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ABSTRACT Many efforts are being made in translating the nanopore into
an ultrasensitive single-molecule platform for various genetic and epigenetic
detections. However, compared with current approaches including PCR, the ) @
low throughput limits the nanopore applications in biological research and
clinical settings, which usually requires simultaneous detection of multiple
biomarkers for accurate disease diagnostics. Herein we report a barcode
probe approach for multiple nucleic acid detection in one nanopore. Instead
of directly identifying different targets in a nanopore, we designed a series of
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target, the barcode group polyethylene glycol attached on the probe through click chemistry can specifically modulate nanopore ion flow. The resulting

signature serves as a marker for the encoded target. Therefore counting different signatures in a current recording allows simultaneous analysis of multiple

targets in one nanopore. The principle of this approach was verified by using a panel of cancer-derived microRNAs as the target, a type of biomarker for

cancer detection.
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ndividual molecules translocating in a

nanopore can characteristically change

the ionic current through the pore.
This merit renders the nanopore a sensitive
single-molecule identifier and counter for
genetic,''° epigenetic,'''® and various
biomolecular detections.”®=2® However,
challenges exist in translating nanopores
into a practical tool for both research and
biomedical applications. Compared with
other biosensing approaches,?” 3" one issue
for nanopores is the low capacity in multiplex
detection. For example, the nanopore has
been studied for detecting cancer-derived
circulating microRNAs (miRNAs),'>'%32 3
class of small requlatory RNAs>? that function
as a new type of biomarkers 3**> Different from
common methods such as RT-PCR, the nano-
pore approach does not need covalent label-
ing and ampilification of the target. This leads
to a lower variation in measurement,*~’
making the nanopore a candidate for non-
invasive cancer detection. On the other hand,
disease detection requires accurate measure-
ment of a biomarker panel, rather than a single
mMIiRNA species>®* The current nanopore
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technology cannot meet this need because
it can analyze only one miRNA per detec-
tion. Although nanopore multiplex detec-
tion has been reported, > their common
principle, i.e., different targets (unlabeled
or labeled) generating distinct nanopore
signatures, is not applicable to miRNA
detection. Due to their similar polymer
lengths (18—22 bases), miRNAs cannot
be distinguished from each other by
their signatures. This demands new nano-
pore strategies for multiplex biomarker
detection.

In this report, a biophysical mechanism
for programming nanopore ionic flow
was investigated. On the basis of this
mechanism, a series of barcode probes
were constructed through click chemistry.
Each barcode motif trapped in the
nanopore can specifically modulate the
nanopore ionic current and therefore
can encode different target nucleic acids.
These universal barcode probes working
together enable simultaneous detection
of multiple miRNAs in a biomarker panel
(Figure 1).
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Figure 1. (a) Barcode modulation of nanopore ionic current
and multiplex detection of nucleic acid. Each target miRNA
is hybridized with a PEG-labeled DNA probe. Upon being
trapped in the nanopore, the PEG on the hybrid specifically
regulates the nanopore current, thereby generating a sig-
nature for target identification. (b) Conjugation of a DNA
probe with a PEG barcode through one-step copper(l)-
catalyzed click chemistry.

RESULTS AND DISCUSSION

The probe comprises a capture arm to bind the
target miRNA and a universal 3’-poly(dC)so lead ap-
pended to the capture arm to pull the miRNA - probe
hybrid into the nanopore. This lead sequence can
greatly increase the hybrid capture rate.'”> When
entering the nanopore from its cis entrance, the
duplex domain of the hybrid is accommodated in the
nanocavity (2.6—4.6 nm wide), while the single-
stranded lead occupies the 3-barrel (1.5—2.0 nm wide)
(Figure 1a). A polyethylene glycol (PEG) tag was linked
to the lead as the barcode group. This is because
PEGs of different lengths can characteristically block
the pore current;*>*® this soluble and flexible polymer
is unlikely to form a folded structure with DNAs or
affect DNA structures, and copper(l)-catalyzed click
chemistry*”*® provides a simple and rapid method
to conjugate PEG with DNA in high yield.***° These
merits render PEG a favorable motif for barcode con-
struction. Specifically, PEG was tagged to a 5-octadiynyl
deoxyuridine between the second and third cytosine
(C2 and C3) in the lead next to the capture
arm (Table S1 for sequences). The click chemistry
allowed formation of a 1,2,3-triazole between azide
on the PEG terminal and alkyne on the DNA (Figure 1b,
Materials and Methods). This position is located in
the sensing zone of the pore while being separated
from the miRNA-probe duplex to avoid affecting
its hybridization. The target is a panel of four lung
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cancer-derived miRNAs, including miR-155, miR-182-5p,
miR-210, and miR-21.3%*” For each miRNA, four
probes have been constructed: one without a tag
(PO) and the other three tagged with a 3-, 8-, and
24-mer PEG (P3, P8, and P24) on the lead, respectively
(Table S1). The MALDI-TOF mass spectrogram con-
firms the highly effective conjugation of PEGs to DNA
probes (Figure S1).

