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DNA computing has attracted attention as a tool for solving mathematical problems due to the potential

for massive parallelism with low energy consumption. However, decoding the output information to a

human-recognizable signal is generally time-consuming owing to the requirement for multiple steps of

biological operations. Here, we describe simple and rapid decoding of the DNA-computed output for a

directed Hamiltonian path problem (HPP) using nanopore technology. In this approach, the output DNA

duplex undergoes unzipping whilst passing through an α-hemolysin nanopore, with information electri-

cally decoded as the unzipping time of the hybridized strands. As a proof of concept, we demonstrate

nanopore decoding of the HPP of a small graph encoded in DNA. Our results show the feasibility of nano-

pore measurement as a rapid and label-free decoding method for mathematical DNA computation using

parallel self-assembly.

Introduction

DNA plays an essential role in nature of memory storage, with
information transferred and/or copied via chemical and enzy-
matic reactions. This biological system has attracted the atten-
tion of computer scientists, who wish to apply computational
methods using wet-lab experimentation. In 1994, the computer
scientist Leonard M. Adleman launched the research field of
DNA computing with a demonstration that used DNA mole-
cules to solve a directed Hamiltonian path problem (HPP).1

The solution to this problem involves finding a route among
several nodes on a graph, such that each node is visited exactly
once, generally known as a traveling salesman problem
(finding a sales route between several cities, such that each
city is visited only once). This type of combinatorial problem,
which is mathematically classified as NP-complete, requires
numerous computations. Adleman’s proposed methodology
addresses this complexity by exploiting the massive parallelism
of DNA self-assembly, resulting in the generation of a DNA
library encoding all potential routes through the graph. Based
on Adleman’s methodology, Hsieh et al. had also demon-
strated the DNA-based graph encoding computation, such as
the HPP, from a theoretical perspective.2 Following this
groundbreaking demonstration, several mathematical models
were implemented using DNA or RNA molecules,3–9 and the
research field of DNA self-assembly technology has recently

expanded from mathematical computation to the development
of a variety of nanoscale structures and devices.51,52 Although
this Adleman–Lipton model has been established in molecular
computing owing to its massive parallelism and low energy
consumption, the output information is encoded in nucleic
acid molecules which then requires decoding into a human-
recognizable signal. The conventional decoding approach is
time-consuming since it requires multiple steps of biological
operation, including repetitive magnetic bead experiments and
graduated PCR.1 Answer determination has also been accom-
plished by DNA sequencing7 and multiple-gradient gel electro-
phoresis;10 these methods are also time-consuming. As an
alternative rapid decoding approach, DNA surface computing
that utilizes DNA immobilized on a surface with simultaneous
computation and purification,11 and fluorescent probe-
mediated RT-PCR12,13 have been proposed. Although these
approaches were relatively readily available, the decoding time
was not significantly shortened and both methods require the
use of direct labeling of DNAs and fluorescence detection.

Nanopore technology is a promising method for the rapid
and label-free detection of target molecules,14–19,53 and a data
analysis method combining artificial intelligence has recently
enhanced the research field.20,21 When a molecule passes
through a nanopore under an applied voltage, it can be recog-
nized by ion current blocking. In particular, α-hemolysin
(αHL), a pore-forming toxin from Staphylococcus aureus,22 is
conventionally used as a biological nanopore for detecting oli-
gonucleotides based on the size-matching between the pore
and single-stranded DNA (ssDNA).23–27 A ssDNA can pass
through the nanopore, whereas a double-stranded DNA
(dsDNA) cannot pass and clogs the pore vestibule owing to the
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size mismatch. Because the results of DNA computation are
output as DNA or RNA molecules,28–32 DNA computing and
αHL nanopore technology have been integrated.33–38 Firstly, the
rapid and label-free decoding of oligonucleotides in logic gate-
type DNA computation was proposed.33 In this system, input
DNAs were injected into a droplet, where the logic operation
was performed, and the result was encoded in DNA as a struc-
tural change. The output molecules were translocated to
another droplet through a nanopore, which was monitored elec-
trically, and decoded. A logic network34 and a more complex
logic operation including enzymatic reactions36 were also con-
structed using this droplet system. The significance of these
studies is the definition of the output information of “0” and
“1” in the case of nanopore measurement. The output infor-
mation of 0 or 1 in this logic operation was defined according
to whether ssDNA or RNA was translocated through a nanopore.
Following these studies, Hiratani et al. applied these method-
ologies to microRNA (miRNA) pattern recognition that can diag-
nose cancer from bodily fluid as a liquid biopsy.37,38 The

