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Here, we developed a device integrated with a nanochannel and nanostructures to slow DNA translocation velocity. We
found that translocation velocity of a single DNA molecule inside a nanochannel was decreased by pre-elongating it using
some nanostructures, such as a shallow channel or nanopillars. This decrease of the translocation velocity was associated
with the DNA mobility change, which is an intrinsic parameter of DNA molecules and unaffected by an electric field.
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Introduction
Nanopore DNA sequencing has the potential to sequence single
DNA molecules with some advantages, such as higher accuracy,
longer read length, higher throughput, and lower cost.1 However,
the biggest problem with nanopore DNA sequencing is that
single DNA molecules translocate through the nanopore too fast
to identify individual DNA bases because an electric field is
concentrated around the nanopore.2 Therefore, slowing down
DNA velocity through the nanopore is crucial for developing
highly sensitive nanopore DNA sequencing technology.
Recently, nanostructures have been integrated with micronanodevices to achieve faster nanopore DNA sequencing.3,4
In this work, we attempted to slow down DNA velocity in a
nanochannel, which is a simulant structure of a nanopore,
by combining nanometer-scale shallow channel and nanopillar
array. Because these nanostructures can increase the electric
resistance in the area and thus the electric field in the
nanochannel located in close vicinity is decreased, we expected
to slow down DNA in the nanochannel. In addition, the
nanostructures can elongate single DNA molecules before the
introduction into the nanochannel and further decrease of DNA
velocity was expected due to the friction force in the nanochannel
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Therefore, we measured DNA velocity and calculated mobility
inside nanochannels that were 300-nm wide and 300-nm tall.
Additionally, the mobility of a single DNA molecule was slowed
down by using a device in which nanostructures were integrated
with nanochannels.

Experimental
Device dimensions
Three types of devices were fabricated on quartz substrates,
and their schematic illustrations are shown in Fig. 1.
Nanochannels inside the three types of devices were designed
with dimensions of 300 nm × 300 nm × 250 μm (width ×
height × length). For the type 1 device (Figs. 1a and 1b), two
microchannels was connected with a nancochannel. The
microchannels were 2-μm tall and 5-mm long, and their width
was designed as a trapezium with a topline of 8.25 μm and
baseline of 7 mm. The type 2 device (Figs. 1c and 1d) was
designed based on the type 1 device, and a shallow channel with
dimensions of 30 μm × 300 nm × 70 μm (width × height ×
length) was fabricated in front of the nanochannel only at one
side of the microchannel. The type 3 device (Figs. 1e and 1f )
was designed based on the type 2 device, and nanopillars that
were 300-nm tall, 500 nm in diameter, and 1 μm in space were
fabricated on a shallow channel. The fabrication process for the
nanochannel devices has previously been described in detail.5
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Fig. 1 Schematic and scanning electron microscope images of the nanochannel devices. (a, b) Type
1 device. (c, d) Type 2 device. (e, f ) Type 3 device. Scale bars are 10 μm. Red dashed and solid lines
show the microchannel and the nanochannel, respectively. A blue dashed line in (c) and a blue solid
line in (e) show the shallow channel and shallow channel with nanopillars, respectively. M, N, S and
S + P in (b, d, f ) correspond to microchannel, nanochannel, shallow channel and shallow channel with
nanopillars, respectively.