The typical miRNA-probe signatures are illustrated
in Figure 2a and b. These signatures cannot be identi-
fied for translocation of the probe alone in the nano-
pore (Figure S2). The signature for untagged probe
features three sequential stages: |, Il, and Ill. Each stage
is at a specific blocking level (Figure 2a). By com-
parison, the signature for using a PEG-tagged probe
retains stage Il and lll, but its stage | is split into Ia, Ib,
and Ic (Figure 2b and c). The molecular configuration
of PEG-tagged miRNA - probe in a nanopore for each
stage is illustrated in Figure 2d. Specifically, the block-
ing level I/ly for stage la is (12.0 £ 0.1)% (/o and /
are currents of the empty and blocked nanopore,
respectively). Given that this blocking level is the same
as stage | for using untagged probe (Figure 2a), it is
suggested that stage la is for the DNA probe alone
occupying the -barrel,’> and the PEG tag has not yet
entered this region (la in Figure 2d). When the PEG tag
enters the S-barrel, the current can be further reduced
to stage Ib. Throughout stage b, the miRNA-probe
duplex is consistently unzipped, driven by the voltage.
Along with unzipping, the probe associated with the
PEG tag slides in the -barrel toward the trans opening
(Ib in Figure 2d). When the PEG tag moves out of
the pore into trans solution, the current resumes to
stage Ic, which is at the same level as la (Icin Figure 2d).
Stage Ic is terminated when the unzipping finishes and
the probe leaves the pore from the trans opening.
At this moment, the dissociated miRNA alone is left
shortly in the nanocavity. This configuration partially
reduces the current to stage Il (I/lo = 57%), which exists
in signatures for both untagged (Figure 2a) and PEG-
tagged probes (Figure 2b). The miRNA in the nano-
cavity finally passes through the -barrel, generating
the stage lll ending spike. Overall, the signature profile
vividly depicts the step-by-step dehybridization of the
miRNA - probe hybrid. In this process, the PEG tag acts
as a position marker as the probe threads through
the nanopore. The resulting difference in blocking level
allows visual discrimination of the miRNA hybridized
with untagged (Figure 2a) and PEG-tagged probes
(Figure 2b).

Will different types of PEG be able to specifically
modulate the blocking level, thus producing specific
signatures? This question is important because it is the
foundation for nanopore application in multiplex de-
tection. Figure 3a shows that, for all the miRNAs tested,
the blocking level of stage Ib is consistently reduced
by increasing the length of the PEG tag. For example,
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Figure 2. (a, b) Signatures for miR-155 (miRNA) hybridized with an unlabeled probe (P0) (a) and a PEG24-labeled probe (P24) (b).
The PEG label allows generating a distinct current profile compared with the block using unlabeled probe. (c) Histogram showing
the current amplitude of each stage in the signature in panel b. (d) Molecular configurations for sequential stages in b. When a
miR-155- P24 hybrid is trapped in the pore, the single-stranded lead first enters the 3-barrel (1a). As the lead threads in the pore, the
PEG label moves into the j3-barrel to further reduce the blocking level (Ib). The lead with the PEG label is pulled by the electric field to
induce the unzipping of the miR-155 - P24 hybrid and continuously slides in the 5-barrel while unzipping occurs. The PEG label finally
slides out of the pore, resulting in higher pore conductance (Ic). After unzipping and probe translocation, the dissociated miR-155
temporarily resides in the nanocavity (ll) and finally translocates through the S-barrel (lll) to terminate the block.
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Figure 3. Modulation of miRNA - probe blocking level by PEGs of different lengths. (a) PEG length-dependent blocking level
(I/1y) for stage Ib of the signatures (as illustrated in Figure 2b) for four miRNAs: miR-155 (@), miR-182-5p (M), miR-210 (a),
miR-21 (). The four colored arrows mark an optimized miRNA/probe combination: miR-155- PO (red), miR-182-5p - P3 (green),
miR-210-P8 (blue), and miR-21-P24 (purple). The four miRNA -probe hybrids demonstrate maximally separated blocking
levels, enabling accurate detection of multiplex miRNA species. (b) Distinct signatures for the four optimized miRNA - probe
hybrids (miR-155-P0, miR-182-5p-P3, miR-210- P8, and miR-21-P24) marked in panel a. (c) Duration of four miRNA - probe
signatures with untagged (black bar) and barcoded (gray bar) probes. Melting temperatures of the four miRNAs are also
shown (red circles). The block duration is positively correlated to the miRNA-probe melting temperature. Method for
obtaining block duration is described in S1 in the SI.

