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Abstract

The motion of polarizable particles in a non-uniform electric field, /.e., dielectrophoresis, has been
extensively used for concentration, separation, sorting, and transport of biological particles, from
cancer cells and viruses to biomolecules such as DNAs and proteins. However, current approaches
to dielectrophoretic manipulation are not sensitive enough to selectively target individual
molecular species. Here we describe the application of the dielectrophoretic principle for selective
detection of DNA and RNA molecules using an engineered biological nanopore. The key element
of our approach is a synthetic polycationic nanocarrier that selectively binds to the target
biomolecules, dramatically increasing their dielectrophoretic response to the electric field gradient
generated by the nanopore. The dielectrophoretic capture of the nanocarrier-target complexes is
detected as a transient blockade of the nanopore ionic current while any non-target nucleic acids
are repelled from the nanopore by electrophoresis and thus do not interfere with the signal
produced by the target’s capture. Strikingly, we show that even modestly charged nanocarriers can
be used to capture DNA or RNA molecules of any length or secondary structure and
simultaneously detect several molecular targets. Such selective, multiplex molecular detection
technology would be highly desirable for real-time analysis of complex clinical samples.
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INTRODUCTION

RESULTS

Dielectrophoresis (DEP) is an electrokinetic technology for collection, enrichment, and
sorting of pathogenic cells and viruses.1~# Subject to a non-uniform electric field, the
induced dipoles of such large polarizables particles produces electrostatic force that moves
the particles along or against the field gradient.> ® Recently, DEP has been developed for
protein and DNA manipulation,’13 enabling applications of DEP at the molecular level, for
example, enrichment of circulating nucleic acids in cancer detection,13 concentration of
charged proteins in a nanopipet,14 and ultra-sensitive DNA detection in a metallic
nanopore.1® In spite of these advances, however, the DEP technology still cannot precisely
discriminate target molecules, such as a nucleic acid biomarker, from a sample containing
non-target species. The problem is that individual biomolecules have very similar and very
small induced dipole moments, requiring high field gradient in order to generate a
substantial DEP force.1! Hence, although current DEP technologies are capable of detecting
a molecular induced dipole, they lack the sensitivity to discriminate induced dipoles of
different molecular species.

Nanopores have been developed as next-generation sensors of genetic, epigenetic and
proteomic biomarkers, and drug compounds'6-27 with applications ranging from gene
sequencing?8-32 to molecular diagnostics.33 Nanopore detection of biomarkers relies on
ionic current signatures produced by the translocation of biomarkers in the nanopore, which
is driven by electrophoresis and electroosmosis.34-36 However, non-target molecules, which
are typically present in clinical samples, can enter the nanopore as well, producing ionic
current signatures that interfere with the target signal, severely lowering the target detection
accuracy. An ideal nanopore sensor would thus have high sensitivity to the target biomarkers
and minimal interactions with all non-target species.

In this report, we describe a carrier-guided nanopore dielectrophoresis, a single molecule
detection method that overcomes the selectivity challenges of conventional dielectrophoresis
and nanopore sensing. Rather than relying on the target’s native polarizability, we
engineered a small polycationic nanocarrier to impose a prescribed dipole moment onto the
target nucleic acid, granting both sensitivity and selectivity to the nanopore detection
method. Subject to the electric field gradient at the nanopore entrance, any target molecule
bound to a nanocarrier is driven into the nanopore by the DEP force. All non-target
molecules, having no bound carrier and hence no enhanced dipole moment, are instead
electrophoretically repelled from the nanopore and thus do not generate any interfering
signals. As we show below, this approach is effective for either single or double-stranded
DNA or RNA of any length and permits simultaneous detection of several target biomarkers.

Nanocarrier-enabled anti-field capture of target nucleic acids

For the nanopore experiments (Supplementary Methods 1), we used the K131D> variant of
a-hemolysin, which has a negatively charged ring (=21e, where ¢is the charge of a proton)
formed by seven copies of D128, D129 and D131 at the #rans entrance (Fig. 1a right). The
K131D+ pore was previously used by the Movileanu group to trap proteins containing
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positively charged tags3”: 38, The nanocarrier used for driving the target nucleic acid into the
nanopore contained a polycationic peptide tag (charge +8¢, Fig. 1a left) covalently attached
to a fragment of neutral target-specific peptide nucleic acid (PNA). When the #rans
compartment was positively biased with respect to the grounded c¢/s compartment, no nucleic
acids were observed to enter the nanopore from the frans solution and thus change the
nanopore conductance (Fig. 1b). In contrast, the cationic nanocarriers could be electrically
attracted and captured by the nanopore, reducing the nanopore current /to #/,/~10.0+0.4%
of the open pore current /y (Fig. 1c, Fig. S1). Thus, both nucleic acids and nanocarries were
observed to move in the direction prescribed by the transmembrane bias.

