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Abstract: Motions of circular and linear DNA molecules of various lengths near a nanopore of 100
or 200 nm diameter were experimentally observed and investigated by fluorescence microscopy.
The movement of DNA molecules through nanopores, known as translocation, is mainly driven by
electric fields near and inside the pores. We found significant clogging of nanopores by DNA
molecules, particularly by circular DNA and linear T4 DNA (165.65 kbp). Here, the probabilities of
DNA clogging events, depending on the DNA length and shape—linear or circular—were
determined. Furthermore, two distinct DNA motions were observed: clog and release by linear T4
DNA, and a reverse direction motion at the pore entrance by circular DNA, after which both
molecules moved away from the pore. Finite element method-based numerical simulations were
performed. The results indicated that DNA molecules with pores 100-200 nm in diameter were
strongly influenced by opposing hydrodynamic streaming flow, which was further enhanced by
bulky DNA configurations.
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1. Introduction

Single biomolecule detection has been demonstrated in solid-state nanopores and the
geometrical configuration of a single biomolecule can be sensed as the molecule passes through the
pore (translocates) by analyzing the ionic current profile generated. To drive a biomolecule to
translocate and generate an ionic current, an external voltage difference is applied across the pore
membrane by a pair of Ag/AgCl electrodes, immersed in trans and cis reservoirs [1-6]. This voltage
difference produces an electrophoretic force acting on charged flexible polyelectrolytes of
biomolecules not only inside the pore but also around the nanopore, thereby driving them into and
through the pore [7]. The selection of pore materials and their functionalization, integration of metal
electrodes, and types of ions used in reservoirs are important for translocation experiments. These
factors depend on the type of biomolecule used, probing methods, and ionic or tunneling current
measurements [8-16]. To probe rather large objects such as viruses [17,18], bacteria [19], or protein
complexes [12,16], the pore size must be larger than the object. Such pores with diameters of up to a
few hundred nanometers may enhance the hydrodynamic effects because of the larger cross-sectional
area of the pore, which induces more flux [20]. One such motion generated inside a pore is the electro-
osmotic flow [21]. If the pore surface charge is negative, such as in typical nanopore walls of SiN or
SiO2 membranes, the cation density increases near the nanopore wall and the cations move through
the pore while generating flow of the bulk solution under the influence of an electric field applied to
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drive biomolecules through the pore [22]. The direction of electroosmotic flow is opposite that of
DNA translocation, i.e., from cis to trans reservoirs, because DNA is negatively charged. Such
electroosmosis has been directly observed in micro or nano channels, and leads to decreased DNA
translocation speed during electrophoresis [23]. Similarly, the decrease in the DNA translocation
speed by such hydrodynamic flows can be expected because of the presence of cations that screen
negative charges of DNA [24]. This indicates that the presence of DNA inside a pore affects its own
translocation dynamics. Such effects would likely be enhanced if the DNA configuration during
translocation is complex, such as in hairpin [25,26] or knot formation [27,28].

We observed and analyzed DNA dynamics near a nanopore and its direct translocation by
fluorescence microscopy [7,29,30]. Through direct observation, we estimated the electric potential
profile near a SiN nanopore [7]. By applying a gate voltage to an Au film on a SiN nanopore
membrane, anomalous DNA motions induced by electroosmotic flow via a pore were observed [29].
By using a field-effect transistor nanopore, we developed a method for slowing the translocation
speed of DNA by applying pulse voltages only on the field-effect transistor gate electrode, while both
ionic solutions in the trans and cis reservoirs were kept at V = 0 [30]. While performing these
experiments, DNA was frequently observed to clog pores with diameters up to 100 nm, terminating
the experiments. The clogged DNA is barely removed by sweeping and reversed the bias voltages
[7]. Previously, the polymer clogging phenomenon was predicted in pores with sizes smaller than
those of polymer knots (i.e., <100 nm for double-stranded DNA) as the geometry of the knots prevents
it from passing through the pore [27,28]. Therefore, we examined the occurrence of DNA clogging on
our relatively larger pore diameter of approximately 100 nm or more.