DNA sample preparation
T4 DNA molecules (166 kbp, T4GT7 DNA, Nippon Gene
Co., Ltd.) and 7 kbp DNA (Thermo Fisher Scientific Inc.) were
used and stained with YOYO-1 at a molar ratio of 1:5 to the
total number of base pairs in each sample. For single DNA
molecule observations using a microscope, DNA samples were
diluted to 5 ng mL–1 with TE buffer (TE (pH 8.0), Nippon Gene
Co., Ltd.) and stored in a freezer before use.
Experimental procedure
DNA sample and 5X TBE buffer were injected into reservoir
1 and 2, respectively (Fig. 2a). Under an applied voltage of 3 V
(Model 236, Keithley) between the two reservoirs (Fig. 2a),
negatively charged DNA molecules were introduced into a
nanochannel via one side of the microchannel. Fluorescence
images (Fig. 2b) of DNA translocation inside a nanochannel
were obtained with an inverted fluorescent microscope
(ECLIPSE TE300, Nikon) coupled with a CCD camera
(C7190-43, Hamamatsu Photonics K.K.) through a 100×/1.40 NA
objective lens. A 488-nm laser (FLS-448-20, Sigma Koki Co.,
Ltd.) was used as a light source to observe the fluorescently
stained DNA. Additionally, the fluorescence images were
recorded on a DV tape (Sony DV 180 ME Digital Video
Cassette, Sony Corp.). Then, DNA translocation distance and
time inside a nanochannel were analyzed using image-processing
software (Cosmos 32, Library). Then, DNA translocation
velocity was calculated using the DNA translocation distance
and time. Finally, DNA mobility was calculated using μ =
v/Enanochannel, where μ is DNA mobility, v is DNA translocation
velocity, and Enanochannel is the electric field of the nanochannel.

Results and Discussion
In the case of type 1 device, DNA molecules were introduced
into the nanochannel from one side of the microchannel by

Fig. 2 (a) A schematic illustration showing the measurement
procedure for DNA translocation velocity inside a nanochannel. Red
dashed line shows the position of DNA head at 0 s. Red arrow shows
DNA translocation distance in 0.03 s. (b) Fluorescence trajectories of
166 and 7 kbp DNA inside a nanochannel in the type 1, 2, and 3
devices. Scale bars are 10 μm. Green arrows show direction of DNA
electrophoretic migration.

applying 3 V across the reservoir 1 and 2 (Fig. 2a). DNA
translocation velocity was obtained by measuring the migration
distance of DNA head, L, in 0.03 s inside a nanochannel. DNA
mobility was calculated by using μ = v/Enanochannel, where μ is
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DNA translocate inside a nanochannel. The electrophoretic
friction coefficient of DNA inside a nanochannel is directly
proportional to DNA length.7 Therefore, this equation indicates
that the mobility of DNA with the same effective charge can be
decreased by increasing the DNA electrophoretic friction
coefficient by increasing the DNA length inside the nanochannel.
To estimate the length change of DNA inside a nanochannel,
we compared the gyration radii of 166 kbp DNA and 7 kbp
DNA to the dimensions of the type 1, 2, and 3 devices. In a
theoretical model, DNA has a spherical shape in free solution,
and the gyration radius can be evaluated using the Kratky–Porod
model:8
Rg = 1
6

Fig. 3 DNA mobility histograms for the type 1, 2, and 3 devices.
(a) 166 kbp DNA. (b) 7 kbp DNA.

DNA mobility, v is DNA translocation velocity, and Enanochannel is
the electric field of the nanochannel. In case of type 2 and 3
devices, DNA molecules were introduced into the nanochannel
from a microchannel on the side of reservoir 1, which has a
shallow channel or shallow channel with nanopillars, and the
translocation velocity was measured. Fluorescence images of
166 kbp DNA and 7 kbp DNA inside the nanochannels are
shown in Fig. 2b.
DNA translocation velocity was measured inside a nanochannel
while translocating through the type 1, 2, and 3 devices (Fig. 3).
We found that the calculated mobility of 166 kbp DNA was
different when translocating through a nanochannel in the type
1, 2, and 3 devices (Fig. 3a). However, 7 kbp DNA translocated
through a nanochannel with a uniform mobility for the type
1 and 2 devices (Fig. 3b). Surprisingly, the mobility of 7 kbp
DNA increased when translocating through a nanochannel in
the type 3 device compared with the type 1 and 2 devices.
The most important factor affecting DNA translocation
velocity is the variation of electric fields in the nanochannels.
An electric field of a nanochannel can be decreased by increasing
the resistance of the nanostructure located immediately inside of
the nanochannel. Resistances inside the nanochannels are
calculated in Tables S1, S2, and S3 (Supporting Information).
The variation of DNA mobility in our work could not be
explained by the different electric fields because DNA mobility
is not substantially influenced by an electric field. The variation
of friction force against DNA molecules inside the nanochannels
might be considered to explain our results because DNA
mobility can be evaluated as;