expression pattern of two overexpressed miRNAs was described
as an AND logic operation, resulting in the formation of a four-
way junction with diagnostic DNAs. Nanopore measurement
was able to discriminate the AND operations; (0, 0), (0, 1), (1, 0),
and (1, 1), by analyzing the blocking duration and unzipping
time, using a bootstrapping method. Bootstrapping of the data
offered a significant improvement in distinguishing the pat-
terns in cases where the raw unzipping time series data had
been unable to distinguish any difference.38,39

Based on these nanopore decoding technologies, we here
attempt to decode a complex mathematical DNA computation
with parallel self-assembly, including the analysis of the unzip-
ping time by bootstrapping. As a proof of concept, we demon-
strated nanopore decoding using a simple graph, which has 5
nodes and 10 paths, encoding the HPP (Fig. 1a). In this
approach, the output duplex formed a specific structure and
passed through the nanopore with unzipping of the hybridized
strands. The information encoded in the output DNA was elec-
trically decoded as the unzipping time by the αHL nanopore.

Fig. 1 (a) A directed graph which has a Hamiltonian path, 0 → 1, 1 → 2, 2 → 3, 3 → 4, when start node = 0 and end node = 4. (b) The illustration of
the hybridization between node strand and path strand. (c) The illustration of the duplex structure consisting of the output DNA and path strands. (d)
The schematic illustration of the nanopore decoding method using an α-hemolysin pore. (e) The flowchart of the conventional method. N is the
number of the node. (f ) The flowchart of nanopore decoding.
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Results
Design of DNA sequences as nodes and paths in the graph

To implement DNA-based parallel computation, each “node”
in the graph should be associated with a specific sequence of
oligonucleotides. Each “path” in the graph should also be
associated with oligonucleotides, which consist of a sequence
with complementarity of the node strands, and hence facilitat-
ing the connection of two nodes by hybridization as shown in
Fig. 1b. These DNA molecules hybridize through parallel self-
assembly that generates many random routes through the
graph by mixing, hybridizing, and fixing with the ligation reac-
tion. To perform these procedures, we designed the DNA
sequences of the nodes and paths for nanopore decoding by
the following steps:

(1) We need to design 5 (0 to 4) nodes and 10 paths using
oligonucleotides in the graph. The length of oligonucleotides
in each node randomly differs so that the output DNA has a
specific length that can be identified by gel electrophoresis.

(2) The sequence of node 0 has no secondary structure at
the 24 nt of the 3′ terminus. This region plays the role of the
single-stranded tail of the duplex (Fig. 1c), to enter the αHL
pore from the 3′ direction. The length of 24 nt is sufficiently
long to insert from the cis to the trans side of the αHL nano-
pore and to remain there.40

(3) The sequence of node 4 is designed to form a hairpin
structure at the 5′ terminus (Fig. 1c). This hairpin structure
restricts the translocating direction, resulting in the output
DNA only entering the nanopore from the 3′ terminus side.

(4) The 2 nt of cytosines (–CC–) is inserted as the spacer
between each complementary region of the output DNA
(Fig. 1c) to induce a tiny difference in the Gibbs free energy
(ΔG) among the same length duplexes. To that end, nanopore
measurement can recognize the different orders of nodes
encoded in the same-length DNA.

(5) In order to prevent unintended hybridization and sec-
ondary structure formation, the sequence design is carefully
checked using thermodynamic simulation (NUPACK).

