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ABSTRACT: This paper describes a method for the real-time
counting and extraction of DNA molecules at the single-molecule
level by nanopore technology. As a powerful tool for electro-
chemical single-molecule detection, nanopore technology elimi-
nates the need for labeling or partitioning sample solutions at the
femtoliter level. Here, we attempt to develop a DNA filtering
system utilizing an α-hemolysin (αHL) nanopore. This system
comprises two droplets, one filling with and one emptying DNA
molecules, separated by a planar lipid bilayer containing αHL
nanopores. The translocation of DNA through the nanopores is
observed by measuring the channel current, and the number of
translocated molecules can also be verified by quantitative
polymerase chain reaction (qPCR). However, we found that the issue of contamination seems to be an almost insolvable problem
in single-molecule counting. To tackle this problem, we tried to optimize the experimental environment, reduce the volume of
solution containing the target molecule, and use the PCR clamp method. Although further efforts are still needed to achieve a single-
molecule filter with electrical counting, our proposed method shows a linear relationship between the electrical counting and qPCR
estimation of the number of DNA molecules.

■ INTRODUCTION

The use of nanopore technology as a powerful tool for
electrochemical single-molecule detection at the femtoliter
level without the need for labeling or partitioning sample
solutions has been well established.1−3 The basic configuration
for nanopore measurements involves connecting two separated
electrolytes through a nanopore, with an ion current generated
by applying a voltage (Figure 1). The migration of analytes

through the pore subsequently produces a characteristic ion
current blockage, which can be utilized to identify the analyte
through electrical means. The inner diameter of biological
nanopores typically ranges from sub-nanometer to several
nanometers.4−8 α-Hemolysin (αHL), a toxin produced by
Staphylococcus aureus, has been widely utilized to detect single-
stranded nucleic acid molecules since its initial reported use by
Kasianowicz et al. in 1996, due to its ability to reproducibly
form rigid nanopores with diameters of around 1.4 nm.9

Researchers in the field of nanopore technology have been
particularly focused on the application of nanopores for DNA
sequencing,10−14 with a DNA sequencer becoming commer-
cially available in 2015 and being updated with the use of the
Escherichia coli transport channel CsgG15 in 2016.

In previous research, we have applied αHL nanopores in the
context of DNA computing technology,16−21 utilizing them in
the decoding of oligonucleotides. DNA computing involves the
performance of logical operations or arithmetic calculations
using DNA molecules.22−26 To accomplish this, we prepared
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Figure 1. (a) Photograph of the microdevice used for lipid bilayer
preparation. Two chambers are separated by a separator with a
parylene film. (b) Illustration of the droplet contact method and
collection of single molecules of DNA. Immediately after a single
molecule of DNA passes through the αHL pore in the lipid bilayer,
the separator is slid across to intercept the bilayer.
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water-in-oil droplets27−30 for each of the input DNA,
computational DNA, and output DNA and used αHL
nanopores to translocate the DNA molecules between the
droplets.18 Specifically, the input DNA in the input droplet
moves into the computational droplet, and the output DNA in
the computational droplet moves into the output droplet,
molecule by molecule, through the pore. In the case of single-
molecule detection using nanopore technology, the target
molecules are counted in real-time as they pass through the
pore and are quantified according to the number of passing
molecules per unit time.16,31 Our previous research using
nanopore experiments has led us to consider the nanopore
system as a valuable tool for counting and collecting single
molecules in real time. In this study, we utilized a nanopore
system with the αHL nanopore as a molecular filtering device.
The αHL nanopore was reconstituted in a lipid bilayer that
separated the measurement solution into two compartments,
and single-stranded DNA (ssDNA) was passed through the
pore, moving from the sample droplet (cis-side compartment)
to the collecting droplet (trans-side compartment). The
translocation of ssDNA could be monitored through pulsed
blockage signals, with the number of signals corresponding to
the number of translocated ssDNA molecules. This device has
the potential to allow for real-time counting of a specific
number of molecules and the simultaneous extraction of a
specific number of molecules by collecting the droplet on the
trans side. To evaluate the reliability of the nanopore filter
system, the number of ssDNA molecules in the collected
solution was verified through a quantitative polymerase chain
reaction (qPCR) assay.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. In this study, we used the