In comparison to the nanocarrier, its target DNA molecules carry a much greater (by
magnitude) negative charge (Table S1 for sequences). Clearly, when these DNA molecules
are hybridized with the nanocarrier, their complex remains highly negatively charged, and
should, at first look, be electrostatically pushed away from the K131D5 pore. Our
experimental observations, however, suggest the opposite. As shown in Fig. 1d (for D90)
and Fig. S2 (for all DNA targets), the carriersDNA complexes transiently reduce the
nanopore current to a level (#//;=27-29%) that is distinctly higher than the blockades
produced by the nanocarrier alone (/#/,~9.5%); the hybridization of the nanocarriers with
DNA considerably reduces the frequency of ionic current blockades produced by the free
nanocarriers. Thus, in spite of carrying an overall negative charge, the carriersDNA complex
can be attracted to the nanopore and captured rather than repelled. The capture rate (Fig. 1e)
exhibits a very weak dependence on the voltage, which is discussed in more details in the
subsequent sections. The increase of the carriersDNA blockade duration (z,# with voltage
(Fig. 1f and Figs. S3-S4) suggests that a captured carriersDNA complex does not translocate
through the pore. As the DNA*PNA duplex domain is wider than the #rans entrance of the
nanopore, the duplex is likely to remain outside the nanopore (Fig. 1a right) and only the
peptide domain of the complexes to thread into the nanopore stem. This configuration was
supported by our observation that the magnitude of the blockade current produced by the
carriersDNA complex (27~29%) is close to the blockade current produced by the peptide tag
of the nanocarrier alone (#/;/~21%, Fig. S5).

According to the above observation, a small cationic carrier can reverse the effective force of
the transmembrane bias on long target nucleic acids, making the latter move along the
direction of the applied field (opposite to that prescribed by its overall electrical charge) and
toward a negatively charged nanopore. Since both the carrier DNA complex and free DNA
(without carrier binding) carry large negative charge, the reversal of their effective driving
force cannot be explained by electrophoresis. Indeed, the experiment shows that increasing
the voltage was seen to very slightly increase the capture efficiency (Fig. 1e and Fig. S6).
For example, the capture rate k,, for the Carrier1D90 complex was 29+4 pM~1s~1 at +120
mV and 33+6 pM~1s71 at +180 mV (Fig. 2¢). At the same time, reversal of the driving force
cannot be explained by the electro-osmaotic effect as it would apply equally to both the
carriersDNA complex and the free DNA. Furthermore, although the K131D7 pore is slightly
cation selective, its low K*/CI~ permeability ratio (P*/P™=1.6, estimated from the reverse
potential value of +10 mV measured for a c/s/trans=1 M/0.2 M KCI asymmetric solution) is
not expected to generate a sufficiently large ion and water flux. However, in contrast to
voltage, we observed a dramatic modulation of the capture efficiency when altering the
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charge of the nanopore entrance from —21¢ of K131D5 to —14¢ of K131N5 or —7eof wild
type (WT) variants, respectively. We found that &, for Carrier1«D90 was reduced from
3346 uM 1571 in the K131D5 pore (Fig. 1d) to 1642 uM~1.s71 in the K131N; pore (Fig. 19
and i). The Carrier1+D90 blockades were not observed for the WT pore (Fig. 1h and i). A
similar trend was observed for all DNA targets (Fig. S7). As the presence of the charge at
the nanopore entrance produces a strong and non-uniform electrical field extending from the
nanopore entrance to the bulk solution, we hypothesized that this non-uniform electric field
is responsible for the capture of the carriersDNA complexes.