We investigated the origin of DNA clogging of pores and prepared pores with diameters of 100
and 200 nm on 200-nm SiN membranes. At this pore size scale, the differences in nanopore geometry,
and possibly varying pore-DNA interactions, are minimized. Various DNA lengths and forms, such
as circular or linear DNA molecules, were used to study their effects on the clog probability. We
determined the clog probabilities of various DNA molecules and evaluated the concurrence of knot
formation. Next, we describe two distinct motions of specific DNA molecules near a nanopore. One
motion shows how T4 DNA escapes from a pore after clogging the cis side of the reservoir, which is
the opposite direction of DNA translocation. In the other motion, circular DNA reversed its direction
at the nanopore without entering the pore. To evaluate these motions, we simulated the bulk flow
induced not only by electroosmosis through the nanopore walls, but also by the presence of DNA
inside a pore using finite element analysis. The possibility of stopping DNA translocation through a
pore during electrophoresis by enhancing opposing flows by probable DNA configurations inside
the pore is discussed. Because of the presence of sensitive interactions between different types of
DNA and their various possible configurations in pores at the 100 nm-scale, such nanopores may be
useful in biomolecule filtering applications for sorting polymer lengths and separating DNA
configurations, such as circular, linear, and knot forms.

2. Materials and Methods

Nanopores were fabricated in 200-nm-thick freestanding silicon nitride (SiN) membranes (40 x
40 um) by conventional photolithography. The membranes were supported on a 500-pm-thick silicon
(100) substrate. A focused ion beam was used to mill 100- or 200 nm-diameter pores and transmission
electron microscopy was used to measure the diameter and shape of individual nanopores. The ionic
current measurement passing though individual nanopores in the electrolyte solutions was used to
confirm the nanopore diameters [9,10].

For linear DNA molecules, lambda (48.502 kbp) and T4 (GT7) (166 kbp) were purchased from
Nippon Gene Co. (Tokyo, Japan) For 24-kbp DNA, lambda DNA was cut into two 24-kbp (24.5 and
240 kbp) fragments by the restriction enzyme Xbal (Takara Bio, Shiga, Japan). To obtain
approximately 10-kbp DNA (11.9, 14.3, 9.5, and 12.7 kbp), lambda DNA was digested with the
restriction enzyme PVUI (Takara Bio). For circular DNA molecules, phi X174 DNA (5386 bp) were
purchased from Nippon Gene Co. To generate 10-kbp circular DNA, 6985-bp DNA fragments were
amplified from lambda DNA by PCR using Ex Taq DNA polymerase (Takara Bio) with the specific



Polymers 2019, 11, 84 3o0f12

primers 5-TTCACTAATGGGCGTGGCTT-3"and 5-TTACCAGTTTCCGGCGTACC-3' (Eurofins
Genomics, Louisville, KY, USA). The fragments were purified using the High Pure PCR Cleanup
Micro Kit (Roche Applied Science, Basel, Switzerland) and then TA-cloned into the pGEM-T easy
vector (3015 bp) (Promega, Madison, WI, USA). The 10-kbp circular DNAs were extracted from
Escherichia coli and purified using a NucleoBond® Xtra Midi kit (Machery-Nagel, Duren, Germany).
The physical properties of these DNAs are summarized in Table S1. YOYO-1, a fluorescent dye, was
used to stain the DNA with at a base pair ratio of 1:14, which is lower than the saturation ratio of 1:4,
to reduce the mechanical and electrical property changes caused by attaching the dyes [31-33]. The
final DNA concentration was 1 ng/mL in 0.1 M and 0.01 M KCl solution containing 10 mM Tris-HCl
(pH 8.0) and 1 mM EDTA.