I/ly of stage Ib for miR-155 is (12 £+ 0.1)% by using reduced to (7.6 £ 0.1)%, (6.0 & 0.3)%, and (1.9 + 0.1)%
an untagged probe. This level can be continuously as the probe is tagged with P3, P8, and P24. This finding
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Figure 4. (a) Simultaneous observation of multiple miRNA - probe blocking levels in a current trace. Each level is for a specific
miRNA species. From top to bottom, the four conductance levels are for miR-155-P0, miR-182-5p - P3, miR-210- P8, and miR-
21-P24. AllmiRNAs were at 50 nM. (b) Event amplitude histogram based on over 2000 blocks obtained from the trace in panel
a, showing the distinct blocking levels for the four signatures. An extended trace showing more signatures is illustrated in
Figure S8a, and the duration—current scattering plot showing the separation of the four signatures is given in Figure S8b.
(¢, d) Signature frequencies at various miRNA concentrations in multiplex detection. In ¢, the miR-155 concentration varies
while other miRNA concentrations are fixed to 75 nM. Confidential intervals are marked. The frequency of miR-155 signatures
increases as its concentration increases, whereas the frequencies of the other three miRNAs remain unchanged and are not
influenced by the increasing miR-155 concentration. In d, each miRNA was measured in the presence of other miRNAs at the
same concentration. The signature frequencies for all four miRNAs are increased in proportion to their concentrations and do
not interfere with each other. Each concentration has been measured based on at least three independent nanopores.

suggests the possibility of using PEG to program the
stage Ib blocking level. The average current reduction
per PEG unitis 1.2 pAfor P3,0.69 pA for P8, and 0.45 pA
for P24 (1 M KCl, ++120 mV). This is consistent with
previous findings that different length PEGs or PEG-
labeled nucleotides can be discriminated by blocking
levels***® at a resolution of 1.6 pA per PEG unit (4 M KCl,
+40 mV).*® Notably, such blocking level modulation
is only sensitive to the PEG tag, but independent of
miRNA species. Figure 3a indicates that using probes
with the same PEG tag to detect different miRNAs
resulted in similar blocking levels. For example, I/l of
stage |b for the four P8-labeled miRNA:probe com-
plexes only slightly vary between 5.6% and 6.7%.
Because the PEG tag on the probe can modulate
the nanopore current, the tag identity should be
distinguishable based on the blocking level. This allows
using tag identities to encode different miRNAs.
An optimal encoding pattern is shown in Figure 3a,
in which four colored arrows mark a group of four
miRNA - probe hybrids: the untagged probe is assigned
to miR-155 to give the highest I/l of (12 4= 0.1)% (red),
and the P3-, P8-, and P24-tagged probes are assigned
to miR-182-5, miR-210, and miR-21, with I/, consistently
decreased to (9.1 + 0.2)% (green), (5.6 £ 0.3)% (blue),
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and (1.5 &+ 04)% (purple). Indeed, their signatures in
Figure 3b clearly reveal well-separated blocking levels,
allowing almost error-free discrimination of four
miRNAs. These signatures are different not only in
blocking level but also in duration. Figure 3c shows
that the signatures for miR-182-5p-P3 (4.4 + 1 s) and
miR-210-P8 (3.5 £ 1.1 s) hybrids are over 100 times
prolonged compared with miR-155-P0 (33 4+ 4 ms) and
miR-21-P24 (28 £ 2 ms) hybrids (gray bars), and the
four hybrids using untagged probes (black bars) show
a very similar trend to the tagged hybrids, indicating
that the signature duration is independent of PEG tag.
Figure 3¢ shows that the duration difference among
the four signatures is qualitatively consistent with
their miRNA melting temperatures (T,,) (Figure 3c).
Tim values for miR-182-5p and miR-210 are significantly
higher than for miR-155 and miR-21 due to their higher
GC content. This effect stabilizes their hybrids, leading
to a prolonged unzipping procedure. Overall, the
signature duration is regulated by the target sequence
but not the PEG tag (S1).

