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N
anometer scale pores have em-
erged as a promising singlemolecule
detection tool since their invention.1

A nanopore offers a highly confined space
that allows the analysis of single DNA mol-
ecules. Because of the promise of developing
a single molecule DNA sequencer for next-
generation high-speed genome analysis, in-
terest continues to increase in nanopore-
related research fields. As a result, excellent
review articles describing the current pro-
gress and challenges toward the single DNA
sequencing technique have recently been
published.2,3

By applying an external voltage across a
nanopore fabricated in a silicon nitride mem-
brane submerged in ionic solution, negatively
charged DNA molecules can electrophoreti-
cally thread through the nanopore. The ionic
current decreases when an individual DNA
molecule goes into thenanoporebecause the
presence of the DNA molecule physically
blocks a certain portion of the ionic current
flow in the pore. The magnitude and dura-
tion of the current decrease depends on the
molecule's radius and length.4�7 Various

fabrication methods have been introduced
to make nanometer scale pores, and these
pores have all shown similar results regard-
ing DNA translocation.8�15

Recently, solid-state nanoporeexperiments
have focused on improving its accuracy by
measuring the same DNA molecule many
times16oron slowingdownDNAtranslocation
speed by additional techniques using nanoa-
nalytical instruments (for example, AFM,17

optical tweezers,18 or magnetic tweezers19)
to manipulate an individual DNA molecule.
On the other hand, theoretical investiga-
tions have focused on elucidating the entire
mechanism of DNA translocation processes
with ion transport including the motion of
DNA molecules before translocation near
the nanopore mouth. Theoretical models
of evaluating the DNA capture rate into a
nanopore have been compared to the ex-
perimentally measured capture rate.20�23

To provide further experimental informa-
tion to theoreticians who study DNA's elec-
trophoretic motion before threading of
DNA molecules through the nanopore, vi-
sualization of the motion of DNA molecules
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ABSTRACT We investigate the diffusion and the drift motion of λ

DNA molecules near solid-state nanopores prior to their translocation

through the nanopores using fluorescence microscopy. The radial

dependence of the electric field near a nanopore generated by an

applied voltage in ionic solution can be estimated quantitatively in 3D by

analyzing the motion of negatively charged DNA molecules. We find that

the electric field is approximately spherically symmetric around the

nanopore under the conditions investigated. In addition, DNA clogging at

the nanopore was directly observed. Surprisingly, the probability of the

clogging event increases with increasing external bias voltage. We also find that DNA molecules clogging the nanopore reduce the electric field amplitude

at the nanopore membrane surface. To better understand these experimental results, analytical method with Ohm's law and computer simulation with

Poisson and Nernst�Planck (PNP) equations are used to calculate the electric field near the nanopore. These results are of great interest in both

experimental and theoretical considerations of the motion of DNA molecules near voltage-biased nanopores. These findings will also contribute to the

development of solid-state nanopore-based DNA sensing devices.
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near the nanopore is essential. Here, we present the
direct observation of the motion of fluorescently dyed
DNA molecules near nanopores by a fluorescence
microscope.
The motions of DNA molecules are Brownian in