The silicon chip containing one or multiple nanopores was placed on a coverslip on the stage of
an upright fluorescence microscope (TE2000; Nikon, Tokyo, Japan), which was covered with a PDMS
chamber. Our cis reservoir was the space between the coverslip and silicon chip where the solution
containing fluorescently tagged DNA molecules were injected. A voltage difference of 0.3 V between
the trans and cis reservoirs was applied via Ag/AgCl electrodes to drive DNA molecules from the
trans to cis reservoirs. The stained DNA molecules, illuminated by a 100-W mercury lamp, were
detected individually by using two charge-coupled device (CCD) cameras (ORCA-ER and ImageEM
X2; Hamamatsu Photonics, Hamamatsu, Japan), which recorded the movement of the shortest DNA
molecules, 5 kbp phi X174, in sequential images at 71-ms time intervals. The pixel size differed
between these CCD cameras, with values of 0.426 and 0.534 um for ORCA-ER and ImageEM X2,
respectively. Phi X174 DNA was imaged using ImageEM X2, while the other DNA’s were imaged
using ORCA-ER in this article.

The field depth of microscopy at high magnification (i.e., oil immersion objective, 60x, NA 1.4)
was less than 1 um, and thus DNA molecules with a gyration radius of approximately 0.5 um were
sharply imaged within z =+ 0.5 um of the focusing plane [7]. In this study, the focusing plane for the
optical microscope was set to 0.5 pm above the SiN membrane surface on the cis side to detect DNA
molecules entering a pore. Under this focusing condition, DNA molecules within 1.5 pm of the
membrane surface were clearly observed, while the other molecules within 2.0 um were identified in
the plane parallel to the membrane surface. The locations of DNA molecules were identified by
evaluating the center geometric means of the pixels of the outlines of DNA. All image processes were
performed using MATLAB codes, which were developed in-house. More details regarding our image
processing can be found in our previous publications [7,29,30].

To efficiently determine the statistics of clog probabilities, we milled 9 nanopores 20 um apart
in a single freestanding SiN membrane. The separation distance between the pores was longer than
twice the capture radius, where DNA motion is affected only by the closest pore, as described below
by Equation (1). We used 342 Si chips with more than 2000 nanopores.

Numerical simulations of finite element analysis were performed using a commercial package,
COMSOL Multiphysics Software (Version 5.2), with the following three differential equations:
Nernst-Planck, Poisson, and Navier—-Stokes equations (see details in Figure S1). This is a standard
analysis for quantitatively evaluating the bulk flow by electroosmosis and net force acting on DNA
molecules [23,34-36]. Axisymmetric geometry and solutions were applied to decrease the
computation time. For symmetry, we added a linear rod and rings with the surface charge inside a
pore simulating a portion of a DNA molecule.

3. Results

3.1. Clog Probabilities of Various DNA Length and Configurations

As described in our previous publication, translocations through and clogs inside a pore by
individual DNA molecules were imaged optically by fluorescence microscopy [7] (see examples in
Figure S2). All types of DNA molecules, circular or linear with various lengths, frequently clogged
the nanopore. The clogging probability of these DNA molecules are summarized in Figure 1. To
evaluate the clogging probability, we defined DNA clog as a DNA molecule in fluorescent images
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localized at a nanopore for >71 ms in 2 or more sequential image frames at 14 Hz. For example, the
expected translocation time of a single lambda DNA translocation was <2 ms for a nanopore with
geometry and ionic solutions similar to ours. Thus, DNA located at a pore for >140 ms was considered
to bind and clog the pore [9,10,26]. Nearly all linear DNA, except for T4, did not exit the pores toward
either the trans or cis reservoir after binding. When a single DNA molecule clogged a pore, the size
of the molecule in the fluorescent images was compressed, likely because a portion of the molecule
or the whole molecule entered the pore (see images in Figure S2). The sizes of DNA molecules,
estimated from the images, before entering a pore were comparable to those observed previously
[37,38].
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Figure 1. Clog probability vs. DNA length and its shape-linear (squares) or circular (circles) for pore
diameters of 100 nm (red) and 200 nm (blue). Error bars represent the standard deviation of each data
point. The solid line is the analytical prediction of knot formation, 1-exp(-N/No), where No = 143 + 5
kbp by Plesa et al. [27].