following reagents: 1,2-diphytanoyl-sn-glycero-3-phosphocho-
line (DPhPC; Avanti. Polar Lipids, AL, USA); 1,2-dioleoyl-sn-
glycero-3-phospho-rac-(1-glycerol) (DOPG; Avanti. Polar
Lipids); n-decane (Wako Pure Chemical Industries, Osaka,
Japan); 3-morpholinopropane-1-sulfonic acid (MOPS; Nacalai
Tesque, Kyoto, Japan); potassium chloride (KCl; Nacalai
Tesque), sodium chloride (NaCl; Nacalai Tesque), ammo-
nium chloride (NH4Cl; Wako Pure Chemical Industries),
lithium chloride (LiCl; Nacalai Tesque), calcium chloride
(CaCl2; Nacalai Tesque), magnesium chloride (MgCl2;
Nacalai Tesque), and streptavidin (Wako Pure Chemical
Industries). Buffered electrolyte solutions were prepared using
ultrapure water (MilliQ; Merck Millopore, Burlington, MA,
USA). Wild-type αHL (Sigma-Aldrich, St. Louis, MO, USA,
and List Biological Laboratories, Campbell, CA, USA) was
obtained as a monomeric polypeptide, isolated from S. aureus.
For use, samples were diluted to the designated concentration
using a buffered electrolyte solution and stored at 4 °C. High-
performance liquid chromatography-grade DNA oligonucleo-
tides and peptide nucleic acid (PNA) were synthesized by
Eurofins Genomics (Tokyo, Japan) and PANAGEN (Daejeon,
South Korea), respectively, and stored at −20 °C. TBE buffer
(10×) was obtained from Takara Bio (Shiga, Japan) and was
diluted 10-fold for gel electrophoresis. TB Green Premix Ex
Taq II (Takara Bio) and KOD SYBR qPCR Mix (TOYOBO,
Osaka, Japan) were used for the real-time polymerase chain
reaction (real-time PCR).

Planar Bilayer Membranes for Nanopore Filter
Experiments Prepared with the Droplet Contact
Method Using a Microdevice. As shown in our previous

reports,4,17,32 we prepared planar bilayer membranes (pBLMs)
by the droplet contact method using a microdevice in which an
infinity symbol-shaped micro chamber is separated into two
micro chambers by a 5 μm thick parylene film with a single
hole of 100 μm diameter (Figure 1). For electrical measure-
ments of nanopores, Ag/AgCl electrodes were prepared at the
bottom of each chamber. We basically used a brand new device
for each experiment.

pBLM formation using this device was performed with the
following procedure. First, 10 mg/mL DPhPC solution (in n-
decane) (0.9 μL) was poured into both chambers. Next, the
buffer solution (4.7 μL) with 100 nM αHL was added into one
of the chambers which was connected to the ground terminal.
Then, the buffer solution (4.7 μL) with 160 nM target DNA
was added into the other chamber. A few minutes after adding
the buffer solution, the pBLM spontaneously formed by
contacting two lipid monolayers.

Contact Bubble Bilayer Method Using Glass Pipettes.
The contact bubble bilayer (CBB) method33,34 was performed
under an inverted microscope (IX71; Olympus, Tokyo, Japan),
and images were recorded using a digital camera (MS-200; Bio
Craft, Tokyo, Japan). Glass pipettes for bubble formation and
perfusion inside the bubble were fabricated by pulling a
borosilicate glass capillary (BF100-50-10; OD/ID; 1.0/0.5
mm, Sutter Instrument, Novato, CA) with a micropipette
puller (PC-100; Narishige, Tokyo, Japan). Then, the tips of the
pipettes were cut to obtain a tip diameter of around 30 μm and
lightly polished using a micro-forge (MF-900; Narishige).
First, 10 mg/mL DPhPC solution (in n-decane) (100 μL) was
put on a slide glass. Next, two glass pipettes, one filled with the
buffer solution with 100 nM αHL and the other filled with the
buffer solution containing 100 nM target DNA were immersed
into the DPhPC solution. Then, two water bubbles were
formed from the pipettes by applying pressure inside the
pipettes. Finally, the pBLM was formed by manipulating the
pipettes so the two water bubbles came into contact. The
pipette position was controlled by micromanipulators (UM-
3C; Narishige) under the microscope. The pressure in the
pipette was regulated by a micro injector (IM-9B; Narishige).
Ag/AgCl electrodes were placed in both glass pipettes. The
ionic current was measured by applying a transmembrane
potential of +180 mV.