solution far enough away from the nanopore that its
electrophoretic motion is negligible. Upon randomly
approaching the nanopore, when the electrophoretic
force is significant, the DNA molecules are captured
andpulled by the electric field producedby the voltage
difference across the nanopore membrane. Previously,
this capture process was optically imaged by Chen
et al. in 2004.24 Chen et al. observed an evacuated
region of DNA molecules within a few micrometers of
the nanopore caused by the capture and translocation
of DNA molecules. Unfortunately, because of the lim-
itations of frame rate and spatial resolution of optical
microscopy, the electric field strength inducing the
electrophoretic drift motion of DNAwas not quantified
in their study. To extend their DNA observation ap-
proach and to estimate the field strength quantita-
tively for a better understanding of the mechanism of
DNA translocation, we used nanopores with wider dia-
meters near 100 nm to increase the field strength since
the cross sectional area of the pore is expected to be
proportional to the field strength smearing out from
the nanopore mouth.25 Recently, Gershaw et al. recap-
tured DNAmolecules right after themolecules finished
their translocation by flipping the polarity of the
external voltage. To evaluate the recapturing rates of
the DNA molecules, they assumed the spherically
symmetric electric field decreasing in strength as 1/r2,
where r was the radial distance from the location of
nanoporemouth, and they quantitatively estimated the
strength of the field for the DNAmolecules to drift back
into the nanopore.16 In our study, the electric field
profile around a nanopore in 3D can be experimentally
determined by direct observation of themotion of DNA
molecules near the nanopore. We estimate the electric
field profiles under various salt concentrations and bias
voltages in this paper. Our results indicate that the
electric fields are approximately spherically symmetric
and the strength decreases as 1/r2 for the far field of r
greater than 2 μm. A plot of r2E(r) versus θ graph shows
an almost constant support this conclusion (Supporting
Information).
In addition, wewill discuss the issue of DNA clogging

of nanopores by taking advantage of our direct ob-
servation methods. Discrete reductions in current fol-
lowed by a reduced DNA capture rate have been
observed in DNA translocation experiments and often
end the nanopore experiment after several hours. One
plausible explanation is that at least one DNAmolecule
is sticking to the nanopore wall and preventing an-
other DNA molecule from translocating smoothly.4,26

We have carefully measured the chance of this DNA
clogging event under various external bias voltages

and have investigated the influence of the clogged
DNAmolecules at nanopore on the motions of the other
DNAmolecules in ionic solutions. Surprisingly, higher bias
voltages increase the chance of the DNA clogging. Addi-
tionally, the clogged DNA molecules significantly reduce
the strength of the electric field near the nanopore,
therefore reducing the DNA capture rate.

RESULTS AND DISCUSSION

Figure 1 shows the solid-state nanopore setup and a
TEM image of a typical 100 nm diameter pore. Exam-
ples of fluorescence microscope images of DNA mol-
ecules on membrane surface (height, z = 0) observed
from this setup are shown in Figure 2a�d. These ex-
cerpts from successive images taken at a 14 Hz frame
rate show themotion of DNAmolecules near a 300 mV
biased nanopore, marked by a red circle, in 0.02 M KCl
solution. A green arrow in each image depicts a fluore-
scently labeled DNA molecule moving toward the
pore, while other DNA molecules more than 10 μm
away from the nanopore (i.e., the blue arrowed DNA
molecule) are randomly diffusing. For example, to
illustrate how the DNA trajectory data were taken, six
DNA molecules are selected and their trajectories are
shown in Figure 2e. Except for the green arrowed DNA

Figure 1. (a) Solid-state nanopore setup. Schematic illustra-
tion shows Si chip containing a free-standing 200 nm SiN
membrane in which a 100 nm pore was milled by a FIB. This
membrane is immersed in aqueous solution on top of an
optical microscope for the direct observation of DNA trans-
location. A home-built PDMS cell (not shown in this
schematic) is used to seal between the silicon chip and
the glass coverslip. Ionic current through the nanopore is
measuredusing twoAg/AgCl electrodes immersed in the cis
and trans chambers in the cell. (b) TEM image of a 100 nm
diameter nanopore.
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molecule, the anticipated Brownian motion of λ DNA
molecules in free solution was confirmed by observing
that their mean squared displacements were propor-
tional to time and the proportional coefficients were
equal to the diffusion coefficient of λ DNA in free

solution reported previously.27 For the green arrowed
one, the drifting motion toward the nanopore is likely
caused by the electric field produced by the applied
voltage which exerts a force on the negatively
charged DNA molecules.16,27�29