Regarding step (4), the number of spacer nucleotides was
optimized by using NUPACK simulation. As shown in Fig. S2,†
simulations were conducted in the cases that the number of
spacer nucleotides was 0, 1, 2 and 3 nt. As listed in Table S1,†
the ΔG of the output duplex increased with the increasing of
the number of spacer nucleotides, with a 2 nt spacer seen to
be sufficient to stabilize the structure. Such an output duplex
enters and clogs the constricted region of the nanopore, result-
ing in the reduction of the ion current flow. Under an applied
voltage, the duplex undergoes unzipping whilst passing
through the nanopore, with the information electrically
decoded as the unzipping time of the hybridized strands
(Fig. 1d).

The designed sequences as nodes in this study are listed in
Table 1, and the free energies of the 6 kinds of routes that
have the same length with the answer are calculated by the
NUPACK simulation and listed in Table 2. These 6 kinds of
routes satisfy the requirement of the Hamiltonian path

problem, and 01234 is the order of answer in the graph. Next,
we checked the implementation of this problem using the con-
ventional method.

Decoding by the conventional method

Procedures of the conventional decoding method. The con-
ventional decoding approach was first performed to confirm
the calculation capability of our designed system. The steps of
the procedure are as follows (Fig. 1e):

(Conventional method step 1) Amplification of the random
routes by PCR

(Conventional method step 2) Separation of the random
routes by gel electrophoresis

(Conventional method step 3) Selection by magnetic bead
experiments

(Conventional method step 4) Graduated PCR to determine
the order of the answer

(Conventional method step 5) Visualization of the result by
gel electrophoresis

Implementation of DNA computation and conventional
decoding. First, the designed oligonucleotides were mixed to
implement DNA-based parallel computation, and the sub-
sequent mixture was checked by gel electrophoresis. As shown
in Fig. 2a, the result of DNA computation showed smear-like
bands, which reflected the generation of a large number of
random routes through the graph. Then, we followed the con-
ventional steps for decoding. In the conventional method,
magnetic bead experiments are necessary to purify the routes
visiting all nodes exactly once. Owing to the sequence design
step (1), we were able to skip this procedure (conventional
method step 3). After PCR (conventional method step 1), the
output DNA – which encoded a route visiting all nodes exactly
once – was extracted from the gel (conventional method step 2)
and decoded by graduated PCR (conventional method step 4),
which can decode the output information by running four

Table 2 Gibbs free energies of the duplex of 6 types of routes accord-
ing to NUPACK

Route Free energy [kJ mol−1]

0 → 1 → 2 → 3 → 4 −588.1
0 → 1 → 3 → 2 → 4 −589.3
0 → 2 → 1 → 3 → 4 −590.3
0 → 2 → 3 → 1 → 4 −590.3
0 → 3 → 1 → 2 → 4 −590.3
0 → 3 → 2 → 1 → 4 −591.5

Table 1 DNA sequences as nodes in the graph

Node DNA sequence

0 5′ TGGTAAACCTCTGTCACCCCTCTTTCGTCG 3′
1 5′ GCATCCGCCTAATAC 3′
2 5′ GAGGTCGGCCCGCTAATCAGGACT 3′
3 5′ CTACGAATTCCGGCTCAATACTCACGT 3′
4 5′ GTAGAACTTTTGTTCTACCCATATAGTCGAGGTAACGC 3′
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different PCRs. In this method, as shown in Fig. 2b, each node
strand is used as a primer, resulting in different lengths of the
amplified fragments between node 0 and each node, with the
results visualized by gel electrophoresis (conventional method
step 5). The order of nodes encoded in the output DNA is
determined from the order of the length of each fragment.
Fig. 2b shows the result of graduated PCR, indicating that the
output DNA encoded the route 0 → 1, 1 → 2, 2 → 3, 3 → 4,
which was the answer to the HPP within the graph (the details
are shown in Fig. S3†). This designed system took more than
six hours to decode the output information by the convention-
al method even when skipping the time-consuming magnetic
bead procedures. With the calculation capability confirmed,
we next implemented nanopore decoding using the output
molecule of the DNA-based parallel computation.