DNA clogging a pore rarely translocated towards the trans reservoirs. Further, most of these
molecules were not released from the pore even after reversing the polarity of the applied bias voltage
(to push the DNA electrophoretically into the cis reservoir). Once a single DNA clogged a pore, the
other DNA molecules entering into the pore also caused clogging, as evidenced by the gradual
increase in fluorescence intensity as a single DNA entered the pore; this was previously recorded
only for lambda DNA [7]. These observations indicate that pore clogging by DNA is a serious concern
in nanopore device applications.

Figure 1 shows that the probability of clogging increases with the length of linear DNA. In
contrast, the clogging probabilities for circular DNA appeared to be independent of DNA length. The
clogging probability of 10-kbp circular DNA was nearly 3-fold higher than that of linear DNA.
Counterintuitively, no significant differences in clogging probabilities were observed between pore
diameters, 100 and 200 nm, for either type of DNA molecule. The most interesting comparison is as
follows: the quantitative values of the clog probabilities for linear DNA of various lengths were
approximately equal to the knot formation probabilities of these linear DNA molecules, which were
experimentally estimated by Plesa et al. [27]. This quantitative agreement indicates that clogging
occurs because of the presence of DNA knots in a pore. This was unexpected because we used a pore
size larger than the typical knot size (size < 100 nm) of 31 to 52 knots, which are mainly formed in
DNA [27]. This indicates that the geometrical interaction between a DNA knot and nanopore surface
is not the only factor influencing the probability of clogging. There must be a counterforce acting on
DNA opposing the electrophoretic force toward the trans side, thereby reducing the DNA speed to
zero inside a nanopore as the DNA clogs. One possibility is the opposing force of the hydrodynamic
flow towards the cis side, generated by cations concentrated near the negatively charged DNA
molecules inside a pore [24]. The contracting force may be enhanced by DNA knots inside a pore
because the multi-fold configuration of a knot may recruit more cations, resulting in the generation
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of a higher hydrodynamic flow towards the cis side. This would also occur for circular DNA, which
enters a pore with a two-fold configuration and may show knot occurrence. We determined the
motions of DNA under the forces generated by such flows by the finite element method (FEM).
Furthermore, we examined the unintuitive DNA motions of T4 DNA and circular DNA, which are
likely caused by such counter flows.

3.2. Release of T4 DNA to the cis Side after Clogging

As shown in Figure 1a, the clog probability of T4 DNA was nearly 77% for both 100 and 200 nm
diameter pores, indicating that the first DNA molecule entering likely becomes clogged. Remarkable
motions of T4 DNA, returning single DNA molecules to the cis side, were observed after the DNA
molecule entered a pore once. Such peculiar motions have not been observed in other linear DNA
molecules, such as lambda DNA. Nearly all of these molecules enter the pores and subsequently
move within a characteristic distance from the pore, known as the capture radius [25,39,40].