The velocity of individual DNA molecules is esti-
mated by the following procedure: 1. Find the displa-
cement and v|| (velocity component parallel to the
membrane surface) of DNA between consecutive
frames at heights, z = 0, 2, 4, and 6 μm from the nano-
pore membrane surface. 2. Confirm that v|| parallel to
the membrane surface is a function of r0 only. 3. Take
Æv||(r0)æ as a component of v(r) by assuming a spherically
symmetric electrophoretic motion toward the nano-
pore. To better understand the experimental results in
Figure 2, the electric field magnitude produced by the
voltage across a nanoporemembranewas simulated in
3D using a finite element analysis software (COMSOL,
Multiphysics). A 2D cross section along the nanopore is
plotted in Figure 3a. The figure shows the electric field
strength produced by a 100 nm size pore in a 200 nm
thick membrane, biased by a voltage of 0.3 V in 0.02 M
KCl solution as used in Figure 2. This simulation
shows that the electric field strength is about 10 V/m
or 10�5 V/μmat 10μmaway from the pore, indeed very
weak. The details of the simulation are explained in the
Supporting Information.
To analyze the DNA electrophoretic motion caused

by the electric field near a nanopore in 3D, the trajec-
tories of the DNA molecules in 2D were plotted at
different heights, z = 0, 2, 4, and 6 μm, from the nano-
pore membrane surface, as depicted in Figure 3b. The
locations of the DNA molecules as r0 from the z axis in
cylindrical coordinates are plotted, while DNA mol-
ecules diffuse. Although the field depth of optical
microscopy at high magnifications was as thin as 1 μm
in the z direction, the average number of frames for one
sequential trajectory of a single DNAmolecule is approxi-
mately 7 frames where the drift motion by electrophore-
tic force is not dominant, estimated to be about Æz2æ =
2Dt ∼ 0.5 μm during the time of taking 7 frames.30 This
frame number became low as DNAmolecules were close

Figure 2. Example of time-resolved fluorescence images
focused onmembrane surface (z= 0) showing themotion of
fluorescently labeled DNA molecules in 0.02 M KCl at 0.3 V
bias voltage. (a�d) Images extracted at t = 0.00, 0.29, 0.58,
and 0.72 s from a sequence of 600 frames recorded at 14
frames per second. One DNAmolecule (blue arrow) shows a
typical Brownian motion, while another DNA molecule
(green arrow) shows a driftingmotion toward the nanopore
located at the center of a drawn red circle in the images.
From (c) to (d), the green arrowedDNAmolecule disappears
as this molecule translocates through the nanopore. (e)
DNA molecule trajectories in the sequential frames. The
trajectory of the molecule near the nanopore (green arrow)
indicates the drifting motion.

Figure 3. (a) Simulation of electric field magnitude around a nanopore. A 100 nm size pore in a 200 nm thick membrane is
biased by a 0.3 V voltage in 0.02 M KCl solution. The white region corresponds to the membrane. (b) Schematic of a possible
electrophoretic DNA motion caused by the electric field near a nanopore.
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to a nanoporewhere the electrophoreticmotion became
dominant; for example, the number of frames to observe
one sequential trajectory of the DNA became approxi-
mately 3 at (r, z) = (6 μm, 6 μm), 45� of slant angle from
surface with 0.7 V. This limited the number of locations
where DNA can be tracked. However, below 0.7 V or
below45�, the number of frames for sequential trajectory
increased, and on the surface (z = 0, angle 0�), this
number was near 7 frames since the direction of the
electrophoretic force was parallel to the surface. As we
discuss later in detail, a DNAmolecule occasionally stacks
and clogs around a nanopore during the above observa-
tions, and the clogged DNA molecules can influence on
the motion of the other DNA molecules near the nano-
pore. To exclude this effect, wedidnot use thedata of the
DNA trajectories after DNAwas found to be clogging at a
nanopore.
To estimate the electric driving force on DNA

molecules toward a nanopore mouth, the stochastic
Langevin equation was applied. We assume that the
charge distribution of a DNAmolecule is symmetrical
around its center of mass and can be treated as a
point particle. Therefore, the Langevin equation can
be expressed as