Decoding by nanopore measurement

Nanopore decoding procedures. The steps of the procedures
of nanopore decoding are as follows (Fig. 1f):

(Step 1) Amplification of the random routes as ssDNA by
PCR/asymmetric PCR

(Step 2) Separation of the random routes by gel
electrophoresis

(Step 3) Nanopore measurement to determine the answer
based on the reference

Preparation of the reference data for step 3 in nanopore
decoding. In our system, the order of nodes encoded in the
output DNA can be decoded as the unzipping time of the
output dsDNA using an αHL nanopore (Fig. 1d), and the
output DNA which encodes the route visiting all nodes exactly
once has already been purified from the random routes
through gel electrophoresis. Therefore, the decoding can be
performed by comparing the reference data including a series
of routes visiting all nodes exactly once. To implement the
nanopore decoding, we prepared the reference data as all
kinds of routes satisfying the requirement of the HPP, using

chemically synthesized barcode-like DNA (bcDNA). We pre-
pared 6 kinds of bcDNA which encoded each route listed in
Table 2 and obtained the unzipping time of each duplex by
nanopore measurement. Fig. 3a–f shows the typical current-
time trace of the unzipping event using each type of bcDNA
with its corresponding path strands. The small differences of
the ΔG shown in Table 2 were distinguished from the peak
values of the histograms (Fig. 3g), indicating that nanopore
measurement can discriminate the order of nodes even in the
same length duplexes. As shown in Fig. 3h, the unzipping time
exponentially increased depending on the ΔG of hybridization
simulated by NUPACK. According to this result, nanopore
measurement with the bootstrapping method was able to
perform precise discrimination of the small differences of ΔG,
resulting in the discrimination of the same length routes
which composed the reference data. Although the unzipping
time of 02134, 02314, and 03124 was almost the same owing to
their similar ΔGs, nanopore decoding can be discriminated
between the correct answer (01234) and the others. The peak
value of the unzipping time of the answer route (01234) was
4688 ms, with one standard deviation from this peak discern-
ible from the peaks of other routes.

Comparison between the output information and reference
(steps 1–3). After asymmetric PCR (step 1) and the extraction of
the output DNA from the gel (step 2), nanopore measurements
(step 3) were conducted using the output DNA and all kinds of
path strands (Fig. 4a). Fig. 4b shows a typical current–time
trace of the unzipping events, and the event frequency was
0.17 s−1 (Fig. S4†). Fig. 4c shows the comparison between the
result of nanopore decoding and the reference data. We calcu-
lated the overlapping ratio of the histograms between the
result of nanopore decoding and each route of the reference
(Fig. 4d). As shown in Table 3, the value of the overlapping
ratio varied from 4.2% to 73.2%, and a larger overlapping ratio
indicates a better correspondence of data. The result of nano-
pore decoding mostly corresponded with that of the suggested

Fig. 2 (a) Result of DNA-based parallel computation. (b) The illustration and the result of graduated PCR which is the conventional decoding
approach.
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Fig. 3 Result of nanopore measurement with chemically synthesized barcode-like DNA for reference data. Typical current traces of 6 kinds of
routes (a) 01234, (b) 01324, (c) 02134, (d) 02314, (e) 03124, and (f ) 03214, and each duplex structure was simulated by NUPACK. (g) Histograms of
the unzipping time for each route after bootstrapping the data (N is the number of the αHL nanopore and n is the number of the unzipping signal).
(h) Correlation between the unzipping time and the simulated hybridization energy (ΔGsim) calculated using NUPACK.

Fig. 4 (a) The illustration of the experimental conditions of the nanopore measurement. (b) Typical current-time trace. (c) The comparison between
the result of nanopore decoding and the reference. The bootstrapped data were used to produce the histograms of the unzipping time (N is the
number of the αHL nanopore and n is the number of the unzipping signal). (d) The overlapping ratio of the histograms between nanopore decoding
and the reference.
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answer (01234) with 73.2%, indicating that we were successful
in demonstrating the nanopore decoding.

