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ABSTRACT: MicroRNAs (miRs) are small noncoding RNAs that
play a critical role in gene regulation. Recently, traces of cancer-
related miRs have been identified in body fluids, which make them
remarkable noninvasive biomarkers. In this study, a new nanopore-
based detection scheme utilizing a borosilicate micropipette and an
assay of complementary γ-peptide nucleic acid (γ-PNA) probes
conjugated to polystyrene beads have been reported for the
detection of miR-204 and miR-210 related to the clear cell Renal
Cell Carcinoma (ccRCC). Electroosmotic flow (EOF) is induced
as the driving force to transport PNA-beads harboring target miRs
to the tip of the pore (sensing zone), which results in pore
blockades with unique and easily distinguishable serrated shape
electrical signals. The concentration detection limit is investigated to be 1 and 10 fM for miR-204 and miR-210, respectively. The
EOF transport mechanism enables highly sensitive detection of molecules with low surface charge density with 97.6% detection
accuracy compared to the conventional electrophoretically driven methods. Furthermore, resistive-pulse experiments are
conducted to study the correlation of the particles’ surface charge density with their translocation time and verify the detection
principle.

One of the significant advancements in molecular biology
has been the identification of microRNAs, which are

small noncoding RNAs (∼20 nt) that regulate various
biological phenomena, such as development and homeostasis.1

In addition, miRs play an important role in carcinogenesis; their
unusual expression level, either up-regulated or down-regulated,
have been identified to be correlated with disruption of normal
biological processes.2−4 Recently, circulating miRs have been
observed in extracellular human body fluids including blood
plasma, urine, and saliva as nuclease-resistant circulating entities
in both free-floating and microvesicle (exosome) associated
states.5−8 Thus, they have attracted a great deal of attention as
noninvasive biomarkers due to ease of access and high stability
compared to messenger RNAs (mRNAs) and proteins.9,10

Currently, qRT-PCR technology is considered as the “gold
standard” for miR detection due to its high sensitivity and
specificity.11−13 However, this technique requires time-con-
suming and expensive amplification steps along with labeling
and enzymatic reactions. Moreover, the design of the primers
for small miR sequences has been reported to be challeng-
ing.11,14 New PCR-free biosensor-based technologies such as
electrochemical15−17 and optical sensors18−20 with concen-

tration detection limits ranging from attomolar (aM) to
nanomolar (nM) have been developed for miR analysis.21

Another straightforward and effective approach for miR
detection has been the nanopore-based sensing.21 Nanopores
have gained significant attention in the field of genome
sequencing,22−24 molecular sensing,25,26 and medical diagnos-
tics27,28 due to their intrinsic ultrasensitive, PCR-independent,
truly reagentless, and rapid detection criteria.29 Several groups
have utilized nanopores as an alternative approach for direct
detection of circulating miRs.30,31 For instance, in a pilot study
by Gu and Wang, a protein nanopore and a polycationic
peptide-PNA probe were used to selectively discriminate
plasma miRs from lung cancer patients and healthy individuals
with much lower variability compared to the qRT-PCR.32 The
same group has demonstrated the feasibility of multiple miRs
detection in a single protein pore by designing a series of
barcode probes to encode different targets along with the click
chemistry technique to specifically modulate ionic flow as each
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probe-miR passes through the pore.33 Besides protein pores,
Wanunu et al. have fabricated a 3 nm diameter pore in a 7 nm
thick silicon nitride (SiN) to detect the liver miR hybridized
with the probe after enrichment.34 Although these methods are
highly sensitive, they are undesirable as robust systems due to
the instability of the lipid bilayer and tedious fabrication
procedure of a thin 3 nm pore.
In the work described here, we have demonstrated an