F ¼ qE � ζvþ f (t) (1)

where f(t) is the Langevin Gaussian noise term re-
plicating the effect of thermal fluctuations; ζ is the
friction constant of a λ DNA molecule in the ionic
solution; v and q are the velocity and the effective
charge of a λ DNA molecule. Inertia effects are
neglected because of the highly damped DNA mo-
tion in aqueous solution. The Gaussian noise term f(t)
is presumably 0 by taking a time average, Æf(t)æ, of
more than 300 of the time sequential DNA's motions
because of its random thermal fluctuation nature. There-
fore, the electric field, E, near a pore can be quantitatively

estimated if the velocities, v, of each DNA molecule at
various locations around the pore are measured. If a
spherically symmetric field is assumed, and the equation
can be expressed in spherical polar coordinates and the v
and the E are functions of only r from the center of the
nanoporemouthas theorigin, r=0.16 Further assumingon
average that the electric driving force is balancedwith the
drag force, F = 0, in eq 1, one can write

v(r) ¼ qE(r)
ζ

¼ μE(r) (2)

where μ is the electrophoretic mobility of the λ DNA
molecule.27,28

In order to estimate E(r) from v(r), v(r) in a polar
coordinate must be found by experimentally mea-
sured v|| in a cylindrical coordinate, as schematically
depicted in Figure 3b. We consider that the velocity v||
is a function of r0 only by assuming an azimuthal sym-
metric field around nanopore and tentatively v||(r0) is
a component of v(r) parallel to the nanopore mem-
brane surface, and then E(r) can be calculated from the
equation.
The magnitude of the electric field, E(r) = |E(r)| under

various applied voltages is plotted in Figure 4a,b for
0.01 and 0.1 M KCl, respectively. E(r) at various heights,
0, 2, 4, and 6 μm, from the membrane surface was
calculated as a function of r, where r is the polar co-
ordinate. We avoid plotting E(r) for r < 2 μm because
the average displacements of DNA toward the nano-
pore mouth exceed 1 μm per frame, and this would
underestimate v(r) since significant numbers of DNA
molecules disappearing at the following frame indi-
cates that some DNA molecules have already translo-
cated through the nanopore.
Next, we compare our experimental estimation of

the electric fields near the nanopores with predictions
by theoretical models. Using the relation between an

Figure 4. Strength of the electric field E(r) at bias voltages of 0.1, 0.3, and 0.7 V as a function of r at various heights, 0, 2, 4, and
6 μm, from the nanoporemembrane surface. The salt concentrations are 0.01M for (a) and 0.1MKCl for (b). Each solid curve in
each graph is plotted based on the simple theoretical model by Ohm's law in eq 3, E(r) = |J(r)|/σ with the experimentally
measured ionic currents through the nanopore at given bias voltages. The y axis scales in each panel are normalized by the
proportionality constants, I/2πσof 1/r2. The samefigurewas also plotted in the same scale for better comparisons to Figure S2
of the Supporting Information.
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ionic current density J and an electric field E given by
Ohm's law, one can write

J(r)
σ

¼ E(r) ¼ Ir

2πr3σ
(3)

where |r| = r, σ is the electrical conductivity of the ionic
solutions and I is the ionic current measured through
the nanopore under an applied voltage.16 The elec-
trical conductivities for both 0.01 and 0.1 M KCl salt
concentrations can be estimated by measured linear
I�V characteristics of the nanopore with its pore
diameter estimated by TEM observation. These values
of the conductivities are close to those found pre-
viously.30,31 By using the experimental value of I at
given bias voltages, E(r) = |J(r)|/σ is plotted (solid
curves) into each graph of Figure 4a,b. These plots
show that the experimental data fit well with the solid
curves that were plotted based on the Ohm's law in
eq 3. This result confirms that the electric field around
the location of a nanopore mouth is approximately
spherically symmetric as its center at z = 0 μm, or E(r)∼
r�2. This result indicates that the theoretical model16 is
also valid on relatively larger electric fields at higher
voltages through 100 nm diameter nanopores used in
our experiment. However, our measured E(r) data in
Figure 4 do show small divagations from Ohm's law.
To better understand the electric behavior of the