Discussion
The relationship between the unzipping time and ΔG

The relationship between the unzipping time and the ΔG of the
duplex is sufficiently significant to predict the unzipping time
from ΔG. In the nanopore measurement, the dsDNA blocked
the nanopore and translocated with unzipping of the hybridized
strands. As shown in Fig. 3h, the unzipping time increased
exponentially with the increase of ΔG. The unzipping kinetics
can be described as a first-order reaction as follows:39,41,42

½dsDNA þ αHL� ! ½ssDNA� þ ½αHL�
The dissociation rate constant can be described as follows:

k ¼ k0expð�ΔGsim=kBTÞ ð1Þ
k ¼ 1=t: ð2Þ

Here, k is the dissociation rate constant, k0 is the initial rate
constant, ΔGsim is the simulated ΔG, kB is the Boltzmann con-
stant used for this single-molecule experiment, T is the temp-
erature, and t is the unzipping time. k should be equal to the
inverse of t since 1/t is the reaction frequency per unit of time
of the single-molecule reaction. As shown in Fig. S5,† the
unzipping data of the reference data could be fitted using eqn
(1) well, indicating that the inverse value of the unzipping time
is the first-order rate constant even in this system.

The feasibility of nanopore decoding

We here discuss the feasibility of nanopore decoding under
the condition that an answer is unknown. In this system, there
is a strong relationship between the unzipping time and the
ΔG of the duplex, indicating that the unzipping time of each
route can be predicted from the ΔG of each duplex. Therefore,
the route encoded in the output DNA can be obtained from its
unzipping time by preparing all of the ΔG of each duplex as
the reference. Moreover, as shown in Fig. S6,† nanopore
measurements can precisely obtain the information encoded
in the output DNA even though all kinds of path strands exist.

We consider the case of a large graph decoded by the nano-
pore method. The sequences of the oligonucleotides are
designed to represent the nodes and paths in the HPP graph,
for instance, it has 7 nodes and 14 paths (Fig. S7†). The actual
sequence of each node is listed in Table S2.† As shown in

Table S3,† there is a small difference of ΔG between the
duplexes of the suggested answer and one of the reference
routes due to the sequence design. Nanopore measurement
would be able to distinguish such a small difference of ΔG
with bootstrapping, resulting in decoding of the information
and obtaining the order of the answer from the ΔG references.

Comparison with the conventional method

As shown in Fig. 1e and f, nanopore decoding can complete the
decoding operations in fewer steps than the conventional
approach. Our approach used a specific DNA sequence design
to overcome the need for repetitive magnetic bead experiments.
Compared with previous approaches towards an alternative to
graduated PCR for the determination of the order of nodes,11–13

nanopore measurement can decode the output information
without direct labeling, fluorescence detection, or temperature
control. Additionally, the nanopore measurement worked well
by just dropping the solution to a microdevice, and the infor-
mation encoded in DNA molecules was directly converted to the
electrical signals. Therefore, nanopore measurement should be
less laborious and more timesaving than PCR methods because
PCR methods require gel electrophoresis to visualize the result.
From the aspect of DNA structure as information storage, PCR
requires temperature changing that will break the secondary
structure of the output DNA molecules whereas nanopore
measurement can directly decode the structural information as
unzipping time. In terms of the decoding accuracy, a thermo-
dynamic simulation can precisely predict the structure of the
duplex from the DNA sequence and calculate the ΔG, and nano-
pore measurements obtain precise information from the unzip-
ping time with bootstrapping. As shown in Fig. 4c, we calculated
the overlapping ratio of the histograms, with the value
sufficiently different to enable the discrimination of the answer
routes from the other routes. This distinguishability is poten-
tially comparable to that of the result of gel electrophoresis for
visualization of the information encoded in the output DNA.