Nanopore Filter Experiments. We prepared 30 pM PNA,
10 pM target DNA, 100 nM αHL, [0.1 M NH4Cl solution with
1 mM MOPS at pH 7.0], and [1 M NH4Cl solution with 10
mM MOPS at pH 7.0] for the nanopore filter experiments.
After forming pBLMs, αHL nanopores were spontaneously
reconstituted into the pBLM, and this nanopore-integrated
pBLM acted as a nanopore filter by translocating DNA. The
reconstitution of nanopores and the translocation of DNA
were confirmed by measuring the ionic current. When αHL
nanopores were reconstituted into the pBLMs, step-like
increases in current were obtained. Then, blockage signals
were observed when DNA translocated through the nanopores.
We counted signals with a blocking ratio of over 95% as the
target DNA signals in experiments without PNA. With PNA,
we identified signals with a blocking ratio more than around
70% as target signals. After confirming the translocation of
DNA, the solution in which DNA flowed was collected. We
added 0.5 μL of lipid/oil to the cis-side chamber, and gently
collected a droplet in the trans-side chamber using a gel
loading tip with a 0.3 mm tip diameter (Thermo Fisher
Scientific, Waltham, MA, USA). To check that the membrane
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was not ruptured, a voltage of −180 mV was maintained
throughout the collection experiments.

Real-Time PCR for Identifying the Number of DNA
Molecules Collected in the Nanopore Filter Experi-
ments. The number of DNA molecules in the collected
solution was confirmed by a real-time PCR assay. In this study,
we performed SYBR Green real-time PCR with two different
reaction volumes (25 and 50 μL), and the chemical
components of each reaction solution were as below. The 25
μL reaction solution contained 12.5 μL of TB Green Premix
Ex Taq II, target DNA (nanopore filtered or specific
concentration), 0.4 μM primers, 94 mM KCl, and 0.94 mM
MOPS (pH 7.0). The 50 μL reaction solution contained 25 μL
of KOD SYBR qPCR Mix, DNA (nanopore filtered or specific
concentration), 0.2 μM primers, 94 mM NH4Cl, and 0.94 mM
MOPS (pH 7.0). Thermal Cycler Dice Real Time System Lite
(Takara Bio) was used for all real-time PCR tests. The DNA
amplification cycles for each reaction volume were performed
by the following protocols: 40 cycles at 95 °C (5 s) and 60 °C
(30 s) for the use of the 25 μL reaction solution (TB Green
Premix Ex Taq II) and cycles at 98 °C (10 s), 57 °C (20 s),
and 68 °C (30 s) for the use of the 50 μL reaction solution
(KOD SYBR qPCR Mix). Real-time PCR data were obtained
after the reaction, and the crossing point (CP) was calculated
by the Thermal Cycler Dice system software. For generation of
standard quantitation curves using 10 to 105 copies of the
target DNA, the Ct values were plotted proportionally to the
logarithm of the input copy number. Negative controls were
included in each run.

Polyacrylamide Gel Electrophoresis for Analysis of
PCR Products. Amplification products of real-time PCR were
analyzed by denaturing polyacrylamide gel electrophoresis

(PAGE, containing 19/1 acrylamide/bis (w/w)) on 8% gels in
1× TBE buffer (89 mM Tris-borate, 2 mM ethylenediaminete-
traacetic acid, pH 8.3) at a constant power of 7.5 W for 30 min
at room temperature. After electrophoresis, the gel was stained
with diluted SYBR Green II solution (Takara Bio) for 30 min.
Then, the images were obtained using an LED trans
illuminator (Bio Craft).

PCR Clamp Using PNA Molecules. A duplex of PNA
(5′TGATTCTCAGCCCTTCGC3′) and the target DNA
were prepared by mixing them at a specific concentration
ratio, followed by annealing in a 95 °C heat block for 5 min
and annealing to room temperature over 20 h. SYBR Green
real-time PCR amplifications were performed with the 50 μL
reaction solution including 25 μL KOD SYBR qPCR Mix, the
PNA-DNA duplexes (nanopore filtered or specific concen-
tration), 0.2 μM primers, 94 mM NH4Cl, and 0.94 mM MOPS
(pH 7.0). The DNA amplification protocol of 45 cycles at 94
°C (0 s), 70 °C (5 s), 57 °C (5 s), and 65 °C (10 s) was
conducted with the real-time PCR equipment.