Microscopic simulations of the anti-field capture

To understand the force on and movement mechanism of the carrier DNA complex, we
conducted molecular dynamics (MD) simulation of the atomic-scale models of the
experimental systems3® (Fig. 2, Supplementary Methods 2 and Figs. S8-S11). The
simulation systems contained one copy of the K131D7 or WT pore embedded in a lipid
bilayer membrane, a probe molecule placed in front of the frans entrance of the pore, and
water and ions corresponding to 1 M KCI solution (Fig. 2a). The model of the carrier DNA
complex consisted of a +8e polycationic peptide appended to a neutral PNA that was
hybridized to a 28-nt ssSDNA. The total charge of this carriersDNA complex was —19e. In
agreement with our interpretation of experimental results, we observed capture of the
complex by the K131D> pore after 20 ns of MD simulations at a 1.2V bias, despite the
overall negative charge of the complex (Fig. 2a and Fig. S8). The complex’ capture was also
observed in the case of the WT pore, but the complex did not permeate deep inside the pore
stem and remained close to the rim of the fransentrance (Fig. S8).

To determine the direction and magnitude of the effective force on the complex, we utilized
the steered molecular dynamics (SMD) method to harmonically restrain the center of mass
(CoM) of the complex? (Fig. 2b). The displacement of the complex produced by the
electric field reported on the restraint force, which was averaged over the MD trajectory to
calculate the effective force on the complex as a function of the complex’ position along the
pore axis (Fig. 2c). The results of these simulations show that the effective force on the
complex is directed toward the pore when the complex is located 5.5 nm away from the pore
entrance. The force reaches 20 pN (at +1.2V bias) as the CoM of the complex moves closer
to the pore but drops to zero about 3 nm away from the pore entrance. In the latter
configuration, the peptide domain of the complex resides inside the nanopore whereas the
duplex domain is anchored at the pore entrance; the effective force of the electric field is
balanced by the reaction force from the pore rim.

To explore the effect of the pore’s local electric field on the complex capture, we computed
the distributions of the electrostatic potential in the WT and K131D+ pores in the absence of
the complex (Fig. S9). Point-by-point subtraction of the two electrostatic maps (Fig. 2d)
indicates that a positive unit charge near the K131D5 lumen experiences up to 3 pN more
force toward the lumen than the same charge in the WT pore (at +600 mV bias). Therefore,
placement of more negative charges at the pore entrance considerably increases the effective
capture force. The simulated effective force was also affected by the transmembrane voltage
(Fig 2e). The force on the peptide tag of the complex significantly increased from 8+1 pN at
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+600 mV to 19+3 pN at +1.2 V. At lower biases, however, the simulated force increased
only slightly, from 6+2 pN at +240 mV to 8+1 pN at +600 mV, which is consistent with the
weak voltage-dependence of the carriere DNA capture rate observed experimentally in the
100 to 200 mV range (Fig. S6). Similar simulations performed using a DNA fragment as a
probe revealed that DNA is repulsed from the pore roughly as strongly as the peptide is
attracted (Fig. S10). Additional simulations ruled out electro-osmosis as a cause of
carriereDNA capture (Fig. 2e and Fig. S11).

Dielectrophoretic mechanism of nanocarrier-facilitated nanopore capture

Our experimental and simulation findings both suggest that the force driving the anti-field
motion of the carriersDNA complex originates from a short-ranged, non-uniform electric
field contributed by the negative charge at the nanopore #ans entrance. According to our
theoretical model (Fig. 3a, Figs. S12-13, and Supplementary Methods 3), the field strength
rapidly increases near the nanopore, producing an extremely high field gradient of 107
V-m~1 per nanometer within several nanometers of the nanopore entrance (Fig. S12). The
carriersDNA complex placed in that field is acted on by both an attractive force on the
nanocarrier and a repulsive force on the nucleic acid. However, simple addition of the two
opposite forces located the same distance away from the nanopore does not produce a net
attractive force (Fig. S10). Hence, the carriersDNA complex is to be considered as a large
synthetic dipole, with the counter charges of the peptide and nucleic acid being separated by
a physical distance. Placed in a non-uniform electric field, the counter charges of the dipole
experience different field strength. The peptide, which is closer to the nanopore, experiences
higher field strength than the DNA tail, resulting in a net attractive force driving the
carriereDNA dipole toward the pore. The magnitude of the effective force would then
depend on both the field gradient and the spatial separation of charge along the carriersDNA
dipole, a signature feature of dielectrophoresis.

