observed results.
Instead, we suggest that the additional events recorded at

low pH were caused by more frequent and longer-lasting
stochastic collisions between the biomolecules and the silicon
nitride surface, driven by weaker charge differentials under
those conditions. We have shown previously48 that apparent
events can manifest from transient interactions with the
sensing region near the SS-nanopore. These events tend to be
low-amplitude due to their partial blockage of the pore and can
occur even without molecular translocation. Examining the
measured conductance traces and event properties (Supple-
mentary Figure S3) closely, we observed that the low-
amplitude events with a broad range of durations found at
pH 7.0 were less abundant as the pH was increased. We also
noted a difference in stability across conditions, with a low-
frequency variation in the baseline conductance at pH 7.0 that
made measurements more difficult to perform, suggesting
strong and unpredictable interactions. At higher pH where
these interactions were less significant and nontranslocative
events were reduced, very few signals for either the DNA or
the hMS alone were observed even while the nucleoprotein
complex was still detected readily. This effect could be
quantified through assay selectivity, defined as the ratio of the
nucleoprotein complex event rate to the combined rates of the
independent DNA and hMS constituents.30 We found that
selectivity increased significantly with pH (Figure 2c), reaching
>100 at pH 8.0�more than twice the value that had been
achieved with prior MS under similar conditions.30 Con-
sequently, pH 8.0 was identified as being optimal for
subsequent measurements.

Figure 3. (a) Translocation event rate (n ≥ 3) for DNA only (blue), hMS only (red), and the DNA−hMS complex (black) as a function of buffer
NaCl concentration. The shaded region indicates a transitionary region, where measured rates were highly variable. Error bars represent the
standard deviation of measurements taken on at least three independent SS-nanopore devices. (b) Conductance change (ΔG, top) and event
duration (bottom) histograms for measured DNA-hMS events across all NaCl (l−r: n = 711, 313, 8724, 15391, 17383, 7344, and 7332).
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Having established a buffer pH condition to achieve
enhanced assay selectivity, we next sought to optimize the
measurement sensitivity by varying salt concentration. Ionic
strength is known to influence both event properties and
analyte translocation dynamics in SS-nanopore measure-
ments.23,49,50 Because the source of selectivity for our approach
in particular is the relative detectability of the different
molecular components, salt conditions have also been shown30

to impact its efficacy. High ionic strength has competing effects
in the assay, making events easier to resolve by increasing event
amplitude and duration49 and decreasing baseline noise51,52

but also decreasing their frequency by a reducing electro-
phoretic driving force via efficient charge screening. Because
these effects are influenced by molecular charge, we expected
that our incorporation of hMS could impact the assay
performance. To investigate this, we conducted another series
of measurements on DNA alone, hMS alone, and DNA−hMS
complexes at the same molecular concentrations as above and
at a pH of 8.0 but across a broad range of NaCl from 0.4 to
1.25 M.
We first observed that both DNA and hMS alone

maintained a low event rate at or near zero, with no significant
variation across the entire NaCl range (Figure 3a). Especially
for the lower concentrations, this matched expectations; since
events for both constituents were essentially undetectable at 1
M NaCl (c.f., Figure 3a), reducing the salt concentration
further would only make their detection more challenging due
to a reduced signal-to-noise ratio (SNR) even if the total
number of translocating molecules increased. However, the
rate measured for the DNA−hMS complex varied considerably
across the same span (Figure 3a). The highest concentration
investigated (1.25 M NaCl) yielded a relatively low event rate.
Here, most or all translocating nucleoprotein complexes were
detectable but relatively few translocations occurred due to
efficient counterion screening. As the salt concentration was
reduced, we observed a concomitant increase in the measured
rate. We interpreted this behavior to result from an increasing
capture rate induced by weakened charge screening of the
nucleoprotein complex due to reduced counterion availability.
This appeared to be the dominant effect, even though SNR
and event duration were both expected to decline over the
same range, thus making low-amplitude and fast events harder
to resolve. For example, event amplitudes were found to
decrease progressively with decreasing salt concentration
(Figure 3b, top; Supplementary Figure S4), confirming the
SNR reduction. For event duration, while similar analyses
initially seemed to show an unexpected increase in dwell time
at low salt conditions where the DNA−hMS complex was
efficiently detected (Figure 3b, bottom), the observed shifts
actually resulted from fast events that became increasingly
indistinguishable from the noise under low SNR conditions.
We postulated that salt-dependent differences in DNA−hMS
complex orientation may have been a main factor in
translocation event temporal detectability.
Upon reducing the NaCl concentration to 0.65 and then 0.6