Measurement of PNA Concentration to Check PNA
Adsorption on the Surface of Microtubes and Pipet
Tips. The PNA concentrations were measured using a UV−vis
spectroscopy microvolume spectrophotometer (Nanodrop;
Thermo Fisher Scientific).

Channel Current Measurements and Data Analysis.
Channel currents were monitored using a patch-clamp
amplifier (PICO2; Tecella, Foothill Ranch, CA, USA) with a
7.9 kHz low-pass filter at a sampling frequency of 40 kHz.
These settings were carefully chosen to enable the detection of
DNA translocations in the experiments.35,36 Constant trans-
membrane potentials of +180 and +150 mV were applied to
the cis-side droplet in the case of DNA and PNA-DNA duplex

Figure 2. (a) Schematic illustration of the nanopore filter experiments. After observing 30 blockage signals, the solution in the chamber connected
to the recording terminal of a patch-clamp amplifier was collected. Then, the DNA was quantified by qPCR assay. (b) Amplification curves
obtained from the filtered target DNA and 106 molecules of the target DNA by real-time PCR assay. Similar Ct values were obtained from these
samples. (c) Amplification curves obtained from 102 molecules of the target DNA in different salt solutions. DNA amplification was observed only
when using NH4Cl and MilliQ with the PCR solution. (d) Calibration curves of the Ct value versus the molecular number with 94 mM NH4Cl and
MilliQ with the PCR solution. The Ct value can fit linearly with the natural logarithmic value of the DNA number. The literature value was
referenced from N. Jothikumar et al., J. Virol. Methods, 2006.39
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measurements, respectively. When αHL nanopores were
reconstituted into the pBLMs, current increases were observed
due to ion passage through the nanopores. Current blockages
were also observed when DNA molecules translocated through
the nanopores. Analysis of channel current signals was
performed using Clampfit software ver. 10.7 (Molecular
Devices, CA, USA).

■ RESULTS AND DISCUSSION
Separation of DNA by Nanopore Filters and

Quantification with qPCR. Single DNA molecules were
translocated through the αHL nanopore in the droplet contact
device (Figure 1). To facilitate the subsequent PCR reaction, a
droplet solution containing electrolytes and buffer (typically 1
M KCl, 10 mM MOPS, pH 7.0) was collected, with dilution by
1/2 in the PCR solution. We first attempted to create
calibration curves of the target DNA under these solution
conditions. The target DNA and PCR primers were selected
from a random sequence using Primer3Plus (https://
primer3plus.com/). We confirmed the formation of secondary
structures and self-pairing of all primers using Primer3Plus.
The design parameters of primers and target DNAs were
determined as follows: the lengths of primers and target DNAs
were 17 to 25 and 70 to 80 nt, respectively. The GC-content
and Tm value were 40 to 60% and 60 to 65 °C, respectively. As
a result, six different target DNA sequences were designed
(Table S1). Then, we performed qPCR assays for all
sequences. When using DNA #1, #2, #3, #4, #5, and #6 at
low concentrations of less than 105 molecules, nonspecific
amplification such as primer dimers was observed, and we did
not obtain linear calibration curves. Even primers designed
using mathematical models sometimes form nonspecific
products in negative controls and require PCR optimiza-
tion.37,38

As an initial trial, the nanopore filter experiment was
performed using six different types of ssDNA, DNA #1−6,
under conventional conditions for nanopore sensing. Clear
blocking signals of ssDNA (160 nM) translocation events were
observed for the buffer condition of 1 M KCl, 10 mM MOPS,
pH 7.0. The result for DNA #2 serves as a typical example for
all DNA #1−6. First, we pipetted out the solution in the trans-
side chamber after observing 30 blockage signals (identified as
the translocation of 30 target DNA molecules) (Figure 2a).
Then, we quantified the copy number of the DNA in the
solution by qPCR assays. As a result, we obtained amplification
curves of DNA #2 comparable to a positive control experiment
using 106 molecules of the DNA (Figure 2b). As the 30
molecules of DNA were detected to be more than 30,000 times
the number of molecules, we concluded that the preparation of
calibration curves and DNA contamination were significant
issues in this experiment. In the following section, we aimed to
solve these problems regarding (i) the difficulty in obtaining
calibration curves in the low-concentration range and (ii) the
lack of a negative control and contamination of the target
DNA.