The dielectrophoretic mechanism of carrier-DNA capture implies that the capture efficiency
should not depend on the length of the DNA target. Indeed, the range of the electric field
outside the nanopore is only several nanometers. Such a short-range, rapidly decaying field
acts on only those nucleotides that are located near the nanopore entrance (8 nucleotides for
a 5-nm-wide field zone), whereas the rest of the nucleotides experience a negligible force.
Thus, regardless of their length, target nucleic acids would experience a similar force from
the short-range field and captured by the nanopore with the same frequency at the same
concentration. Our experimental observations confirm this conjecture. The average capture
rate (k,,;) for DNA targets varying in length from 10 (D10) to 90 (D90) nucleotides varies
only slightly between 23 and 43 pM~1.s1 at +180 mV (Fig. 3b) and exhibits no systematic
dependence on the DNA length, while the duration of the blockades (z,z) fluctuates between
3.0 and 8.7 ms (Fig. 3c). Similar capture rates and blockade durations were also observed at
other voltages (Fig. S6 for k,,and Fig. S3 for z,z). As the DNA part of the constructs does
not participate in the force generation by the DEP mechanism, the DEP force should not
depend on the DNA conformation. This can be seen in Fig. 3d and e, in which the same
nanocarrier can also be used to capture long fragments of double-stranded DNA, such as the
80-basepair dsD80 construct (-170e charge, Fig. 3d), and nucleic acids with tertiary
structures, such as the G-quadruplex (Fig. 3e). The capture efficiencies for the latter two
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constructs were similar to that of sSDNA: k,,=44+7 uM~1.s71 for dsD80 (Fig. 3d) and 22+6
uM~L.s71 for the G-quadruplex (Fig. 3e). Once captured, the cationic peptide of the complex
is trapped in the pore stem, in which the peptide is held by an electric field generated by the
voltage. As suggested by the model (Fig. S13), increasing the voltage will enhance this in-
the-pore field strength, thus providing a larger holding force. This explains the observation
that the capturing duration (z,z) for each carrier DNA complexes is prolonged as the voltage
increases (Fig. 1f).

Interference-free detection of nucleic acid targets

The dielectrophoretic mechanism for carrier-assisted nanopore capture immediately suggests
an interference-free approach to selective detection of genetic biomarkers from
contaminated samples. As only the target nucleic acids are selectively attracted and captured
by the nanopore, all signals produced by non-target species are eliminated (Fig. 4). Indeed,
we find that the presence of non-target DNA molecules in the sample influences neither the
capture efficiency of the free nanocarriers (Fig. 4b, ¢ and g) nor that of the carriersDNA
complexes (Fig. 4d, e and g), indicating that the nanocarrier’s binding is specific to the
target and that formation of the carrierDNA complex is not influenced by the presence of
non-target DNA. Furthermore, the synthetic dipole-assisted nanopore capture is sensitive
enough to enable single nucleotide discrimination. When a mismatched base pair is
introduced in the carrier DNA complex (Carrier1«D90-SNP), the frequency of the
carriersDNA blockades is greatly reduced (Fig. 4f, g, Fig. S14), suggesting that the
carriersDNA formation is sensitive to single-nucleotide variation in a target gene fragment.
The results of our experiments demonstrate selective, interference-free detection of target
nucleic acid in the presence of non-target species, which is a typical situation encountered in
the analysis of clinical samples.