The ability to program nanopore ion flow highly de-
pends on the tag compound property and its position on
the probe. For example, replacing PEG with TET (a popular
fluorescein dye for labeling oligonucleotides) can
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permanently block the pore (S2, Figure S5). The
blocking current becomes too noisy, making it diffi-
cult to dissect molecular configurations. Such a block
cannot be used as a programmable signature. In
contrast, the PEG tag reveals multiple distinct stages
for molecular trapping, unzipping, and translocation.
Signatures for different PEG tags have consistent
patterns and distinct blocking levels; thus PEG is an
optimal barcode motif. In addition to tag structure,
its position in the nanopore also affects the current
modulation ability (52, Figure S6). For example, P8
tagged between C5/C6 along the probe close to
the pore opening, rather than C2/C3 in the sensing
zone, can no longer generate the characteristic stage
Ib, making it impossible to discriminate blocking
levels by differently tagged probes. This example
demonstrates the importance of tagging position to
current modulation. Mechanistically, the PEG modu-
lation of nanopore conductance originates from the
volume exclusion effect: longer PEG occupies more
volume in the ion pathway, thus reducing more
ionic current. In addition, binding of K™ ion to the
C—0—C motif of PEG could decrease the mobile ion
concentration.”’ Moreover, in our case, the interaction
between the weak cationic PEG and the negatively
charged DNA might also influence the ion mobility,
which is worth analysis in the following work.

Figure 4a shows a current trace in the presence
of four miRNAs mixed with their barcode probes
(Figure S8 for a long trace). The trace reveals four types
of signatures. The event amplitude histogram in
Figure 4b indicates that their distinct blocking levels
are consistent with the barcodes: from high to low
amplitude, PO for miR-155, P3 for miR-182-5p, P8 for
miR-210, and P24 for miR-21. Figure 4c measures the
frequencies of four miRNA:probe signatures as one
miRNA (miR-155) concentration increases from 75 nM
to 500 nM, while the remaining three miRNA concen-
trations are fixed to 75 nM (see S3 in the Sl for signature
frequency analysis in multiplex detection). The miR-
155 PO frequency is proportional to the miR-155 con-
centration, and those for other miRNAs are almost
unchanged as the miR-155 concentration increases.
These results indicate that the quantitation of one

MATERIALS AND METHODS

Chemicals and Materials. All compounds used for the click
chemistry reaction were purchased from Jena Bioscience
(Jena, Germany), including PEG3 (11-azido-3,6,9-trioxaundecan-
1-amine), PEG8 (O-(2-aminoehyl)-O’-(2-azideoethyl)hepta-
ethylene glycol), PEG24 (1-[2-(2,2-[2-(2,2-[2-(2,2-[2-(2-azidoethoxy)-
ethoxylethoxyethoxy)ethoxylethoxyethoxy)ethoxylethoxy-
ethoxy)ethoxy]-2-methoxyethane), and 6-TET azide (16-oxo-
16-(2',4,7,7'-tetrachloro-3-oxo-3’,6'-bis(pivaloyloxy)-2,3,4a’,9a’-
tetrahydrospiro[indene-1,9'-xanthen]-6-yl)-6,9,12-trioxa-2,3,15-
triazahexadeca-1,2-dien-2-ium). Other chemicals, including
sodium acetate (CH;COONa), copper(l) bromide (CuBr), ethanol
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miRNA is independent of the presence of other
miRNA - probe complexes. Given that four miRNAs
at the same concentration (75 nM) demonstrate similar
signature frequencies (0.15—0.20 s~ "), they should
be trapped in the pore at similar capture rates
(2—3 uM~"-s7"). These capture rates are also similar
to that using untagged probes in a previous report,'>
suggesting that PEG tags do not influence the trapping
efficiency. Figure 4d shows that the frequencies of
the four miRNA-probe signatures monotonically in-
creased as their miRNA concentrations increase in
a broad range from 10 pM to 200 nM. The frequency
for each miRNA has been determined in the presence
of the other three miRNAs at the same concentration.
Each frequency—concentration correlation curve can
be used to calibrate the miRNA quantitation in multi-
plex detection. The 10 pM miRNA was detected by
analyzing over 100 signatures in 3 or 4 nanopores for
2 h. However, this is not the ultimate detection limit
(see S3 in the SI). Any approach that can improve the
capture rate can be integrated to lower the detection
limit, such as using a salt gradient> engineered
pores,>> and a miniaturized system.53’54 The in vivo
miRNA expression is highly dependent on the miRNA
species and tissues. The real-time detection limit also
relies on the efficiency in total RNA extraction' and
enrichment.>® Currently RT-PCR is still the gold stan-
dard, but the nanopore is quicker and less expensive,
without the need for covalent labeling and enzymatic
reaction on the target (see S4 in the Sl for comparison
of nanopore and other approaches). If the barcode
method can be validated in the following work, the
nanopore will gain multiplex detection capability for
parallel analysis of a biomarker panel.