Problem (i): Optimization of Experimental Condi-
tions for Generating the Calibration Curve in the qPCR
Assay. To generate a calibration curve in the low-
concentration range, we utilized a new DNA #7 as the target
DNA instead of DNA #1 to #6. DNA #7 originated from
hepatitis E virus genomes, and its calibration curve was
previously obtained in the range of 10−106 molecules (Table
S2 and Figure 2c).39 The length of the primers for DNA #7

was shorter than those for DNA #1 to #6, resulting in less
complementarity between the primers, which inhibited the
generation of primer dimers. However, 100 molecules of DNA
#7 were not amplified when using a 94 mM KCl buffer that
was transferred from the nanopore experiments, which
required high electrolyte concentrations to ensure ion
conductance. We therefore optimized the buffer conditions
of the nanopore filter by changing the electrolytes. In general,
the optimal experimental conditions for PCR experiments are
known;40 generally, the pH in the PCR buffer is 8 to 9.5, and 1
to 4 mM Mg2+ is needed as a cofactor for polymerase. The
optimal concentrations of Na+ (enhances primer annealing)
and NH4

+ (improves the specificity of primers) are 50 and 20
mM, respectively.

We then tested PCR experiments using six different
electrolytes (KCl, NaCl, NH4Cl, LiCl2, CaCl2, and MgCl2)
in the PCR solution. The salt concentration and number of
DNA #7 were 94 mM and 100 molecules, respectively. We
only obtained an amplification of the target DNA with use of
the NH4Cl solution (Figure 2d). NH4

+ ions compete with
hydrogen bonds between DNA strands and destabilize weak
hydrogen bonds between mismatched primer/template base
pairs.40 Hybridization of the specific primer and target DNA
was promoted by NH4

+ ions, which enabled amplification from
100 target molecules. Although the Ct value using the NH4Cl
solution was slightly higher than that using only the PCR
solution, we decided to use NH4Cl as the electrolyte because
electrolytes must be added to the solution to obtain ionic
currents in the nanopore filter experiments. We prepared a
calibration curve of the Ct value vs molecular number to
calibrate the DNA number when using a 94 mM NH4Cl
solution (Figure 2c). The Ct value versus the natural
logarithmic value of the DNA number was linearly fit with a
high correlation factor (R2) (mean R2 value of 0.97), with a
gradient of −1.3. Moreover, we confirmed that the target DNA
was amplified by qPCR experiments from the melting curve
analysis and gel electrophoresis (Figure S1).

Problem (ii): Investigation of Contaminated Path-
ways and Implementation of Negative Control Experi-
ments. Improvement of the Experimental Environment.
Since DNA contamination was strongly suspected, we
investigated the contamination pathways and attempted to
reduce it. First, we investigated DNA contamination from the
ambient atmosphere. To prevent contamination from the air,
we improved the experimental environment as follows:

1. Separation of the experimental space: We divided the
operation area into a place to handle the template DNA
(outside of a laminar flow cabinet) and a place to use
other solutions (inside the laminar flow cabinet) to
prevent contamination of the template DNA, as reported
previously.41

2. Consideration of experimental instruments: Since DNA
solution and aerosol may enter the pipette,41 we utilized
micropipette tips with a hydrophobic porous filter to
handle the PCR solutions. Thus, the DNA solution and
aerosol were blocked by the filter in the pipette tip,
preventing contamination. In addition, we used
segregated pipettes for handling the PCR solution and
the template DNA.

3. Decontamination of work-areas: Before using the
laminar flow cabinet, exposure to ultraviolet (UV) light
was carried out for 15 min to degrade DNA molecules in
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the cabinet. UV lights are classified into UV-A
(wavelength: 315−400 nm), UV-B (wavelength: 280−
315 nm), and UV-C (wavelength: under 280 nm)
according to their wavelength. Since DNA absorbs
wavelengths of light between 240 and 280 nm,42 we
exposed the work area to UV light that includes UV-C.
In addition, a decontamination reagent for DNA (PCR
Clean; Minerva Biolabs Berlin, Germany) and sodium
hypochlorite solution43 were sprayed on work areas
before experiments. We evaluated the effect of these
improvements by comparing the PCR results of the
negative control, where the target DNA was not added,
before and after these improvements. As a result,
although a Ct value of 33.96 was obtained before these
improvements, which indicates 21 DNA molecules were
included in the solution, no amplification of DNA was
observed after improving the experimental environment
(Figure 3a). Thus, DNA contamination from the air was
completely prevented by these improvements of the
work area. The number of contaminated DNA
molecules from the air (21 molecules) was much
smaller than the result of the nanopore filter experiments
(106 molecules). This result suggests that there is
another pathway of contamination other than the air.