solid-state nanopores at approximately the experimental
conditions, including the nanopore geometry, salt con-
centration, and surface charge,which simpleOhm's law is
incapable of, we also simulated electric field strength at
various heights of 0, 2, 4, and 6 μm from the membrane
surface with Poisson�Nernst�Planck (PNP) equations
(using Multiphysics from COMSOL). The simulation re-
sults are comparable to the experimental results and the
Ohm's law prediction of eq 3 within experimental errors
(see Supporting Information Figure S2). The simulation
results predict that the magnitude of electric field at
higher z height is a little greater than at lower height
when the polar coordinate length r is the same, and
this prediction matches well with the experimental
results. The simulated 2D electric field strength at each
condition of Figure 4 is shown in Figure S3 (Supporting
Information).
In addition, one interesting phenomenon was ob-

served directly from our fluorescent images of DNA
translocation. Single DNA molecules occasionally stick
and then clog nanopores. Either increasing or rever-
sing the polarity of the external bias voltages did not
remove the DNA sticking to a nanopore. Occasionally,
DNA molecules stretching from the pore mouth were
observed when the magnitude of the reversed bias
voltages was increased above 0.3 V. A typical example
is shown in Figure 5. This indicates that the clogging
DNA cannot be removed only by the electrophoretic
force. To investigate the origin of the DNA clogging, we
plot the probability of this DNA clogging for each DNA

capture at clean pores under various external bias
voltages for DNA translocation in Figure 5. Interest-
ingly, the clogging probability rises from 0.024 to 0.26
as the external voltage increases from 0.1 to 0.7 V. One
of the possible explanations is that the probability of
this DNA clogging is associated with the initial config-
urations such as the hairpin configuration of a single
DNA molecule entering the nanopore mouth. Theore-
tically, a single λ DNA molecule forms a ∼1 μm dia-
meter sphere in a free solution that has to unwind itself
before entering a small pore, meaning it has to over-
come a free energy barrier for the conformational
change due to the confinement inside the nanopore.22

A higher bias voltage could allow a DNAmolecule with
more complicated configurations such as multiple
folded DNA to enter a nanopore mouth then to stick
there before its conformation changes.24 Since our
nanopore diameter is larger than the nanopores used
in most of the DNA translocation experiments by other
groups,4,5,15 the chance of these multiple fold DNA
molecules to occur and to be stuck may increase.
Furthermore, the multiple fold DNA tends to stick to
the channel wall of the pore better because the area
for the interaction between a DNA molecule and the
channel wall increases.29 This would increase the DNA
clogging rate as the external voltage increases. To
confirm this argument quantitatively, numerical simu-
lation will be necessary. However, we believe this
higher probability of the DNA clogging at higher bias
voltage is general for DNA translocation experiments
using solid-state nanopores for any diameter of nano-
pore wide enough for the translocation of folded DNA
molecules.
We have also investigated the DNA clogging rate

after a DNA clogging event had occurred at a nano-
pore. The probability of the DNA clogging on the
pre-DNA-clogged pore increases as the number of
clogging DNA molecules increases. Examples of these