CONCLUSION

In summary, we have elucidated a biophysical mecha-
nism for modulating nanopore ionic flow through tagging
a barcode motif on the nucleic acid duplex. The barcode
tag sliding in the pore marks the molecular processes,
trapping, unzipping, and translocation. As each barcode
tag specifically blocks the nanopore, different barcodes
can be used to encode different target sequences, there-
fore realizing nanopore multiplex detection.

(CH5COOH), tris(hydroxymethyl)laminomethane, HCl, potassium
hydroxide, tert-butanol ((CHz)sCOH), dimethyl sulfoxide (DMSO)
((CH53),S0), pentane, hexadecane, and tris[(1-benzyl-1H-1,2,3-
triazol-4yl)methyllamine (TBTA), were obtained from Sigma-
Aldrich (St. Louis, MO, USA) and used as received. 1,2-Diphyta-
noyl-sn-glycero-3-phosphocholine used for lipid bilayer formation
was from Avanti Polar Lipids (Alabaster, AL, USA) and used
without further purification. Nuclease-free water and all DNA
probe and synthesized microRNAs were bought from Inte-
grated DNA Technologies (Coralville, 1A, USA). All the sequence
information of probes and microRNAs used in this work are
listed in Table S1.
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Labeling of DNA Probes with PEGs and TET. All PEG-azides, includ-
ing PEG3, PEGS8, and PEG24, and 6-TET azide were attached
to the DNA probes through copper(l)-catalyzed click chemistry
in a single-step reaction®® (Figure 1b). Briefly, 5 uL of alkyne-
modified DNA probe solution (2 mM in water), 2 uL of PEG-azide
or TET-azide solution (50 mM in 3:1 DMSO/t-BuOH), and 2 uL of a
freshly prepared click solution (0.1 M CuBr and 0.1 M TBTA
ligand in a 1:2 ratio in 3:1 DMSO/t-BuOH) were thoroughly
mixed and shaken at 250 rpm and 25 °C for 4 h. The reaction was
subsequently diluted with 100 uL of sodium acetate (0.3 M). The
PEG-labeled DNA product was precipitated using 1 mL of cold
ethanol. The supernatant was then discarded, and the product
in the residue was washed twice with 1 mL of cold ethanol. The
washed residue was redissolved in Millipore water and could be
used without further purification.

miRNA/Probe Hybridization. Hybridization solutions were solu-
tions of the target microRNAs with related DNA probes at
various concentrations in Tris-HCl buffer (pH 7.4, 10 mM) con-
taining potassium chloride (500 mM). Mixtures of target micro-
RNA with its related DNA probes or multiple microRNAs with
DNA probes were incubated with 100 uL of the hybridization
solution at 95 °C for 10 min, then cooled to room temperature
gradually and left to stand for 30 min before electrophysiology
measurement.

Electrophysiology Measurements. Briefly, a membrane of 1,2-
diphytanoyl-sn-glycero-3-phosphocholine was formed on a
small orifice in a Teflon partition that separates two identical
Teflon chambers.>® Each chamber contained 2 mL of electrolyte
solution (1 M KCl, 10 mM Tris-HCl, pH 7.4). Less than 1 uL
of a-hemolysin was added to the cis chamber, and excess
protein was immediately removed after a conductance increase
heralded the formation of a single channel. The ionic current
through the a-hemolysin protein nanopore was recorded by an
Axopatch 200B amplifier (Molecular Devices Inc., Sunnyvale, CA,
USA), filtered with a built-in 4-pole low-pass Bessel filter
at 5 kHz, and finally acquired into the computer using a DigiData
1440A A/D converter (Molecular Devices) at a sampling rate of
20 kHz. The data recording and acquisition were controlled
through a Clampex program (Molecular Devices). The analysis
of nanopore current traces, including event scatter plot analysis,
duration histogram analysis, and amplitude histogram analysis,
was performed using Clampfit software (Molecular Devices).
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