Although nanopore measurement enables the rapid detec-
tion of oligonucleotides, the procedure of nanopore decoding
still requires PCR and gel electrophoresis for the following
reasons. In the nanopore decoding method, the output infor-
mation is required to be encoded in ssDNA because the output
ssDNA was designed to form a specific duplex with path
strands in order to pass through the nanopore with unzipping
of the hybridized strands. To this end, the PCR step for the
amplification of the random routes as ssDNA is necessary to
perform nanopore measurement. In addition, as shown in
Fig. 1d, PCR enables the amplification of the routes from node
0 (start node) to node 4 (end node), though in a random order,
and gel electrophoresis enables the purification of the routes
visiting 5 nodes (all nodes exactly once) from the amplified
random routes. At present, it is difficult to employ nanopore
technology as an alternative to these steps, resulting in still
necessary steps in nanopore decoding. Nanopores can however
detect oligonucleotides at a low concentration (∼1 fM),43 so
the method of nanopore decoding could potentially perform
even more rapid decoding without the need for PCR.

Table 3 The overlapping ratio

Route Overlapping ratio

0 → 1 → 2 → 3 → 4 73.2%
0 → 1 → 3 → 2 → 4 26.0%
0 → 2 → 1 → 3 → 4 10.0%
0 → 2 → 3 → 1 → 4 14.8%
0 → 3 → 1 → 2 → 4 12.5%
0 → 3 → 2 → 1 → 4 4.2%
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Conclusions

In our designed system, the DNA-computed output formed a
specific duplex and underwent unzipping whilst passed
through an αHL nanopore, with the information electrically
decoded as the unzipping time. The method of nanopore
decoding was successfully demonstrated using a small graph
encoding the HPP with the statistical processing including a
bootstrapping method. Our data showed the feasibility of
nanopore decoding for DNA-based parallel computing, with
such nanopore decoding applicable to a wide variety of DNA
computation. This methodology also has the potential for not
only the decoding of DNA storage information44 but real-life
applications, such as miRNA pattern recognition and as a
sensor in molecular robots.45,46

Experimental
Reagents and chemicals

In this study, we used the following reagents: 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (DPhPC; Avanti Polar Lipids,
Alabaster, AL, USA), n-decane (Wako Pure Chemical Industries,
Ltd, Osaka, Japan), potassium chloride (KCl; Nacalai Tesque),
and 3-morpholinopropane-1-sulfonic acid (MOPS; Nacalai
Tesque, Kyoto, Japan). Buffered electrolyte solutions (0.5 M
KCl, 5 mM MOPS, pH 7.0) were prepared using ultrapure
water, which was obtained from a Milli-Q system (Millipore,
Billerica, MA, USA). Wild-type α-hemolysin (αHL; Sigma-
Aldrich, St Louis, MO, USA, and List Biological Laboratories,
Campbell, CA, USA) was obtained as the monomer polypep-
tide, isolated from Staphylococcus aureus in the form of powder
and dissolved at a concentration of 1 mg mL−1 in ultrapure
water. For use, samples were diluted to the designated concen-
tration using a buffered electrolyte solution and stored at 4 °C.
High-performance liquid chromatography grade DNA oligonu-
cleotides were synthesized by Eurofins Genomics Inc. (Tokyo,
Japan) and reversed-phase chromatography grade 5′-phos-
phorylated DNA oligonucleotides were synthesized by FASMAC
Co., Ltd (Kanagawa, Japan), respectively, stored at −20 °C. 10×
TBE buffer was obtained from Takara Bio Inc. (Shiga, Japan)
and was 10-fold diluted for gel electrophoresis. The power
supply and an LED transilluminator were obtained from Bio
Craft Co., Ltd (Tokyo, Japan) and Optocode Corporation
(Tokyo, Japan), respectively. KOD SYBR® qPCR Mix (TOYOBO
Co., Ltd, Osaka, Japan) was used for PCR and T4 DNA ligase
(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used
for the ligation reaction.