electroosmotically driven nanopore-based sensor and an assay
of γ-PNA probes conjugated beads to detect two miRs, miR-
204 and miR-210, related to ccRCC at fM detection limit.
CcRCC is a malignant kidney cancer distinguishable by the
early loss of the von Hippel-Lindau tumor suppressor protein
(VHL), leading to the accumulation of the hypoxia inducible
transcription factor (HIF) and induction of HIF-responsive
genes.35 As a model system, we used human 786-O RCC cell
line where the VHL gene is inactivated (VHL−) and expresses
high levels of miR-210 and low levels of miR-204, and an
isogenic cell line with reconstituted VHL (VHL+), where levels
of miR-210 are decreased and levels of miR-204 are
induced.36−38 The glass micropipette has been chosen as the
pore construct since it has shown attractive sensing properties
such as low-noise, robustness and relatively simple fabrication
procedure.39−43 γ-PNA has been selected as the probe molecule
due to its well-characterized binding affinity to the comple-
mentary nucleic acids, its resistance to enzymatic degrada-
tion,44,45 and enhanced water solubility.46,47 Furthermore, it is
able to invade double-stranded DNA or RNA to form a triplex
helix.48,49 The device operation is based on the applied voltage
and induction of electroosmotic flow across the pipet in order
to direct the beads harboring miRs with low surface charge
toward the sensing zone and, thus, significantly improve the
sensitivity of the sensor. The probe conjugated beads serve as
an intrinsic mechanical amplifier which enhance the current
reduction to micro Amperes (μA) upon the pore blockade. As
the target bead reaches the sensing zone, there is a strong
opposing electrophoretic force applied on the bead resulting in
a unique serrated shape electrical signal. However, in the case of
the control experiments, pore blockade is permanent and the
signal is right-angled in shape owing to the insufficient
opposing electrophoretic force on the beads with loosely
bound RNAs or no RNA.

■ EXPERIMENTAL SECTION
Materials. All chemicals were purchased from Sigma-

Aldrich (St. Louis, MO) unless otherwise noted. Polyethylene
glycol-amine was purchased from Nanocs Inc. (New York,
NY). Borosilicate glass pipettes with an outer diameter of 1 mm
and an inner diameter of 0.78 mm were purchased from Sutter
Instrument (Novato, CA). A total of 0.97 μm fluorescently
tagged, carboxylic acid polystyrene beads and 2.36 μm
nonfluorescent carboxylic acid beads were acquired from
Bangs Laboratories, Inc. (Fishers, IN). γ-PNA oligomers
PNA204 (amine-OOOO-GCAT*-AGG*-ATG*-ACAAA),
PNA210 (amine-OOOO-CAGT*-GTG*-CGG*-TGGGC),
and NC-PNA (negative control) with noncomplementary
sequences to both miR-210 and -204 (amine-OOOO-
ATCA*-AGG*-TCC*-GCTGT) were synthesized and purified
by PNA Bio (Newbury Park, CA). MirVana microRNA
Isolation Kit was purchased from Thermo Fisher Scientific
Inc. (Waltham, MA).
Beads Probe Coupling. 7.5 × 108 of fluorescently tagged

carboxylic acid beads with 0.97 μm diameter and 5.1 × 108 of

carboxylic acid beads with 2.36 μm diameter were coupled to
the amine-functionalized PNA204, PNA210 and NC-PNA probes
separately as described earlier.43,50

Characterization of Beads. Zeta potential and average
diameter of the beads were measured using NanoBrook Omni
(Brookhaven Instruments Corp, Holtsville, NY). The measure-
ments of 0.97 and 2.36 μm carboxylic acid beads were obtained
to be −40.77 ± 6.3 and −60.63 ± 3.7 mV, respectively. The
zeta potentials of PNA204 and NC-PNA beads with 0.97 μm
diameter were measured to be −15.64 ± 2.7 and −11.36 ± 6.6
mV, respectively. The zeta potential values of PNA204, PNA210,
and NC-PNA beads with 2.36 μm diameter were −14.10 ± 2.6,
−10.48 ± 3.0, and −17.61 ± 3.1 mV, respectively. The average
diameters of the 0.97 and 2.36 μm beads were 960.15 ± 11.2
and 2270.05 ± 107.0 nm, respectively.