Applications to RNA and multi-target detection

To demonstrate the generality of our approach, we applied it to RNA detection. RNA, such
as mRNA and various non-coding RNAs, are important not only because they carry
templates for protein expression and gene regulators, but also because they are biomarkers
for disease development and diagnosis. We have previously demonstrated detection of short
microRNAs (18-22 bases) using a peptide-PNA design.*! Here we demonstrate that the
nanocarrier can selectively guide the capture of long RNA. Our target was a 41-nt fragment
of Apolipoprotein C1 (APOC1) mRNA (APOC1_41), a biomarker associated with the
occurrence of Alzheimer’s disease.*2-44 We designed a second nanocarrier (referred to as
Carrier2) to bind a fragment of APOC1_41 with its complementary PNA fragment (Table
S1) and have the same polycationic peptide tag as Carrierl. In our nanopore experiments, we
found the Carrier2eAPOC1_41 complex to block the ionic current much more effectively (#
1~31.3+£1.5%, Fig. 5b) than Carrier2 alone (#/7/=12.1£1.3%, Fig. 5a); the blockades
occurred with a high capture rate of k,,=44 uM~1.s71. Interestingly, some of the
Carrier2«APOC1-41 blockade signatures feature a current transition, which can be
interpreted as an indication of unzipping of the Carrier2eAPOC1_41 complex. Upon
dehybridization, the RNA molecule returns to the frans solution, while the cationic
nanocarrier translocates through the pore, transiently lowering the blockade level. Note that
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blockades signatures indicating CarrierlsDNA dehybridization under the same experimental
conditions are rare (Fig. 1d and Fig. S2).

To demonstrate multi-target detection, we designed two nanocarriers, Carrierl and Carrier 3,
to specifically bind two different microRNA targets (see Table S1). The peptide tags of the
two carriers had identical amino acid compositions but different (reversed with respect to
one another) amino acid sequences. We found that such peptide tag design can not only
produce distinct blockade signatures to signal the capture of each target, but also preserve
the overall high capture rate. When the two nanocarries were simultaneously introduced into
the trans solution containing a mixture of Let-7b and miR-155 microRNA, two distinct
populations of ionic current blockades emerged, one at a blockade level of ///5~29.0+1.5%
and another at #//,/=33.7£1.0% (Fig. 5¢). Knowing the blockade levels produced by each
type of the carrieretarget complex (Fig. 5¢ and d), we could identify the former and the latter
blockade events as being produced by CarrierleLet-7b and Carrier3smiR-155 complexes,
respectively. The ~14 pA current difference (at +180 mV) was sufficient to accurately
discriminate the two types of capture events. As expected, the capture rates for the
CarrierleLet-7b (k=247 M~1.s71) and Carrier3smiR-155 (18+9 M~1.s71) complexes were
similar. Thus, altering the chemical structure of the nanocarrier’s peptide tag can produce
distinct nanopore signatures, enabling simultaneous and selective dielectrophoretic detection
of multiple biomarkers.

CONCLUSIONS

We have demonstrated a carrier-guided dielectrophoretic approach for interference-free
nanopore detection of genetic biomarkers. Unlike induced dipole-based dielectrophoresis for
manipulation of large biological particles such as cells and viruses, our approach is enabled
by an engineered cationic nanocarrier that forms a non-covalent synthetic dipole with its
target nucleic acid upon hybridization. Placing such a synthetic dipole in the large field
gradient near the charge-terminated nanopore produces a substantial dielectrophoretic force
on the target molecule, which enables anti-field capture of the dipole by the nanopore. The
use of such synthetic dipoles considerably increases the strength of the dielectrophoretic
effect and makes the dielectroporetic effect specific to the target species. For DNA and RNA
detection, such specificity allows for detection of molecular sequences differing by a single
nucleotide. Furthermore, minor modifications of the nanocarrier structure enable
simultaneous detection of multiple targets via characteristic ionic current signatures. Our
approach can be, in principle, used to selectively and sensitively detect any type of nucleic
acids, DNA or RNA, long or short, and of any complex shape. This work suggests a
nanosensor design for possible applications not only in cancer detection and other human
disease molecular diagnostics, but also more broadly in fields such as plant science and
foodborne detection where rapid genetic testing is required.

METHODS

Chemicals and materials

Chemical and materials including DNA constructs, peptide-PNA, and proteins are described
in Supplementary Methods 1.
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Electrophysiology recordings from single protein pores

Nanopore electrical recording was conducted according to previously reported protocols,®
and is described in Supplementary Methods 1.

RNA in vitro transcription, purification and hybridization with carrier

RNA target APOC1-41 (Table S1) was synthesized by /n vitro transcription.*6 The
procedure is described in Supplementary Methods 1.

Summary of MD methods

All MD simulations were performed using the NAMD2 program,*’ CHARMM27 force
field,*8 custom NBFIX corrections to describe ion-DNA interactions*® and CHARMM:-
compatible force field for PNA.50 The systems were constructed using the previously
described models®! of alpha-hemolysin and ssDNA.52 A transmembrane bias was induced
by applying an external electric field.>3 The effective force was measured as equilibrium
displacement of the complex subject to harmonic restraint.? Detailed description of the
simulation protocols are provided in Supplementary Methods 2.