DNA design and free energy calculation

To confirm DNA–DNA hybridization, thermodynamic simu-
lations were performed using the NUPACK web-server
(California Institute of Technology, http://www.nupack.org/).
These analyses were performed at 22 °C using 1 μM DNA in 0.5
M KCl buffered electrolyte solution. The Gibbs free energies
(ΔG) were obtained from the NUPACK simulation.

DNA-based parallel computation

Each oligonucleotide (25 pmol) with the 5′-terminal phosphate
residues as nodes and paths in the graph, T4 DNA ligase,
ligase buffer, and ultrapure water to a total volume of 50 μL
was incubated for 1 h at room temperature.

The scheme of nanopore decoding

The flowchart of nanopore decoding is shown in Fig. 1f, and is
described in detail here:

Amplifying the random routes as single-stranded DNA. The
PCR mixture for amplifying the random routes in a total
volume of 20 μL contained 10 μL of KOD SYBR® qPCR Mix,
the solution after DNA computation, 0.5 μM each of the
forward primer and reverse primer. PCR thermal cycles were
carried out using a thermal cycler (astec) to amplify the
random routes by the following process: preheat at 98 °C for
1 min; 45 cycles of 98 °C for 10 s, 58 °C for 10 s, 68 °C for 30 s.
Then, the asymmetric PCR mixture for amplifying the random
routes as single-stranded DNA (ssDNA) in a total volume of
20 μL contained: 10 μL of KOD SYBR® qPCR Mix, the PCR
product, and 5 μM of the reverse primer. PCR thermal cycles
were carried out using a thermal cycler (astec) to amplify the
random routes by the following process: preheat at 98 °C for
1 min; 45 cycles of 98 °C for 10 s, 58 °C for 10 s, 68 °C for 30 s.

Separating the random routes depending on the length.
Asymmetric PCR products were separated depending on their
length by 10% denaturing polyacrylamide gel electrophoresis
(containing 19/1 acrylamide/bis (w/w)) in 1× TBE buffer at a con-
stant power of 7.5 W for 20 min at room temperature. The gel
was prepared in our laboratory. After electrophoresis, the gel
was stained with diluted SYBR Green II (Takara Bio Inc., Japan)
solution for 30 min and visualized under blue LED irradiation;
images were obtained using an LED transilluminator (Bio Craft
Co., Ltd, Tokyo, Japan). Then the output DNA was extracted
from the target band corresponding to ssDNA encoding the
route visiting all nodes exactly once using an E.Z.N.A.® Poly-Gel
DNA Extraction Kit (Omega Bio-Tek, Inc., Norcross, GA, USA).

Output DNA/path strands hybridization. The nanopore
measurement solution contained the output DNA extracted
from the gel, and all kinds of path strands (100 nM each in
5 mM MOPS buffer; pH 7.0, containing 0.5 M potassium chlor-
ide). The solution was heated at 95 °C for 5 min and then
gradually cooled to room temperature.

Preparation of the reference data for nanopore decoding

The nanopore measurement solution contained each chemi-
cally synthesized barcode-like DNA and 4 kinds of path strands
corresponding to each route (1 μM each in 5 mM MOPS buffer;
pH 7.0, containing 0.5 M potassium chloride). The solution
was heated at 95 °C for 5 min and then gradually cooled to
room temperature.

Preparation of the microdevice

Microdevices were fabricated by machining a 6.0 mm thick, 10
× 10 mm polymethyl methacrylate (PMMA) plate (Mitsubishi
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Rayon, Tokyo, Japan) using a computer-aided design and man-
ufacturing with a three-dimensional modeling machine
(MM-100, Modia Systems, Japan) as shown in Fig. S1a.† Two
wells (2.0 mm diameter and 4.5 mm depth) and a chase
between the wells were made on the PMMA plate. Each well
had a through-hole in the bottom and Ag/AgCl electrodes were
set into this hole (Fig. S1a†). A polymeric film made of pary-
lene C (polychloro-p-xylylene) with a thickness of 5 μm was
patterned with a single pore (100 μm diameter) using a con-
ventional photolithography method and then fixed between
the PMMA films (0.2 mm thick) using an adhesive bond
(Super X, Cemedine Co., Ltd, Tokyo, Japan). The films, includ-
ing the parylene film, were inserted into the chase to separate
the wells.