MiRs Sample Preparation. A total of 150000 of “786-0
Wild-Type” cells (VHL+) and “786-0 Vector” cells (VHL−)
were plated on a 100 cm diameter plate in 10 mL of media
containing 10% fetal bovine serum (FBS). After 3 days in
culture, 1 mL of Trireagent was added to the plate to lyse the
cells. Total RNAs (Kbp to 10 bp) were isolated using mirVana
microRNA Isolation Kit following the provided protocol. Small
RNAs (10 bp to 200 bp) were further isolated from total RNAs
using the same kit and the remainder with a fraction of 200 to
1000 bp was preserved as the control NC-RNA sample. The
concentration of the small RNAs extracted from the VHL+ and
VHL− cell lines was measured as 1.8 and 1.54 μM, respectively;
the concentration of the control NC-RNA obtained from VHL
+ and VHL− was measured as 16.39 and 21.5 μM, respectively,
using NanoDrop (Thermo Fisher Scientific, Waltham, MA).
qRT-PCR analysis was performed to quantify the concentration
of the miR-204 and miR-210 extracted from both cell lines
following the established protocol by our group.38 Gel
electrophoresis was run to confirm the size of the small
RNAs (data not shown).

Hybridization Assay. Prior to the hybridization reaction,
7.5 × 105 conjugated PNA-beads were washed three times with
0.4 × SSC buffer (60 mM NaCl, 6 mM trisodium citrate, 0.1%
Triton X-100 in nuclease-free water, pH 8). After the last wash,
the extracted small RNA samples (containing the target miRs),
and the remaining of the large RNA samples (the control NC-
RNA) at serially diluted concentrations (100 mM, 1 pM, 100
fM, 10 fM, 1 fM, 0.1 fM) were incubated with different beads
conjugated to different PNA probes in 50 μL of hybridization
buffer (10 mM NaCl, 25 mM Tris-HCl, pH 7.0). Hybridization
reactions were performed by incubation of PNA204-beads and
PNA210-beads with extracted RNA sample containing miR
oligomers and control NC-RNA samples from VHL+ and
VHL− cells, respectively. Also, NC-PNA-beads were incubated
with extracted RNA samples containing miRs from both cell
lines separately. The hybridization of the PNA204-beads with
small RNA extracted from VHL+ cells was performed at the
room temperature, while the hybridization reaction of the
PNA210-beads with small RNA sample extracted from VHL−
cells was performed at 50 °C. A higher melting temperature
environment was set for miR-210 hybridization reaction due to
its enriched Cytosine and Guanine content. After the
incubation, samples were washed three times with 0.4× SSC
buffer and suspended in 1 mM KCl, pH 7.0 solution for sensing
experiments.

Sensor Apparatus and Electrical Measurements.
Micropipettes with ∼1 μm pore diameters were fabricated by
the laser-assisted puller-Sutter P2000. Borosilicate glass
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filament was positioned at the puller and the CO2 laser was
focused into the center of the filament to melt the glass. At the
end of the program, two identical pores were formed as the
filament separated at the center. The programs with the
following settings were used: Heat 350, Filament 4, Velocity 30,
Delay 200, Pulling 0; Heat 350, Filament 4, Velocity 30, Delay
130, Pulling 30. The diameters of fabricated pores were
approximated by comparison of measured conductance across
the 1 μm ± 20% pipettes purchased from World Precision
Instruments, Inc. (Sarasota, FL).
Two identical polydimethylsiloxane (PDMS) chambers with

a 1 mm diameter opening between them were fabricated and
bonded with a glass slide via Oxygen Plasma Cleaning
technique (March CS-170). A micropipette was inserted into
the opening and was sealed with vacuum grease to have the
pipet as a sole electrical connection between the two chambers.
The pipet was backfilled with an electrolyte solution (1 mM
KCl and 10 mM HEPES, pH 7.0) via a 33 gauge Hamilton

syringe needle, and the two chambers were filled with 50 μL of
electrolyte solution.
Platinum electrodes were placed into the chambers, and 30 V