MEporerpzore

r=— )
where p is electrophoretic mobility, Epor is the applied electric field strength inside a nanopore, #pore is
the radius of a pore, and D is the DNA diffusion constant. The capture radius is estimated by
balancing the DNA speed by electrophoresis towards the pore to the average speed by random
thermal forces. Briefly, near a pore, a negatively charged DNA molecule is captured by the electric
field and then driven towards the pore at a velocity proportional to the electric field with a factor
known as electrophoretic mobility in electrophoresis [40]. In contrast, a DNA molecule is constantly
moving and changing its direction because of random thermal forces, known as Brownian motion, in
a fluid. The capture radius is an analytically estimated distance from a pore, wherein the
electrophoresis is a dominant factor [39,40]. For example, the capture radius for lambda DNA is 6.02
um. Experimentally, within the regions inside of the radius, nearly all lambda DNA molecules, as
well as the other DNA types did except for T4 DNA, entered a pore. The capture radius for T4 DNA
is 18.7 um far away from r < 7.0 um where nearly all T4 DNA molecules entered the pore in our
observation. This decrease was likely caused by a surface interaction of the large T4 DNA with the
membrane [41] because under our focusing conditions, DNA molecules within 2.0 um from the
membrane surface were identified. Removing a T4 DNA from the location of a pore on the cis side of
reservoir was remarkable. A typical sequence of such a motion is shown in Figure 2a; a T4 DNA
moves towards a pore, causing clogging by t = 0.29 s, appears to stretch one end of the DNA at ¢ =
1.14 s, and then leaves by ¢ = 2.21 s (see also Video S1 Release of T4 DNA). Statistically, 30 = 06% and 61
+ 13% of the clogging DNA was released from the pores toward the cis side within 5.0 s (Figure 2b)
while the clog probabilities were nearly equal (Figure 1). The strength of the electric fields, 1.08 x 10¢
V/m (100 nm diameter) and 8.40 x 10° V/m (200 nm diameter) at the pore opening allowed dsDNA in
a linear or hairpin formation to pass through the pore as previously reported [27,42,43]. This indicates
that a counteracting force to the electrophoretic force acted on the clogged DNA to pull or push it
back towards the cis side and the force for the 200 nm pore was greater than that of the 100 nm pore.
The life-time of clogging, At, before release is shown in Figure 2c. Most T4 DNA was released within
1.5 s from either 100 or 200 nm diameter pores. More DNA molecules were released within 0.284 s
from the 200 nm diameter pores. Interestingly, DNA was infrequently recaptured and re-entered the
pore after its exit. As an example, an SI movie shows T4 DNA being released in a rare recapture event
(Video S2 Recapture of released T4 DNA). As shown in these movies, the released DNA remained
outside of the region and inside the capture radius. This prevents DNA from recapturing and
indicates that the counteracting force can drive released DNA molecules to move out of the capture
region.
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Figure 2. Release of T4 DNA to the cis side after clogging a pore. (a) Time-resolved fluorescence
images of T4 DNA molecules near a nanopore. Scale bar is 5 um. Images were extracted at ¢ = 0.00,
0.21, 0.29, 1.14, and 2.21 s from a sequence of 21 frames recorded at 14 Hz. A DNA approaches a
nanopore located at the center in each image marked by a yellow circle. The DNA enters the pore at
t=0.29 s, stays clogged at t =1.14 s, and then leaves the pore to the cis side. While the DNA clogs the
pore, it appears to be stretched out toward the cis side at t = 1.14 s. An external bias voltage of 0.3 V
was applied to force the DNA to translocate towards the trans side during observation (see also Video
S1 Releases of T4 DNA). (b) Probability of such releasing events after clogging in 100 and 200 nm
diameter pores. (c) Life-time of clogging for released T4 DNA in 100 and 200 nm diameter pores. The
bin size is 0.14 s (2 frames).