Lipid bilayer preparation and reconstitution of αHL

Lipid bilayers were prepared using the microdevice (Fig. S1a†).
Lipid bilayers can be simultaneously formed in this device by
the droplet contact method46–48 (Fig. S1b†). In this method,
the two lipid monolayers contact each other and form lipid
bilayers on a parylene C film that separates the two chambers.
Lipid bilayers were formed as follows: the wells of the device
were filled with n-decane (1.5 μL) containing DPhPC (10 mg
mL−1). The buffer solution (4.7 μL) with αHL (final concen-
tration 30 nM) and DNA were poured into one chamber which
was connected to the ground terminal. The buffer solution
(4.7 µL) was also poured into another chamber which was con-
nected to the recoding terminal. In this study, the buffer solu-
tion (0.5 M KCl and 5 mM MOPS (pH 7.0)) was used for each
droplet. Within a few minutes of adding the solutions, a lipid
bilayer formed and αHL formed a nanopore by reconstitution
in the lipid bilayer. When the lipid bilayers ruptured during
this process, they were reassembled by tracing with a hydro-
phobic stick at the droplet interface.

Channel current measurement and data analysis

The channel current was recorded using an Axopatch 200B
amplifier (Molecular Devices, USA), filtered using a low-pass
Bessel filter at 10 kHz at a sampling rate of 50 kHz. A constant
voltage of +120 mV was applied from the recoding side, and
the ground side was grounded. The recorded data from
Axopatch 200B were acquired with the Clampex 9.0 software
(Molecular Devices, USA) using a Digidata 1440A analog-to-
digital converter (Molecular Devices, USA). Data were analyzed
using Clampfit 10.6 (Molecular Devices, USA), Excel
(Microsoft, Washington, USA), Python (Python Software
Foundation, Delaware, USA), and Origin pro 8.5J (Light Stone,
Tokyo, Japan). The analyzed data were obtained from over
three different αHL nanopores. DNA translocation was
detected when >80% of open αHL channel currents were
inhibited.40,49 The unzipping time was filtered between 99 ms
and 25000 ms. The bootstrap method is based on the resam-
pling of the original random sample drawn from a population
with an unknown distribution. We used the exact bootstrap
method, which availed the entire space of resamples. In the
exact bootstrap method, accuracy verification is possible when

the sample number is over 30.50 In this study, our bootstrap
procedure took 300 samples randomly from the primary
common translocation data with 65 536 replacements and cal-
culated the mean for these samples. The bootstrapped data
were used to produce the histograms of the unzipping time.
The error bar in Fig. 3h is the width of one standard deviation
after bootstrapping.

Graduated PCR

For graduated PCR, the PCR mixture in a total volume of 20 μL
contained: 10 μL of KOD SYBR® qPCR Mix, the extracted DNA,
0.2 μM of the forward primer, and 0.2 μM each node strand as
the reverse primer. PCR thermal cycles were carried out using
a thermal cycler (astec) to amplify the extracted DNA by the fol-
lowing process: preheat at 98 °C for 1 min; 45 cycles of 98 °C
for 10 s, 58 °C for 10 s, 68 °C for 30 s. The result of the gradu-
ated PCR was confirmed by 10% non-denaturing polyacryl-
amide gel electrophoresis (containing 19/1 acrylamide/bis
(w/w)) in 1× TBE buffer at a constant power of 2.3 W for
90 min at room temperature. The gel was prepared in our lab-
oratory. After electrophoresis, the gel was stained with diluted
SYBR Green II (Takara Bio Inc., Japan) solution for 30 min and
visualized under blue LED irradiation; images were obtained
using an LED transilluminator (Bio Craft Co., Ltd, Tokyo,
Japan).
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