DC was applied using Keithley 2220G-30-1 voltage generator.
The ionic current output was amplified with a homemade
circuit board including a trans-impedance amplifier (OPA111).
The signal was digitized by data acquisition hardware at 10 kHz
sampling rate (USB 6361, National Instruments) and recorded
with LabView software (National Instruments). The baseline
current across the pore was stabilized and recorded for
approximately 1 min prior to the injection of beads into the
pipet. Beads suspended in 1 mM KCl, pH 7.0, were backfilled
into the pipet, and the ionic current across the pore was
recorded. The motion of the beads was simultaneously
monitored and recorded using an inverted fluorescent micro-
scope, Nikon Eclipse TE2000-E, equipped with a high-
resolution camera Andor NeoZyla 5.5 at a capturing frequency
of 100 frames sec−1.

Figure 1. Finite-element simulation by COMSOL Multiphysics: (a) Fluid flow pattern for a 1 μm diameter pore in the near tip region with applied
+30 V at the base in 1 mM KCl solution (i) and the corresponding line graph distribution along the pipet’s axis (ii). (b) Nonuniform distribution of
electrical field in the near tip region when +30 V is applied at the base (i) and the corresponding line graph distribution along the pipet’s axis (ii).

Figure 2. (a) (i) Schematic of electroosmotic force (EOF) and electrophoretic (EP) force applied on a negatively charged bead inside a
micropipette. (ii) Depiction of a transient ionic block. (b) (i) Schematic of EOF applied on a neutral bead inside a pipet. (ii) Portrayal of a
permanent ionic current reduction. Red dashed arrows represent EOF and solid blue arrows represent EP.
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■ RESULTS AND DISCUSSION

To design our sensor based on electroosmotically driven force,
the fluid flow velocity profile and the electric field inside the
pipet were simulated using the COMSOL Multiphysics
(Supporting Information) with 1 mM KCl solution at pH 7.0
under 30 V (Figure 1). Figure 1a) represents the fluid flow
pattern of near tip region up to 6 μm distance from the pore.
The size of the arrows is proportional to the magnitude of fluid
velocity and is evidently larger near the pore compared to the
bulk solution. The line graph (Figure 1a(ii)) depicts the
variation of surface velocity magnitude as given by the solution
of Stokes equation. The variation is studied as a function of z-
coordinate, which denotes the axis along the length of the
channel. The negative z-coordinate pertains to the section
inside of the pipet, zero implies the tip and the positive values
represent the bulk of the buffer away from the tip. A sharp rise
in fluid velocity can be seen at the near tip region and marked
by the color gradients in the surface velocity distribution plots
in Figure. 1a(i).
Besides the electroosmotic flow, electrophoresis plays a

crucial role on the motion of the miR:PNA-bead complex.
While beads with various surface charges are driven electro-
osmotically toward the pore, there is a nonuniform distribution
of electric field with relatively higher magnitude is induced on
the negatively charged particles at the tip region (Figure 1b).
Therefore, the negatively charged beads are expected to
experience a strong opposing electrophoretic force (Figure
2a(i)), which is anticipated to be measured as a transient ionic
current block (Figure 2a(ii)). However, the strong electric field
has no effect on the beads with neutral surface charge (Figure
2b(i)); thus, a permanent current reduction is anticipated
(Figure 2b(ii)).
To perform the sequence-specific detection, we have targeted

the miR-204 and miR-210 extracted from VHL+ and VHL−
cell lines. However, this method can be expanded and used for

detection of other miRs with known sequnces. Sensing
experiments have been conducted after the purified small
RNAs (10−200 bp) extracted from VHL+ and VHL− were
hybridized with PNA204- and PNA210-beads, respectively. Three
sets of control experiments were designed to investigate the
selectivity of the proposed approach. The first set was
performed on the noncomplementary RNA (NC-RNA),
which is the remaining of the extracted total RNA after
separation of the small RNAs and their incubation with
PNA204- and PNA210-beads under the same hybridization
conditions. The second set was the noncomplementary PNA-
beads (NC-PNA-beads) incubated with the extracted small
RNAs containing the target miR oligomers and the last set was
of the PNA-beads with no RNA oligomers. All experiments
have been performed in freshly made micropipettes and the
pore blockade measurements were repeated at least 10 times by
reversing the polarity of the voltage to reblock the pore with a
different or the same bead. In addition to the conductance
measurements, we have taken advantage of the pipet’s optical
transparency and simultaneously monitored the experiments
optically. Figure 3 and Figure S-1 (Supporting Information)
show the results of these experiments for detection of miR-204
and miR-210.
Under the applied potential, target and control beads were