Figure 5. (a) DNA molecule stretching from the nanopore
mouth by switching the polarity of bias voltage. The clogged
DNA at the pore is rarely removed only by electrophoretic
force. (b) Probability of the DNA clogging at nanopore. The
probability increases with increasing external bias voltage.
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multiple clogging events are depicted in the images of
Figure 6a,b. The top images are a frame before the first
DNA clogs at the pores, and themiddle and the bottom
images are 5.1 and 10.0 s after the top images with the
bias voltages at 0.3 V (a) and 0.7 V (b). It is difficult to
estimate the precise quantitative values of the DNA
clogging probability for the pre-DNA-clogged pore
since the presence of multiple clogging DNA mol-
ecules, seen as a white spot at the location of the
nanopore, prevents counting the exact rate as the DNA
molecules arriving from the top and the clogged ones
are indistinguishable as the images in Figure 5 indicate.
However, the probability appeared to be close to 1
because the apparent size of the white spot at the
nanopore increases as a single DNA molecule enters
the white spot.
It is well-known that YOYO-1 dye molecules for our

observation could increase the contour length of a
DNA molecule up to about 35% at a saturating dye
concentration of 4:1 for the number of base pair to
YOYO�dye molecule ratio.32�34Although a low dye
content has been chosen to minimize such effects,
these dye intercalating DNA molecules may have
increased the clogging probability well.
Finally, we estimate the electric field at 0.3 V bias

near the DNA-clogged nanopore and compare the
magnitudes with the field near a clean nanopore at
z = 0 in 0.01 M KCl solutions, as shown in Figure 6c. The
magnitudes are reduced and almost zero at more than
6 μm away from the nanopore. Although these values

must depend on the number of DNA molecules clog-
ging the nanopore, this reduction of the field is note-
worthy and most likely decreases the capture rate of
DNA translocation.
By simulating the effect of surface charge added by

DNA coating the nanopore using COMSOL, we have
endeavored to explain the reduction of the electric field
after the nanopore is clogged with DNA in Figure 6d.
This simulation was based on two possible nanopore
property changes after negatively charged large λ DNA
molecules, ∼1 μm in 3D, physically stick to the nearby
surface of a nanopore: (1) It would decrease the pore
volume both inside and nearby outside, which would
increase both the pore and access resistance, causing a
decrease in the electric field strength E(r) as observed.
(2) It would increase the pore surface charge. Thiswould
result in (A) a repulsion of the incoming negatively
charged DNA molecules or a smaller E(r) observed and
(B) an increase in local ion concentration or pore current
which could be canceled out by the decrease in pore
current due to the increase in pore resistance in part 1.
The dashed and solid curves in Figure 6d are the

electric field magnitude after charge is added to the
surface of∼3.8 μm2, an area of radius 1.1 μm, as well as
a reduction of pore current due to an increase in pore
resistance. The charged surface region is shown in
Figure S1 in the Supporting Information. This simula-
tion implies the possibility of a DNA-clogged pore as a
nanopore with some negative surface charge would
reduce the electric field strength near a nanopore.

Figure 6. Fluorescence images showing the DNA clogging into a nanopore with a bias voltage 0.3 V for (a) and 0.7 V for (b).
Images are extracted at 5.1 and 10.0 s after the first DNAmolecule is clogged. A nanopore is located at the center of a drawn
red circle in the images. One and three DNAmolecules were clogging, while two and five molecules entered the nanopore at
5.1 and 10.0 s for (a). Near 10 and 20 DNAmolecules are clogged by 5.1 and 10.0 s for (b). (c) Magnitude of the electric fields
near the clean nanopore and DNA-clogged nanopore on the nanopore membrane surface. The magnitudes of the fields are
reduced for the DNA-clogged pore. (d) Computer simulation shows that a charged nanopore surface can reduce the electric
field near a nanopore.
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Alternatively, a DNA-clogged pore can be considered
as a smaller diameter pore or larger resistance due to
some volume of the pore being occupied by the
clogging DNA molecules; a smaller pore would also
have reduced electric field strength. Further experi-
mental studies of this phenomenon are necessary to
compare with the result of numerical simulations.