Prevention of ssDNA Permeation through the Lipid
Bilayer Using a Negatively Charged Lipid Membrane. We
next investigated DNA contamination during the nanopore
filter experiments. To confirm DNA contamination during the
experiment, we performed controlled experiments without
nanopores as follows: we prepared only pBLMs with two
droplets, one containing the target DNA with a concentration
of 500 nM, 1 nM, 1 pM, 1 fM, or 0 M (droplet-A) and the
other without the target DNA (droplet-B). We then sampled
from droplet-B 10 min after the pBLM was formed. The pBLM
formation was confirmed by measuring the membrane
capacitance, which we monitored to ensure that pBLMs did
not rupture during the experiments. The number of molecules
in the collected droplet-B was evaluated by the qPCR assay.
The number of DNA molecules in droplet-B increased with an
increase in the DNA concentration added to droplet-A (Figure
3b). The DNA molecules were considered to be contaminants
passed from another droplet through the oil/lipid mixture, in
addition to those from the air (21 molecules mentioned
above). We assume that there may be multiple pathways of
contamination, with n-decane being one of the possibilities. To
prevent DNA contamination through the oil/lipid solution, the
types of phospholipids were investigated. DOPG, a negatively
charged phospholipid, was used because electrostatic repulsion

between DNA and DOPG was expected. DOPG and DPhPC
(1:1, mol/mol) in n-decane were mixed to form the pBLM as a
membrane of solely DOPG was not stable. As a result of the
controlled experiment performed with 500 nM target DNA,
contamination of 107 DNA molecules was still observed
(Figure 3b). Moreover, the applied potential was inverted and
applied as −180 mV to the collecting side (droplet-B) to
prevent electrophoretic transport of DNA molecules; however,
we did not observe a critical improvement in the DNA
decontamination (Figure 3c). The DNA contaminations
therefore could not be prevented by changing the phospho-
lipids and the applied potential.

Problem (ii): Nanopore Filter Experiments Using the
CBB Method. The results suggest that DNA contamination
may originate from the lipid membrane and lipid/oil solution.
The thin layer of a lipid membrane may constitute the primary
pathway for contamination. To investigate this further, we
employed the CBB method to form pBLMs (Figure 4a).33,34

This method involves the formation of pBLMs by bringing two
water-in-oil emulsions, prepared by bubbling water into an oil/
lipid mixture with glass micropipettes, into contact. The size of
these emulsions is significantly smaller (approximately 50 μm

Figure 3. (a) Amplification curves of the negative control before and after improvements. In the improved situation, there was no DNA
amplification after 45 cycles. (b) DNA numbers obtained from controlled experiments. The DNA numbers increased with increasing concentration
of DNA added to the droplet. (c) Amplification curves with and without an applied negative transmembrane potential (−180 mV) and negatively
charged lipid in the oil. The Ct value were 14.0, 17.9, and 15.6 for the normal, −180 mV, and the negatively charged lipid conditions, respectively.

Figure 4. (a) Schematic illustration of the CBB system. A lipid bilayer
is formed by the contact of two water droplets bubbled from glass
pipettes on the microscope. (b) Microscopic image during pBLM
formation by the CBB method. The diameters of the emulsion and
the lipid bilayer were around 50 and 5 μm, respectively. (c) Control
data of the nanopore filter experiments using the CBB method. One
droplet contained 100 nM (1011 molecules) or 0 M target DNA. 10
min after forming pBLMs, another droplet was collected, and the
number of the target DNA was quantified by qPCR assay.
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in diameter) than the droplets used in the DCM (approx-
imately 2000 μm in diameter, Figure 4b), leading to a
reduction in the number of DNA molecules present in the
droplets by a factor of several ten thousand. If 100 nM target
DNA is used, the numbers of molecules in a droplet of the
DCM method and in an emulsion of the CBB method are
calculated to be roughly 3 × 1011 and 4 × 106 molecules,
respectively. The contact area between the emulsions and the
oil/lipid mixture was around 5 μm in diameter (with a contact
area of about 2 × 10−5 mm2). In contrast, the DCM
experiments employed a parylene hole with a 100 μm diameter
to separate the two droplets and reduce the lipid membrane
area (with a contact area of about 4 × 10−3 mm2). As a control
experiment, the pBLM was formed by bringing two water-in-
oil emulsions into contact, one with and one without the 100
nM target DNA. After 10 min, the water-in-oil emulsion was
collected by aspiration and the DNA number was evaluated by
qPCR assay. Unfortunately, even this method yielded 109