driven by electroosmotic flow toward the sensing zone, which
resulted in pore blockades and conductance changes. The
current blockades obtained by the hybridized miR-204:PNA204-
beads (Figure 3a) showed a unique serrated shape compared to
the right-angled shape obtained by the three control experi-
ments (Figure 3b−d). Also, microscopic observation has shown
slight backward motion of the target beads away from the tip
after the initial pore blockade (Supporting Information, Video
S1). However, in the case of the control experiments backward
motion was unnoticeable (Supporting Information, Video S2).
We have analyzed the shape of the blocks by examining four

Figure 3. Detection of miR-204 oligomers from VHL+ cells. (a) Four transient ionic current blocks with unique serrated shape were obtained by
PNA204-beads incubated with the extracted small RNA sample which includes miR-204 oligomers. (b) Four permanent ionic current blocks with
right-angled shape were obtained by PNA204-beads incubated with control NC-RNA sample. (c) Four permanent ionic current blocks with right-
angled shape were obtained by PNA204-beads in absence of RNA oligomers. (d) Four permanent ionic current blocks with right-angled shape were
obtained by NC-PNA-beads incubated with small RNA samples which includes miR-204.
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distinct points in current traces as a bead occluded the pore.
Table 1 and Table S-1 illustrate the ionic current values at four
points (I1, I2, I3, I4) in target and control experiments for
detection of miR-204 and miR-210, respectively. I1 represents
the open pore current, I2 and I3 declare the current drop at the
moment in which the bead had blocked the pore, and I4
represents the final stable current blockade. In the case of the
target experiment, the ionic current increased as beads had
approached the pore (|I1| < |I2|). However, I2 had decreased
with respect to I1 for all three control experiments. We have
postulated that the enhancement in ionic current at position 2
for beads harboring miRs is due to the particle-induced ionic
concentration polarization effect,51−53 in which the concen-
tration of ions in the front region of a negatively charged bead
(the right side) was enhanced while it traveled toward the
cathode. However, in the case of the control beads with lower
or no surface charge, the ionic current reduction was mainly
due to the obstruction of the pore’s opening by the particle’s
volume.54,55 After the initial stage of the blockade, reduction of
the ionic current was observed at point 3 for both target and
control samples. At the tip of the pore, the negatively charged
target beads were subjected to the strong opposing electro-
phoretic force (Figure 1b), which caused a small movement of
the beads away from the tip and thus, increased the pore’s
conductance at point 4 (|I3| < |I4|). However, in the case of the
control experiments, with beads having loosely bound non-
specific RNA molecules, the current reduction remained the
same at points 3 and 4 (|I3| ≈ |I4|).
We have estimated the electrophoretic force on a 22 nt miR

oligomer hybridized with the 15-mer complementary PNA
probe by acquiring the electric field of 2.97 × 106 V m−1 from
our simulation results (Figure 1b(ii)) near the sensing zone.
The applied force was estimated as 10.45 pN (Supporting
Information) which is less than 65 ± 15 pN, the force required
to rupture the 10 bp hybridized γ-PNA:DNA duplex with AFM
(atomic force microscope) force spectroscopy;47 and thus, the
hydrogen bonds between miRs and the complementary PNA
are expected to remain intact at the sensing zone. However, in
the case of the control experiments the strong electric field at
the tip would be sufficient to remove the weak nonspecifically
bound RNAs from the bead’s surface and reduce the bead’s net
surface charge. Therefore, the effect of the opposing electro-
phoretic force on the beads were diminished and the pore
remained blocked under EOF.43