μ=

q
f

(1)

where q is the effective charge of the DNA and f is the
electrophoretic friction coefficient when DNA translocates
inside a nanochannel.6 The electrophoretic friction is the force
exerted by hydrodynamic resistance and surface friction when

0.68 Nl p

(2)

where Rg is the gyration radius of DNA, N is the total number of
monomers, and lp is the persistence length of double-strand
DNA. Based on the above equation, the gyration radii of
166 kbp DNA and 7 kbp DNA were calculated as 970 and
199 nm, respectively. DNA can be elongated by introducing
some spaces with a dimension less than twice the gyration
radius of DNA.9 The space can be defined as a nanochannel in
the type 1 device, the shallow channel and nanochannel in the
type 2 device, and a nanopillar area and nanochannel in the type
3 device.
We found that 166 kbp DNA elongated inside a nanochannel
when translocating through the type 1, 2, and 3 devices. With
the type 1 device, 166 kbp DNA formed a 3D sphere inside the
microchannel, and any part of 166 kbp DNA that was close
enough to the nanochannel entrance was preferably introduced
into the nanochannel. Additionally, this behavior resulted in a
relatively short length for 166 kbp DNA inside the nanochannel.10
With the type 2 device, 166 kbp DNA was confined and preelongated inside the shallow channel before being introduced
into the nanochannel because the gyration radius of 166 kbp
DNA is larger than the height of the shallow channel. Moreover,
the pre-elongation of 166 kbp DNA resulted in a longer length
inside the nanochannel. With the type 3 device, 166 kbp DNA
was additionally confined and pre-elongated inside the nanopillar
area before being introduced into the nanochannel because the
gyration radius of 166 kbp DNA is larger than the height and
width of the nanopillar area. The additional pre-elongation of
166 kbp DNA gave it the longest length inside the nanochannel.
Length of 166 kbp DNA inside the nanochannels of type 1, 2
and 3 devices was measured as shown in Fig. S1 (Supporting
Information). Nevertheless, there was no length change for
7 kbp DNA inside the nanochannel even when translocating
through the type 1 and 2 devices because its gyration radius is
smaller than the height of the shallow channel. However, 7 kbp
DNA had a shorter length inside the nanochannel when
translocating through the type 3 device. Because the gyration
radius of 7 kbp DNA is smaller than the height and width of a
nanopillar, it collided with the nanopillars and retained a coil
conformation inside the nanopillar area. Additionally, 7 kbp
with a coil conformation was immediately introduced into the
nanochannel, thus resulting in a shorter length inside the
nanochannel when translocating through the type 3 device. In
order to confirm the strategy, 166 kbp DNA was introduced into
the nanochannels of type 2 and 3 devices from the another
microchannel on the side of reservoir 2, which does not have a
shallow channel or shallow channel with nanopillars. Although
it has a wide deviation, the mobilities of 166 kbp DNA inside
the nanochannels did not show a significant difference between
these three devices. (Fig. S2, Supporting Information).
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In summary, we slowed the translocation velocity of a single
DNA molecule by using a device in which nanostructures were
integrated with a nanochannel. We conclude that the mobility
change of DNA was due to a change in DNA length inside the
nanochannel because DNA was confined and elongated by the
shallow channel and nanopillar area before being introduced
into the nanochannel. We propose that our device has great
potential for biotechnology applications, such as nanopore DNA
sequencing and single DNA manipulation and analysis.
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