3.3. U Turn of Circular DNA at Nanopore

The other remarkable observations were similar to the clog and release events for T4 DNA. A
significant number of circular DNA molecules altered their directions noticeably at nearly the top of
a nanopore within regions inside the capture radius and then moved away from the pore without
entering it. A typical example of this motion is shown in Figure 3a. In the images, a 10-kbp circular
DNA molecule approached a nanopore where r < 2.24 um, which is the capture radius for DNA
(yellow circle) by ¢ = 0.14 s. The DNA molecule moves to the top of the pore at t = 0.21 s. Next, the
DNA moved away from the pore. An external bias voltage of 0.3 V was maintained during imaging.
The DNA motion in the image sequence appeared to be a “U turn” (see also Video 53, S4 U turn of
circular DNA). As shown in Figure 3b, the proportions of this U turn were nearly half of those of the
circular DNA, phi X174, and 10 kbp, entering the capture radius from a 100 or 200 nm diameter pore.
Representative trajectories of DNA moving away from a 100-nm diameter pore (dotted lines) plotted
in Figure 3c showed the U turn motions, altering the direction near 180° towards the pore (solid lines).
We defined the angle of the DNA motions between their approach and exit as the pore location at the
center as shown schematically in Figure 3d. The distributions of the angles of circular DNA for 100
and 200 nm diameter pores are plotted in Figure 3e. These plots clearly display how the motions
eventually formed a U-turn as the peaks changed from 150° to 180°. The average speeds of DNA exit,
15.7 um/s, from a pore were faster than those of DNA approaching, 8.4 um/s. Similarly, when T4
DNA was released after clogging as described in the previous section, the instantaneous recapture of
leaving DNA was not frequently observed, indicating that the exiting DNA molecules moved out of
the capture region once. Again, this U-turn motion indicates that the counteracting force acting on
the DNA molecule at a pore was greater than the electrophoretic force driving the DNA into a pore.
For circular molecules, the DNA instantaneously moved away from a pore without clogging.
Therefore, the direction of circular DNA was altered on or at the opening of a pore rather than inside
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of a pore. Interestingly, the circular DNA molecules were not released after they clogged a pore,
unlike T4 DNA. Instead, both moving away from a pore on the cis side should contribute to the
counteracting force acting in the opposite direction to the electrophoretic force. The hydrodynamic
drag force by electroosmosis can be such a force if the surface charge of a nanopore wall is negative,
such as those of SiOz and SiN [22]. However, quantitatively, the force of electroosmosis was smaller
than the force of electrophoresis. Because the DNA molecules displayed these motions for T4 (164
kbp) and circular DNA, we expected more multi-folded configurations of negatively charged DNA
and a hydrodynamic drag force generated by the presence of DNA in such multi-folded
configurations. These configurations likely increased the hydrodynamic flow as observed for
multiple DNA molecules inside a pore [24].
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Figure 3. U turn of circular DNA at 100 nm diameter nanopore. (a) Two sequences of fluorescence
images of a DNA molecule of 10 kbp and phi X174 near nanopore recorded at 14 Hz. Scale bar is 5
pum. A circular DNA molecule moves toward a nanopore within the region inside the capture radius
(yellow circle) by t = 0.07 s, approaches further at t = 0.14 s, and then moves away from the pore after
t=0.21 s. An external bias voltage was 0.3 V (see also Video S3, 54 U turn of circular DNA). The images
for 10 kbp and phi X174 were acquired with different CCD cameras, altering the pixel counts/scale
bar of 5um (see Materials and Methods). (b) Proportion of translocation, clog, and U turn of circular
DNA, phi X174 and 10 kbp for 100 and 200 nm diameter pores. Nearly half of DNA U turns. (c)
Representative trajectories of U turn DNA of 10 kbp. Dotted line shows trajectories moving away
from a pore. These DNA molecules mostly turned around at the nanopore. (d) A schematic drawing
of an angle of deflection at a pore. (e) Distributions of the angles of circular DNA for 100 and 200 nm
diameter pores.

3.4. FEM-Based Numerical Estimation of DNA Motions Near Nanopore

A Finite Element Package, COMSOL Multiphysics Software (Version 5.2), was used to
numerically simulate the motion of DNA near and inside a nanopore, particularly the effect of the
presence of a multi-folded DNA molecule inside the pore. We previously estimated DNA motions
near a nanopore in the presence of electrophoresis and electroosmosis forces [7,29,30]. Briefly,
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Nernst-Planck, Poisson, and Navier-Stokes equations were used (see Figure S1). Cylindrical
symmetry is appropriate for determining the nanopore simulation geometry, resulting in simulation
domains defined with axial symmetry in 2 dimensions. The DNA motions were estimated by adding
the velocities of electrophoresis and advection [44]. To investigate the effect of the DNA presence
around a pore, we located a ring or/and rod, 2 nm in diameter, with schematics depicting the locations
in the lower images of Figure 4a,b. The surface charge density of these rings and rods was set to —0.4
e/nm? this value has been used to simulate DNA motion through smaller pores (r < 20 nm) in
previous studies [45,46]. The estimated DNA velocities around 100 and 200 nm pores with various
DNA configurations by FEM are depicted by the red arrows in the middle and upper images of Figure
4. The white arrows represent the velocities of bulk fluidic flow, while the green arrows indicate the
velocity by electrophoresis. In the left images of Figure 4a,b, when simulating no DNA inside a pore,
the red arrows point down toward the trans side, indicating DNA translocation. In contrast, when a
hosting rod and/or ring more inside of a pore, flow velocity (white arrows) in the direction opposite
of the velocity by electrophoresis (green arrows) increased. As a result, the |v:| of the net velocities
(red arrows) decreased not only inside the pore but also at the pore entrances, as the red arrows are
nearly invisible except near a rod in the upper images of Figure 4a,b. Near and, particularly, above
the rod, the net velocities (red arrows) point upward, which is opposite the velocities by
electrophoresis toward the trans side.