Furthermore, to investigate the concentration detection limit
of our system, experiments were repeated as the extracted RNA
samples from cell lines were diluted from 100 nM to 1 pM, 100
fM, 10 fM, 1fM, and 0.1 fM and hybridized with the
corresponding target and control PNA-beads. The current
blocks by the miR-204:PNA-beads were observed as transient
with the signature serrated shape (Figure 4a), while permanent

current blockades with right-angled shape were obtained in the
control experiments (Figure 4b,d). The number of serrated
shapes were counted at each dilution for both target and
control experiments (Table 2). As the concentration of the
RNA decreased to 0.1 fM, more right-angled blocks were
obtained which indicates that the limit of detection (LOD) of
our system is 1 fM for miR-204.
Similar experiments were repeated for detection of miR-210

as described above. As the RNA concentration decreased to 1
fM, the majority of the blockades were detected as right-angled
shape, which indicates the LOD of the system as 10 fM for

Table 1. Current Blockades Obtained by miR-204 Detection Experiments

Figure 4. Scatter plot of translocation events of 0.97 μm beads
through a 1 μm pore for detection of miR-204 extracted from VHL+
cells: (a) translocation of 55 PNA204-beads incubated with 60 nM
small RNA sample, which includes miR-204 oligomers; (b) trans-
location of 53 PNA204 beads incubated with 60 nM control NC-RNA
sample; (c) translocation of 57 NC-PNA-beads incubated with 60 nM
small RNA sample, which includes miR-204; (d) translocation of 53
PNA204-beads in the absence of RNA oligomers. The translocation
time presented at the Y-axis was taken as log(T), in which T/ms is the
dwelling time of each bead passing through the pore.

Table 2. LOD of the System for Detection of miR-204
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miR-210 (Table S-2). In addition, out of 137 blocks obtained in
33 target experiments at different concentrations, we have
counted the number of the right-angled blocks and have
estimated a “false negative” rate of 2.2% for our system.
Moreover, by counting the number of the serrated shape
blockades out of 364 blocks obtained in 54 control experi-
ments, we have estimated a “false positive” rate of 2.5% for our
system. Overall, the accuracy of our device is estimated as
97.6%. However, we have noticed a fairly large percentage of
false positive ∼21.6%, in the case of the control NC-RNA
experiment at 100 nM which could be the result of the large
number of nonspecifically bound RNAs to the beads’ surface at
higher concentration and an indication of our system’s upper
detection limit.
To further support our results, we have repeated the miR-

204 detection experiments at 60 nM with 0.97 μm beads
translocating through a 1 μm pore using the electroosmotic
flow as the driving force and analyzed the duration of the
resistive pulses. Recently, zeta potential of particles has been
accurately estimated utilizing a nanopore device in which the
electrophoretic mobility of the particle is calculated based on
the particle’s translocation velocity through the pore.56,57 We
have followed the same concept to investigate the correlation
between the particle’s translocation velocity and its surface
charge. In these experiments, longer translocation time
(“dwelling time”) for beads harboring miR-204 with higher
surface charge density has been observed compared to the
control beads with lower surface charge (Figure 4). Supporting
Information Videos S3 and S4 illustrate the microscopic
observation of the target and control beads through a pore.
According to the scatter plot, a wide distribution of dwelling
time for the target beads was observed, which could be
interpreted as (1) the particles have nonuniform coating of
PNA probes on their surface57 and (2) the hybridization
between PNA probes and miRs followed a Gaussian
distribution, which leads to a distribution of beads with various
surface charges.58,59 The average dwelling time of 55 beads
harboring target miR-204 was approximately 55.31 ms, which
was significantly longer than the average dwelling time of
approximately the same number of beads in the three control
experiments. The average dwelling time of the control NC-
RNA incubated with PNA204-beads and NC-PNA-beads
incubated with the small RNA oligomers was measured as
∼7.39 and ∼0.77 ms, respectively. For PNA204-beads in the
absence of RNA oligomers, the average translocation velocity
was recorded as ∼0.90 ms. The longer translocation time for
the target beads confirmed the effect of the opposing
electrophoretic force on the negatively charged particles
which resulted in the reduction of their electroosmotic velocity.
The shorter translocation time for the control beads validates
our argument regarding the dissociation of weakly bound RNAs
under the strong electric field at the tip, and their fast
translocation through the pore under the EOF. Interestingly,
the average dwelling time of the beads in the NC-PNA
experiment is in-between the translocation velocity of the
PNA204 and the control NC-RNA experiments. This observa-
tion can be explained by evaluating the length of the RNA
oligomers that could have been nonspecifically bound to the
beads. In the case of the NC-PNA-beads incubated with the
extracted small RNA samples, the lengths of the oligonucleo-
tides were in the range of 10−200 bp. However, in the case of
PNA204-beads incubated with the control NC-RNAs, the length
of the oligonucleotides was 200−1000 bp, which resulted in