Theoretical model of carrier-guided nanopore dielectrophoresis

The modeling method is described in Supplementary Methods 3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Anti-field capture of long DNA molecules. a. Nanocarrier (Carrierl) consisting of a

polycationic peptide (+8¢, blue) linked to a PNA (green) that is hybridized with a long target
DNA (red). The complex can be anti-field captured by the K131D7 a.-hemolysin pore
containing seven copies of D127, D128, and D131 residues (—21¢) at the #rans entrance. b—
d. Representative nanopore current traces recorded at +180 mV applied from the #rans side
and in the presence of various analytes in frans solution: (b) a mixture of DNA constructs
including D10 to D90 (500 nM each), (c) free Carrierl (100 nM), (d) a mixture of 100 nM
Carrierl and 100 nM D90. The traces collectively show that free DNA molecules are pushed
away from the K131D~ pore without altering the pore conductance (b); free nanocarriers are
attracted to and pass through the pore, producing characteristic blockades (c); when bound
to the nanocarrier, DNA can be anti-field captured by the pore, producing distinct blockades
(d, marked by red triangles). Here and in all subsequent figures, the horizontal arrows
schematically show the expected direction of the effective force acting on the analytes. e—f,
Variation of &, (e) and z,z(f) with the voltage for the DNA construct D90 (90 nts). g-h,
Current traces recorded at +180 mV showing the Carrier1¢D90 capture blockades in the
K131Ny pore (-14¢, e) and WT pore (-7¢, ). i, Carrier1eD90 capture rate (k) in the
K131D7, K131N7 and WT pores. Compared to the K131D7 pore, the CarrierlsDNA
complex generates fewer signature blockades in the K131N7 pore; no blockade signatures
indicative of CarrierlsDNA capture was observed for the WT pore.
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Figure 2.
MD simulations of nanopore dielectrophoresis. a, MD simulation of carriersDNA capture.

The K131Dy variant of aHL is shown as a cut-away orange molecular surface and the seven
Asp131 residues as purple vdW spheres; the lipid bilayer membrane is shown as lines and
spheres (tan); water and ions are not shown. The carriersDNA complex consists of a 28-nt
ssDNA strand (red) hybridized to an 8-residue fragment of PNA (cyan) that is covalently
connected to a tag peptide of 11 amino acids (positive residues shown in blue, polar residues
shown in green). A transmembrane bias of 1.2 V is applied along the z axis. The z-
coordinate under each snapshot indicates the location of the peptide tag’s CoM. b,
Schematic illustration of the SMD method for determining the effective force on the probe.
A semi-transparent molecular surface indicates the approximate physical volume occupied
by the carriersDNA complex. The CoM of the carriersDNA complex is restrained to the
SMD anchor by a harmonic potential of spring constant 4. The distance between the CoM of
the complex and the SMD anchor is exaggerated for clarity. ¢, The effective force acting on
the carriersDNA complex under a +1.2 V bias versusthe zcoordinate of the complex” CoM.
The z-axis is defined in panel b. A positive force is directed along the z-axis. Each data point
was obtained from a ~40 ns MD trajectory. d, The difference of the K131D; and WT
electrostatic potential and local force maps. The force scale bar indicates a 3pN force. e,
Mean force on the peptide probe (charge +8¢) vs. applied bias for the K131D7 and WT
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simulation systems. In these simulations, the backbone atoms of the peptide were restrained
to maintain their initial zcoordinates and remain within 17 A of the pore axis. Each data
point represents a 200 ns trajectory average of instantaneous forces sampled every 200 fs. In
one simulation of the WT system, water flow through the pore was blocked by harmonically
restraining all water molecules to their initial coordinates within a 10-A segment of the
pore’s stem. The inset illustrates the simulation systems used to measure the effect of the
nanopore charge on the effective force.
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Figure 3.
Dielectrophoretic mechanism of carrier-guided nanopore capture. a. Schematics of a