(a) 100 nm

rod ring rod + ring

(b) 200 nm

et ‘ ’ Nnttitattz,

NI b t H t st
Wﬁﬁﬁ n il m
Trans M. e 11\ il 3 T - T T
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rod ring rod + ring rod + 2 rings

Figure 4. Numerical simulations of DNA motions with the presence of DNA at a nanopore with its
diameter, 100 nm (a) and 200 nm (b). Upper: Zoomed images show the estimated DNA velocities (red
arrows) at pore entrance. White arrows represent the velocities of bulk fluidic flow, while green
arrows display the velocities by electrophoresis. Middle: Estimated velocities inside a pore. Lower:
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Schematics indicate the locations of a rod and/or a ring resembling to DNA inside a pore. In the left
images simulating no DNA, the red arrows point down towards the trans side of expected
translocation. In the other images hosting rod and/or ring, the lv:| of the red arrows decreased not
only inside the pore but also at the pore entrances as the oppositely flow velocities (white arrows)

increased.

These results indicate that DNA inside of 100 and 200 nm pores which were similar to the rod
configurations not only slowed but even reversed the direction of the motion. Such rod and ring
configurations inside a pore were likely attained by knots or multi-folded configurations of DNA into
our 100 or 200 nm diameter pores, as the size of knots or persistent length of DNA were equal to or
below 100 nm. As a result, the DNA molecules with such configurations, initially driving into a pore
electrophoretically toward the trans side, may stop translocating as clogging or even drive back to
the cis side mainly because of the hydrodynamic drag force, as we observed.