M, we found a transitional state (Figure 3a, shaded region) in
which measured event rates were found to be highly variable
between replicates. This behavior was attributed to a
significant portion of events being barely detectable above
the noise and consequently yielding rates that depended on
small differences between independent SS-nanopores. Addi-
tionally, conductance traces measured at these conditions were
unstable (Supplementary Figure S5), possibly suggesting

increased interactions between the DNA−hMS complex and
the pore walls due to weak counterion screening. These
interactions may have impacted event detection randomly,
contributing to the rate variability. At low salt concentrations
of 0.5 and 0.4 M, DNA-hMS event rates were very low and
were not distinguishable from those of the DNA or hMS alone
due to the low SNR that prevented any events from being
resolved.
We note that our results with hMS had several key

similarities with past measurements using an MS with higher
net charge.30 For example, prior data also indicated the
emergence of detectable nucleoprotein events at approximately
0.6 M NaCl because this detection threshold is driven by the
noise of the measurement apparatus rather than molecular
properties like charge. Additionally, the event rate at the high
salt limit measured here (4.0 ± 2.5 s−1) is close to the prior
study (4.6 ± 0.6 s−1), demonstrating that the net charges of the
constructs at counterion saturation are comparable. However,
the rate maximization observed here at intermediate salt
concentrations was unique to the DNA−hMS complex.
Whereas the prior construct was saturated with counterions
at all NaCl concentrations above approximately 0.6 M, the
reduced negative charge associated with the polyhistidine tag
here afforded our present measurements a greater window of
detectability where partial screening enabled the capture rate
enhancement to be resolved. As a result, 0.75 M NaCl yielded
an approximately threefold higher sensitivity than reported
previously30 and considerably higher selectivity than past
results at the same salt concentration using glutamate-tagged
MS.30 We note that while the selectivity observed here (∼55)
is somewhat less than that reported above for 1 M NaCl
(∼100, see Figure 2c), this is a consequence of a very slight
increase in constituent rate and is still robust.
Because steric interactions drive the discriminatory detection

in our assay, SS-nanopore diameter is another critical factor
affecting selectivity.34 Pore diameters that closely match the
size of the nucleoprotein complex generally increase the
probability of interactions, thereby yielding the highest
possible event rates, in contrast to larger-diameter pores that
permit more rapid translocations to go undetected. Indeed,
small differences in diameter can partially account for the
variability that has been observed between measurements and
can, in principle, be corrected for through a quantitative
understanding of its dependence. While pore diameter
dependence has been measured for our assay previously,34 its
impact on the improved performance realized with hMS must
be determined explicitly. To achieve this, we finally probed
DNA, hMS, and DNA−hMS complex using a series of 14
independent SS-nanopores across the diameter range of 7.3 to
23.1 nm. Molecular concentrations were identical to those
above, and optimized buffer conditions of pH 8.0 and 0.75 M
NaCl were used for all measurements.
Considering DNA−hMS complex event rates and summed

hMS and DNA event rates separately (Figure 4b), we
confirmed both that events associated with the constituents
remained consistently low and that nucleoprotein events
decreased drastically with an increasing pore diameter (Figure
4a,b). The reduction was well-described by a semilog fit (linear
on a semilog scale, Figure 4b, black line), similar to past
results.34 For the smallest SS-nanopore studied here (7.3 nm),
we observed significant transient clogging of the device
compared to larger-diameter pores (Supplementary Figure
S6), demonstrating that steric hindrance was too strong under
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that condition to enable smooth translocations. From this, we
concluded that 7.5 nm was the minimum diameter possible for
assay implementation, correlating with the dimensions of the
nucleoprotein complex and with our prior findings.7 As in prior
studies, fewer resolvable translocations were observed for large-
diameter SS-nanopores because of limited interaction with the
pore walls. However, the enhanced sensitivity achieved here
with optimized conditions still afforded a wide dynamic range
for the assay; the DNA−hMS complex yielded an event rate
that was more than one order of magnitude higher than the
mean rate of the summed constituents up to approximately 16
nm, relieving prior constraints34 that limited the assay to pores
below 10 nm. This ultimately reduces the variability of results
obtained with SS-nanopores of similar dimensions and
facilitates the easier fabrication of devices viable for the
application.
Having optimized measurement conditions for improved

sensitivity and selectivity with the hMS reagent, we finally
sought to leverage these improvements to enhance biosensing
with the SS-nanopore assay. To do this, we investigated the
quantitative measurement of miRNA, an analysis that typically
requires specialized methods of reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR)53−55 to perform
due to the small size (20−25 nt) of the target. We have
previously7 demonstrated that specific miRNA sequences can
be detected using an adaptation of our selective assay in which
a biotinylated single-strand (ss) DNA probe and MS are
introduced to solution and translocation events are resolved
only if the probe hybridizes with its complementary target;
discrimination arises from the observation that ssDNA-MS
does not produce events in contrast to duplex nucleoprotein
complexes, as described above. In our past work, we
established this approach with miRNA in a clean buffer with
no interfering molecules. Here, we challenge our assay by
discriminating an miRNA spiked into human plasma
containing a mixture of native, off-target nucleic acids.