DNA molecules (Figure 4c). The reason for this contami-
nation may be attributed to the dissolution of DNA molecules
in the oil/lipid mixture during the preparation of the
emulsions, as well as the collection of contaminated oil/lipid
mixture during the collection of the emulsions.

Problem (ii): Nanopore Filter Applied with the PCR
Clamp Method. After conducting several experiments, as
previously discussed, it became apparent that it was difficult to
eliminate DNA contamination at the single-molecule level via
the oil/lipid mixture. We subsequently attempted to utilize a
PCR clamp method44,45 for exclusion of DNA contamination
(as depicted in Figure 5a).

The mechanism is as follows: the PNA probe (5′-
TGATTCTCAGCCCTTCGC-3′) (as depicted in Figure
S2), which possesses positive charges and a complementary
sequence to the center of the target DNA, is hybridized with
the target DNA. As the PNA-DNA duplexes translocate
through the nanopore, they unzip46,47 and the target DNA

moves to another droplet. In contrast, the PNA-DNA duplex
structure is maintained when PNA-DNA duplexes are
contaminated in the oil/lipid mixture. While the translocated
target DNA is amplified, the contaminated PNA-DNA
duplexes are not amplified, thus inhibiting PCR and allowing
for exclusion and disregard of DNA contamination. Prior to
conducting experiments, we defined the clamping efficiency
(ηc) as the inhibitory efficiency of PCR by the PNA-DNA
duplex.

i
k
jjjjj

y
{
zzzzz= ×

n n
n

100c
i a

i (1)

where ni and na are the number of initial PNA-DNA duplexes
and amplified DNA, respectively. We prepared a solution in
which PNA and DNA were mixed at a molar ratio of 1:1 and
diluted the solution to contain between 10 and 105 PNA-DNA
duplexes. We then performed qPCR assays and evaluated the
amplified copy number (as listed in Table S3). Although the ηc
was greater than 90% at high concentrations, the ηc at low
concentrations was lower than at higher numbers of PNA-
DNA duplexes. We subsequently determined that this decrease
in efficiency may be attributed to PNA adsorption on the
surface of microtubes and pipette tips during pipetting, as
determined through UV−vis spectroscopy measurements of
PNA concentration before and after dilution (Table S4). To
address this issue, we altered the PNA/DNA concentration
ratio to 3:1, 10:1, and 100:1 (mol/mol) and reevaluated the
clamping efficiency. As a result, the clamping efficiency
improved at every concentration ratio and reached saturation
at a molar ratio greater than 3:1 (as summarized in Table S5).

We next confirmed that PNA-DNA duplexes could
successfully translocate with unzipping through αHL nano-
pores, as evidenced by the observation of blockage signals
indicating such translocation (as depicted in Figure 5b). It is
important to note that PNA itself does not possess charged
phosphate groups, and the electrophoretic force acting on PNA

Figure 5. (a) Schematic illustration of the nanopore filter using PNA-DNA duplexes. Because the contaminated DNA is hydrolyzed with PNA,
PCR amplification is inhibited. (b) Typical recorded channel current obtained by translocating PNA-DNA duplexes through the αHL nanopore.
(c) Number of DNA molecules obtained from controlled experiments with and without 3 nM PNA. (d) Amplification curves and the quantitated
DNA numbers for the nanopore-filtered DNA solution and the control experiment with 10 pM DNA and 30 pM PNA. The R2 value is 0.9.
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is significantly weaker than on DNA.48 Consequently, few PNA
translocation signals would be expected in nanopore experi-
ments. In order to investigate contamination through the oil/
lipid mixture in the device, we performed a control experiment
using only pBLM without nanopores. PNA (3 nM) and target
DNA (1 nM) were added to droplet-A. After 10 min, the
solution of droplet-B was collected, and the copy number of
DNA analyzed via qPCR assay. The results indicated that DNA
contamination was reduced by 99.98% in comparison to when
PNA was not added (as depicted in Figure 5c). Despite this
reduction, 105 contaminant molecules were still present even
in these conditions. To further reduce the number of
contaminated DNA molecules for single-molecule separation,
we lowered the added DNA concentration from 1 nM to 10
pM, as this reduced contamination when testing the CBB
method. Under these conditions, the amount of contaminated
DNA was dramatically reduced; only four DNA molecules
were obtained from the droplet, within an acceptable range for
tolerance (as depicted in Figure 5d).