theoretical model describing the capture of a nanocarrier DNA complex (Fig. S12-13,
Supplementary Methods 3). The nanopore contains a ring of negative charge (Q) at the pore
entrance, which forms a non-uniform electric field (Fig. S12). Color arrows indicate the
direction and relative amplitude (arrow length) of the forces acting on the cationic peptide
(blue arrows) and anionic DNA (red arrows) as the carriersDNA complex moves toward the
pore. Because of the sharp field gradient and the separation of charge in the carriersDNA
complex, the attractive force on the peptide can be larger than the repulsive force on the
DNA, generating a net attractive force that drives the complex toward the nanopore (Fig.
S12-13). Because of its narrow range, the field does not affect the long DNA tail and,
therefore, no matter how long the DNA is, it can be anti-field captured by the nanopore
when bound to the nanocarrier. b—c, The rate of the carriersDNA capture (4, b) and the
blockade duration (z,z c) as a function of the DNA length. The data shown correspond to
+180 mV voltage. For other voltages, see Fig. S6 for k,,and Fig. S3 for z,z. The
independence of the effective force on the DNA length is also predicted by theoretical
considerations, Fig. S12. d—e, Current traces at +180 mV for a mixture of 100 nM Carrierl
and 100 nM 80-bp dsD80 (-170¢, d), and the tertiary G-quadruplex (thrombin-binding
aptamer, ). The traces collectively show that when bound to the nanocarrier, dSDNA (e) and
DNA of complex tertiary structure (f) can be anti-field captured by the pore, producing
distinct blockades (marked by red triangles).
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Figure 4.

Selective and interference-free detection of target gene fragment in the presence of non-
target species. a—f, Scatter plots of blockade current amplitude (/) and duration (z,z) for the
mixture of D90 (target) and non-target DNA (a), free Carrierl (b), Carrierl in the presence
of non-target DNA (c), the mixture of Carrierl and D90 in the absence (d) and presence (e)
of non-target DNA, and the mixture of Carrierl and D90-SNP. Blue and red dots indicate the
blockades associated with the capture of free carrier and carriersDNA complexes,
respectively. Non-target DNA mixture included pT7 plasmid DNA (10.2 ng-uL™1) and a
225-bp BRAF gene fragment PCR reaction mixture (37.2 ng-uL1). D90-SNP is a variant of
D90, which forms a single mismatched basepair with Carrierl (Table S1, Fig. S14 for
traces). g, Comparison of the capture rate (k) for the carrier DNA complex for conditions
shown in a—f. The presence of non-target DNA did not influence the capture efficiencies for
both free nanocarrier and the carriersDNA complex, suggesting that the nanocarrier is
specific to the target and does not bind to non-target DNA, and that the formation of the
carriereDNA complex is not influenced by non-target DNA.
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Figure 5.
Dielectrophoretic detection of RNA targets. a—b, Current traces showing blockades

produced by the translocation of Carrier2 (Table S1, 100 nM) alone (a) and when bound to a
40-nt fragment of Apolipoprotein C1 mRNA, APOC1_41 (100 nM, b), from the trans
solution. c—e, Simultaneous capture and characterization of two types of carriersRNA
complexes by a hanopore. The targets are microRNA Let-7b and miR-155 (Table S1). Their
specific carriers are Carrierl and Carrier3, which differ from one another by both the peptide
and PNA sequences (Table S1). CarrierleLet-7b (solid triangles in panel c) and
Carrier3sLet-7b (empty triangles in panel d) produced blockades of different conductance
levels. In panel e, the mixture of two targets and two carriers were presented in the frans
solution (100 nM each species). The difference in the peptide sequence of the two
nanocarriers causes the two distinct blockade levels: the lower conductance blockade is
generated by CarrierleLet-7b and the higher conductance blockade by Carrier3sLet-7h.

ACS Nano. Author manuscript; available in PMC 2017 May 20.



	Abstract
	INTRODUCTION
	RESULTS
	Nanocarrier-enabled anti-field capture of target nucleic acids
	Microscopic simulations of the anti-field capture
	Dielectrophoretic mechanism of nanocarrier-facilitated nanopore capture
	Interference-free detection of nucleic acid targets
	Applications to RNA and multi-target detection

	CONCLUSIONS
	METHODS
	Chemicals and materials
	Electrophysiology recordings from single protein pores
	RNA in vitro transcription, purification and hybridization with carrier
	Summary of MD methods
	Theoretical model of carrier-guided nanopore dielectrophoresis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