their slower translocation time. Also, the long dwelling time of
the control NC-RNA experiment was in agreement with the
high “false positive” rate of the same experiment with 2.36 μm
beads at 100 nM as described above. Overall, the resistive pulse
results support the blockade experiments, which validate the
influence of the opposing electrophoretic force on the
negatively charged beads and thus their slower translocation
velocity through the pore compared to the control beads.

■ CONCLUSION
We have elucidated a sensitive and robust nanopore-based
sensing scheme which took advantage of the electroosmotic
flow inside a conical glass micropipette and highly specific γ-
PNA probes conjugated beads, to accurately detect miR-204
and miR-210 fragments against the small RNA background.
Detection results exhibited a high accuracy of our sensor with
97.6% in 87 experiments. The limit of detection for miR-204
and miR-210 were demonstrated as 1 and 10 fM, respectively.
Moreover, analysis of the dwelling times of resistive pulses was
performed to validate the measured signature serrated shape
signals obtained by the target samples in our blockade
experiments. This sensitive scheme can be applied for detection
of all miR oligomers with known sequences by designing the
specific γ-PNA probes complementary to the target miR
sequences. Furthermore, the proposed sensor has a techno-
logical appeal to be evolved into a quantitative measurement
tool for analysis of miR biomarkers in basic and clinical research
by correlating the dwelling time of particles with the
concentration of the RNA oligomers bound to their surface.
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Videos: Four videos regarding beads’ electrohydrodynamic
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by miR-210 detection experiments. Table S-2: The LOD
of the system for detection of miR-204. Force estimation:
Calculation of electrophoretic force exerted on an
oligomer (PDF).
Video S1 Target: miR-204 target experiment with 2.36
μm diameter beads and 1 μm pore. Video recording of
miR-204:PNA204 beads motion in 1mM KCl (pH 7.0)
under 30 V bias (polarity was marked in the video). The
clip shows a bead harboring miR-204 moved toward the
negative polarity and oscillated at the pipette’s tip. As the
voltage polarity had been reversed, the bead moved
backwards away from the pore (AVI).
Video S2 Control: PNA204 conjugated to the 2.36 μm
diameter beads and 1 μm pore. Video recording of
PNA204 conjugated beads with low surface charge
(−14.1 ± 2.65 mV) in 1 mM KCl (pH 7) under 30 V
bias (polarity was noted in the video). The clip shows a
PNA conjugated bead had moved toward the negative
polarity and blocked the pore; by reversing the voltage
polarity the pore became open (AVI).
Video S3 Target: miR-204 target experiments with 0.97
μm diameter beads and 1 μm pore. Video recording of
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miR-204:PNA204 beads in 1mM KCl (pH 7) under 30V
bias (polarity was marked in the video). The clip shows
the beads harboring miR-204 had moved toward the tip
and stopped around 500 ms at the tip before passing
through the pore (AVI).
Video S4 Control: PNA204 conjugated to the 0.97 μm
diameter beads and 1 μm pore. Video recording of
PNA204 conjugated beads in 1 mM KCl (pH 7) under
30 V bias (polarity was marked in the video). Beads had
moved toward the tip and passed through the pore with
high velocity (AVI).
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