Building upon these results, we next sought to conduct the
nanopore filter experiment. It is important to note that utilizing
solutions with low DNA concentrations in nanopore experi-
ments can result in a reduction of translocation frequency.31

To address this, we employed asymmetric salt conditions in
the droplets to enhance the frequency of translocation. In the
nanopore filter experiments, we counted the different number
of blockage signals that corresponded to the translocation of
29, 46, and 89 DNA molecules and subsequently analyzed the
droplet-B via qPCR. The results indicated that the DNA
numbers obtained were 67, 184, and 222 from each experiment
(as shown in Figure 5d) with a Tm value of 83.3 ± 0.10 °C,
indicating the elimination of the amplification from other
artifacts, and a correlation between the nanopore-filtered and
quantitated DNA numbers was observed (as depicted in Figure
5d). It was found that the quantification of DNA numbers via
qPCR yielded higher results than those obtained through
nanopore filtration. This discrepancy may be attributed to the
migration of unclamped DNA in droplet-A (calculated to be
around 105 molecules, Table S5) to droplet-B by a number of
factors, including lipid/oil, air, or the collection step. While the
results obtained through qPCR and filtration were not entirely
congruent, a correlation coefficient of 0.9 with a linear
relationship was observed, and the difference in values was
less than 50% in the region from 0 to 100 molecules (see Text
S1).

Conducting the nanopore filter experiments necessitated the
use of a brand new, uncontaminated device for each
experiment to prevent contamination. Additionally, in order
to count and collect the molecules that passed through the
nanopore, we needed to (i) form a stable lipid bilayer within
the device without rupturing it, (ii) reconstitute a single
nanopore within the lipid bilayer, and (iii) collect the solution
from the chamber without disrupting the integrity of the lipid
bilayer. In this study, we performed a total of 68 nanopore
filter experiments. Of these, 60 experiments (88%) resulted in
membrane rupture or failure to form a stable bilayer, and 4
experiments (6%) resulted in the formation of a lipid bilayer
but with the presence of more than one pore or no pore at all.
Only in 4 experiments (6%) were we able to successfully
collect the solution from the nanopore filter. The current
challenges associated with conducting nanopore filter experi-
ments thus highlight the need for technological advancements
to make nanopores a viable filter system.

■ CONCLUSIONS
Biological nanopores have garnered significant attention as
highly sensitive DNA and RNA sensors and have already been
implemented as DNA sequencers.49−51 In this study, we
focused on the single-molecule sensitivity of biological
nanopore sensors and developed a biological nanopore filtering
system capable of counting the number of filtered DNA
molecules from the blockage signals. For the development of a
nanopore filter system with single-molecule accuracy, it is
essential to completely prevent DNA contamination. We here
investigated two different pathways of DNA contamination:
from the air and through the oil/lipid mixture. To prevent
DNA contamination from the air, we implemented “area
separation,” “improvement of experimental instrumentation,”
and “decontamination of work areas” and were able to
successfully reduce DNA contamination from the air.
However, despite our efforts to reduce DNA contamination
through the oil/lipid mixture by using negatively charged
phospholipids, applying reversed transmembrane potentials,
and forming pBLMs via the CBB method, DNA contamination
was not significantly reduced. We then attempted to eliminate
the contamination by utilizing PNA-DNA duplexes that were
not amplified in a PCR assay. In this system, PNA-DNA
duplexes are unzipped when passing through the nanopores,
resulting in the filtered solution containing only single-
stranded target DNA. In contrast, PNA-DNA duplexes
contaminated through the oil/lipid mixture preserve their
duplex structure. The PCR amplification of PNA-DNA
duplexes is inhibited by the PCR clamp mechanism, thereby
allowing only the filtered target DNAs to be amplified. Using
this system, we observed a linear relationship between the
number of counted molecules and the qPCR assay in the range
of 0−100 molecules in the solution.
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