CONCLUSIONS

Our direct observation of DNAmolecules near∼100 nm
diameter pores by fluorescent microscopy has revealed
the motion of DNA before its translocation through the
nanopores. We have determined the drifting motion of
DNA where the electrophoretic driving force on DNA
molecules toward the nanopore exceeds the thermal
fluctuation force. Careful analysis of the DNA motion
near the nanopores at various heights from the nano-
pore membrane surface suggests that the electric field

around the nanoporemouth is spherically symmetric. In
addition, the strength of the field Edecreases as 1/r2 and
quantitatively fits with a theoretical model based on
simple Ohm's law. With our direct observation method,
DNA clogging into the nanopore is observed for first
time, and surprisingly, the chance for DNA clogging
during a translocation experiment increaseswith increas-
ing external bias voltage. We have also demonstrated
that reversing the polarity of the bias voltage does not
remove DNA molecules clogged into the nanopore. The
probability of DNA clogging increases as the number of
molecules clogged into the pore increases. Finally, the
reduction of the magnitudes of the electric field near a
nanopore is revealed for the DNA-clogged nanopore.
These findings by our direct observation technique will
be of great interest in both experimental and theoretical
considerations regarding the motion of DNA molecules
as they approach the nanopore.

METHODS
Fabrication of Nanopore. A 100 nm diameter nanopore was

fabricated in a 40 μm � 40 μm, 200 nm thick free-standing
silicon nitridemembrane using conventional photolithography.
The membranes were supported on a 500 μm thick silicon (100)
substrate. A focused ion beam (FIB) was used to mill pores on
the nanometer scale. To determine the diameter and the shape
of individual nanopores, transmission electron microscopy
(TEM) was used. The measurement of ionic current through
individual nanopores in ionic solutions confirmed the depth of
the membrane and the diameter of the nanopores.4,15

DNA Observation. YOYO-1 dye (Molecular Probes) was used to
stain the DNA with a dye to base pair ratio near 1:10. The final
DNA concentration was 1 ng/mL in 0.1 and 0.01 M KCl solution
containing 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA.

A home-built nanopore translocation setup is placed on the
stage of a fluorescence microscope. A schematic drawing in
Figure 1 shows our measurement setup. The silicon chip con-
taining a nanopore was placed on a coverslip on the upright
microscope (TE2000 Nikon) where the solutions containing
fluorescently tagged DNA molecules were injected between
the coverslip and the silicon chip (cis side). A voltage difference
between the cis and trans chambers was applied via Ag/AgCl
electrodes. The stained DNA molecules were illuminated by a
100 W mercury arc lamp and observed with using the micro-
scope. Sequential images were acquired using an intensified
charge-coupled device camera (ORCA-ER Hamamatsu Photonics)
down to 36ms time intervals. Since the field depth of the optical
microscopy at high magnification (i.e., 100k� oil immersion
objective) was as thin as 1 μm, the motions of the dyed DNA
molecules at specific heights from the membrane surface were
plotted by varying the z focal depths. This measurements at the
different z focal depths were made sequentially (i.e., the objec-
tive was fixed at z = 2 μm; measurements were made for a long
period of time, then the objective was moved to different
height). The heights at z = 0, 2, 4, and 6 μm were chosen. To
trace the DNA motion, the conformation of the DNA molecule
was ignored. More than 300 DNA molecules were randomly
chosen to trace their trajectories. Because of the effect of DNA
clogging on the motion of other DNA molecules, we have
repeatedly performed nanopore cleaning to remove the clog-
ging DNA by rinsing a Si chip with a dilute bleach solution.
Multiple nanopores were used especially for the 0.7 V bias
observations since the cleaning processes described above
occasionally degrade nanopores, for example, cracking the nano-
pore membrane. Since our finding of the magnitude of electric
fields is expected to be proportional to the value of ionic current

through the nanopore, the current value was carefully adjusted
to be the same as that for themeasurements. In order to do this,
the bias voltage was actually deviated for each pore, although
the pores selected for the deviations are fewer than 5%.
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