For our measurements, four aliquots of human plasma were
prepared (Figure 5a): one kept native and three spiked with a

synthetic 24 nt miRNA (see Materials and Methods) at
concentrations of 1, 10, and 100 nM. Small RNAs (including
miRNAs) were then isolated from the samples independently,
and a biotinylated ssDNA probe with a sequence comple-
mentary to the miRNA spike-in was added to each at 100 nM
concentrations to enable the formation of RNA/DNA
heteroduplexes. Finally, hMS was added to the aliquots as
above (500 nM) to form complexes with all biotinylated
constructs and the samples were analyzed by SS-nanopore
using optimal conditions (0.75 M NaCl, pH 8.0, 9.4 nm
beginning pore diameter). The event rate for the native,
unspiked sample (Figure 5b, gray) was low but significant at
1.2 ± 0.3 s−1. This reflected the contribution of unhybridized
probe−hMS complexes, as well as translocations of off-target
miRNAs and other larger RNAs from the plasma. Because all
of these components were present under all conditions and
defined a consistent background signal, the event rate from
plasma alone (no probe or hMS) had no direct impact on
discriminatory power and was not measured here. Subsequent
identical measurements of the spiked samples produced
changes in event rate (Figure 5b, green; Supplementary Figure
S7), yielding values of 5.5 ± 0.7 s−1 (100 nM), 2.3 ± 0.4 s−1
(10 nM), and 1.6 ± 0.4 s−1 (1 nM). The observed
concentration dependence not only demonstrated the capacity
of the hMS-optimized assay to detect a sequence-specific
miRNA biomarker in complex biofluid but also suggested its
ability to quantify it across a broad range of concentrations. In
prior in vitro measurements7 using an identical measurement
procedure but with a conventional glutamate-tagged MS, we
resolved only down to 10 nM miRNA even with no

Figure 4. (a) Example conductance traces for DNA−hMS measured
with SS-nanopores of diameters 8.5 (left), 10.3 (center), and 19.1 nm
(right). (b) Event rate as a function of SS-nanopore diameter for the
DNA−hMS complex (black) and the summation of the DNA and
hMS independently (green). Error bars represent the standard
deviation of the measurements. The black line is a semilog fit to
the DNA−hMS data. The dashed green line is the mean value of the
summed constituent event rates.

Figure 5. (a) Schematic of workflow for miRNA spike-in and analysis,
showing (i) spike-in of miRNA (blue) in human plasma, (ii) isolation
of small RNAs (including miRNA), (iii) addition of a biotinylated
ssDNA complementary probe (red) for heteroduplex formation, (iv)
addition of hMS to form nucleoprotein complexes, and (v) SS-
nanopore analysis. Off-target and background RNAs not shown for
clarity. (b) Nanopore event rates measured across a range of miRNA
spike-in concentrations. Error bars represent the standard deviation of
the segmented measurements (see Materials and Methods for details;
segment counts were (l−r) 108, 138, 164, and 121). All
concentrations differed significantly (*p < 0.001) as determined by
ANOVA and Tukey’s HSD post hoc analysis.
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background molecules. Critically, event rates for all concen-
trations investigated here were significantly greater than the
unspiked control down to at least 1 nM, signifying that the
hMS reagent and optimized measurement conditions yielded
significant improvements in our assay performance and
highlighting its translational potential.

■ CONCLUSIONS
In total, we have examined here the performance of a selective
SS-nanopore assay after integrating hMS, an MS featuring a
polyhistidine tag that yields a net negative charge lower than
those of previous versions of the protein. Increasing the pH of
the buffer decreased noise levels in the measurement and
resulted in an increased number of true events as well as a
minimization of nontranslocative signals. Although this
decreased the overall measured event rate, it markedly
enhanced the selectivity of the assay markedly. Subsequent
optimization of the salt concentration in the measurement
buffer enhanced the detection of low-amplitude events and
significantly enhanced the sensitivity of our assay while
maintaining high selectivity. Assay performance was evaluated
across a range of SS-nanopore diameters, demonstrating a
broad dynamic range of approximately 7.5 to 16 nm. Finally,
we used the optimized conditions to enhance miRNA
assessment in human plasma, resolving concentrations as little
as 1 nM above baseline without amplification, or an order of
magnitude better than achieved previously.7 Together, these
findings establish the capacity of the hMS reagent to improve
the selective SS-nanopore assay significantly, strengthening its
value for quantitative analyses of molecular biomarkers that
include miRNAs, conserved pathogen sequences, and DNA
epigenetic modifications and base lesions. Ultimately, our
findings enhance the translational value of the platform.
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