4. Discussion

The results of FEM-based numerical simulation indicated that more DNA rings and rods inside
a pore, reflecting the presence of DNA in knot or multi-folded configurations, increases the
hydrodynamic bulk flow generated by counterions adjacent to the DNA. This flow likely enhances
the drag force that opposes DNA translocation. Larger-diameter pores may produce the same or
higher bulk flow depending on the number of DNA files inside the more open entrance of the pore.
This prediction based on our numerical simulation results is consistent with our experimental
observations. First, the clog probabilities were not influenced by the pore sizes for various DNA
molecules. As the probabilities were equivalent to the knot occurrence of linear DNA molecules, the
multi-folded configurations of the knot were likely attributable to the clog. Because the number of
folded configurations was higher for circular DNA because of its knot formation [47], this DNA was
predicted to increase the clog probability, as observed in our results. Furthermore, the two distinct
motions of T4 DNA and circular DNA, 10 kbp and phi X174 DNA, respectively, suggest that counter-
stream flow towards the cis side of the reservoir removes a clogging T4 DNA molecule and effectively
ejects a circular DNA molecule, which appeared as a U turn motion in sequential images. First, the
longest T4 DNA molecule with the highest probability of forming knots in our experiment assembled
at the nanopore entrance, thereby increasing the DNA folds to cause higher counter flow. Such
streaming counter flow from a pore may cause stretching of one end of the clogging DNA molecule
out of the pore as observed at t = 1.14 s (Figure 2a). The higher releasing probability (Figure 2b) and
shorter clogging time of T4 DNA before its release (Figure 2c) for the 200 nm diameter pores were
also likely related to the higher DNA files or higher counter flow rate from a larger cross-sectional
area of the pore, as shown in Figure 4b. Remarkably, T4 DNA showed significant probabilities
clogging without exiting a pore. There may be two states of clogging for either linear T4 DNA and
circular DNA: one clogs loosely inside the pores, permitting flow in a few seconds, while the other
clogs immediately and tightly, similar to linear DNA molecules. However, DNA inside a pore likely
encounters hydrodynamic flow. Further studies are necessary to determine the underlying cause of
DNA clogs inside a pore and understand how these clogs can be removed. The U turn motion is also
required to carry out further experiments and numerical simulations, particularly for FEM in 3D,
providing an angle dependence to evaluate the U turn angles. Angles close to 180° were observed in
our experiments, indicating that the direction of the counter force on circular DNA by hydrodynamic
flow was opposite to the incoming direction of the DNA. The influence of intercalant effects on
circular DNA was recently reported in a study using ethidium bromide as a dye molecule [48].
Krueger et al. reported that the formation of branching and supercoiling structures by intercalant
ethidium bromide molecules, which increases the number of DNA files when the DNA pass through
a pore, were similar to the DNA multi-folded configurations. An atomic force microscopy (AFM)
study revealed the supercoiled formation of circular DNA with YOYO-1 dye when the ratio of dye-
to-DNA base pair was increased to 1:4 [33]. We cannot exclude such effects; however, our dye-to-
DNA base pair ratio was as low as 1:14, which likely reduced the supercoiled formation. Supercoiled
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DNA was not observed at 1:100 in the AFM study [33]. AFM analysis may be required to quantify
the branching or supercoiling formation at 1:14 of the dye-to-DNA base pair ratio to accurately
evaluate the portion of U turns of circular DNA in Figure 3b. However, our experimental
observations revealed that relatively large pores with diameters from 100 to 200 nm were clogged by
DNA molecules. Based on the anomalous dynamics of T4 DNA and circular DNA, our numerical
simulations indicate that counter flow generated by adjacent counterions of the DNA through our
100-200 nm diameter pores were susceptive to knot and multi-folded DNA formations or possibly
supercoiling caused by dyes, which clog or even exclude these DNAs. Although these large diameter
nanopores are not suitable for ionic current measurements to investigate submolecular profiles, the
pores can act as filters to remove knots or multi-folded DNA molecules. Such filters may be useful in
further screening applications, such as nanopore translocation, for diameters below 5 nm where DNA
knots clog the pores immediately [28].

5. Conclusions

This study was conducted to investigate DNA translocation and pore clogging by circular and
linear DNA of various lengths in relatively large nanopores of 100 and 200 nm diameter. DNA
molecules were directly observed by fluorescent microscopy. Our results revealed that the
probability of clogging increases exponentially with the length of linear DNA and that clogging
occurs because of knots or multi-folded DNA configurations entering a pore. Based on our FEM-
based numerical simulation, the cause of DNA clogging is hydrodynamic flow, which flows in the
direction opposite that of DNA translocation and is mainly generated by cations screening negatively
charged DNA inside a pore. The flow acts as a drag force that increases with the number of DNA
strands in knot or multi-folded configurations. This concept is consistent with our experimental
observations showing that DNA clogging occurs independently of the pore size, with clogging
probabilities being higher for circular DNA than for linear DNA. The release of clogged T4 DNA (164
kbp) and the U-turn motion of circular DNA in our observations also agree with this concept. Thus,
nanopores with diameters ranging from 100 to 200 nm can be used in applications that filter knots
formed by DNA molecules, as they clog these pores.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: FEM based
numerical simulation, Figure S1: FEM based numerical simulation, Figure S2: Translocation and Clog of DNA,
Video S1: Releases of T4 DNA, Video S1: Releases of T4 DNA, Video S2: Recapture of released T4 DNA, Video
S3, 54 U turn of circular DNA of 10 kbp (S3) and phi X174 (S4), Video S5 lambda DNA translocate and Video S6
lambda DNA clog. Table S1: Physical properties of DNA.
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