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DNA conformations, which encompass the three-dimensional structures of the DNA strand, play a crucial
role in genome regulation. During DNA translocation in a nanopore, various conformations occur due to
interactions among force fields, the fluidic environment, and polymer features. The most common con-
formation is folding, where DNA moves through the nanopore in a two-strand or multi-strand manner,
influencing the current signature. Factors such as hydrodynamic drag, ionic environments, and DNA
length significantly affect these conformations. Notably, conical nanopores, with their asymmetrical geo-
metry, impose unique constraints on DNA translocation. Our findings reveal that during forward translo-
cation, from the narrow (cis) end to the wide (trans) end, DNA experiences less resistance, resulting in
shorter translocation times and higher blockade currents. Conversely, backward translocation, from the
wide (trans) end to the narrow (cis) end, leads to longer translocation times and more complex confor-
mations due to increased hydrodynamic drag and geometric constraints. This study employs molecular
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ping-pong methods to confine DNA, further highlighting the intricate dynamics of DNA folding within
nanopores. These insights enhance the understanding of DNA behavior in confined environments, contri-
buting to advancements in nanopore-based sensing and sequencing technologies, with implications for
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Introduction

DNA conformations, which encompass the three-dimensional
structures of the DNA strand, play a critical role in various bio-
logical activities related to genome regulation.'™ For instance,
during the intricate process of genome packaging, DNA under-
goes looping, folding, and coiling, ultimately resulting in the for-
mation of highly condensed structures known as chromo-
somes.'® This dynamic reorganization is essential for the
efficient compaction of the genome within the nucleus and for
the regulation of gene expression, as different conformation
states can influence the accessibility of DNA to transcription
factors and other regulatory proteins."' Analogous to genome
packaging where long DNA polymers are threaded through a
small aperture into a constricted volume, DNA translocation in a
nanopore also presents various conformations due to the intri-
cate interactions among the force field, fluidic environment, and
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genome regulation and biomedical applications.

polymer features.">™* The most common conformation during

DNA translocation is the folding type, where DNA moves through
the nanopore in a two-strand or multi-strand way, which, in the
current signature, induces a deeper blockade current with the
amplitude proportional to the number of folded strands.">™"”
DNA folding in the nanopore is influenced by several
factors.'®* First, before entering the nanopore, DNA moves
from an open space to a confined area and, under the influ-
ence of an external driving force, adjusts its conformation by
bending into a fold.”® The fluidic environment is another
important factor. Hydrodynamic drag resulting from a high-
viscosity solution disturbs the local force equilibrium of the
DNA polymer, causing it to deform into complex confor-
mations.>® Additionally, certain ion types, such as lithium, can
more effectively screen the charges of the DNA backbone,
indirectly reducing the electric force by which DNA is stretched
and maintains a linear conformation.>® Furthermore, the prob-
ability of folding is proportional to DNA length, with a greater
possibility of longer DNA existing in a folded conformation.
Nevertheless, how nanopore shape, especially a conical nano-
pore with confined space on one side, affects the DNA confor-
mation during the translocation has not been fully discussed.
DNA translocation in a conical nanopore exhibits distinct
velocity behaviors in the forward and backward directions.>”>°

Analyst, 2024, 149, 5131-5138 | 5131


http://rsc.li/analyst
http://orcid.org/0000-0002-4232-3137
https://doi.org/10.1039/d4an01068j
https://doi.org/10.1039/d4an01068j
https://doi.org/10.1039/d4an01068j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4an01068j&domain=pdf&date_stamp=2024-10-03
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an01068j
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN149020

Open Access Article. Published on 27 August 2024. Downloaded on 6/14/2026 11:48:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

In this context, forward translocation refers to movement from
the tip (cis side) to the back (¢rans side) of the nanopore, while
backward translocation is in the opposite direction. During
backward translocation, the DNA has a longer effective length,
which is dragged by the flow, thus slowing down its move-
ment. In contrast, during forward translocation, the DNA
buckles within the nanopore, resulting in a shorter effective
length and less drag force.”” Due to the distinct force profiles
and steric hindrance, DNA translocation in the two directions
should exhibit different conformational behaviors.

Herein, we investigated the DNA conformations during
forward and backward translocations in a conical nanopore.
We show the distinct translocation features of the forward and
backward translocation, including the translocation time and
the current blockade. All current point histograms show that
DNA exhibits more complex conformations in the backward
translocation than the forward one. We also employed the
molecular ping-pong method to restrict the DNA molecule in a
more confined space, where the DNA exists with even more
complicated conformations. This work has implications for
the DNA polymer dynamics in a confined nanoscale space,
and potentially contributes to understanding genome
regulation.

Results and discussion

Fig. 1 illustrates how we define a forward and backward trans-
location in a conical nanopore. In all experiments, we utilized
asymmetric, conical glass nanopores characterized
previously,’®?" having diameters of 14 + 3 nm (mean + stan-
dard deviation) and a cone semi-angle of 0.05 + 0.01 radians
(ESI Fig. S2t). As shown in Fig. 1a, a forward translocation in a
conical nanopore refers to the movement of a DNA molecule
through the nanopore from the narrow (cis) end to the wide
(trans) end, which is typically driven by an electric field
applied at the trans side, causing the molecule to pass through
the constricted channel. In contrast, backward translocation
involves the passage of molecules from the wide (¢trans) end to
the narrow (cis) end, moving in the opposite direction of
forward translocation (Fig. 1b). In this process, a positive
voltage is applied to the cis side. Due to the limited volume on
the trans side, the diffusion of DNA molecules, particularly
longer ones, is significantly restricted, making it challenging
for them to diffuse from the wide region to the nanopore
before being captured by the electric field. To enable backward
translocation, we initially performed forward translocation for
1-2 hours and subsequently reversed the voltage polarity, and
thus we could obtain a desired translocation frequency of DNA
molecules.

Fig. 2 illustrates the current signals of forward and back-
ward translocations in a conical nanopore. Fig. 2a depicts
three forward translocation signals, while Fig. 2b presents a
single backward translocation signal. Notably, the transloca-
tion time for backward translocation is approximately three
times that for forward translocation (~9 ms for forward trans-
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Fig. 1 Schematic representation of forward and backward transloca-
tions in a conical nanopore. (a) Forward translocation is defined as the
movement of a DNA molecule from the narrow (cis) end to the wide
(trans) end, driven by an electric field applied at the trans side, causing
the molecule to traverse through the constricted channel. (b) Backward
translocation involves the passage of DNA molecules from the wide
(trans) end to the narrow (cis) end, with a positive voltage applied at the
cis side. Due to the restricted volume on the trans side, especially for
longer DNA molecules, their diffusion from the wide region to the nano-
pore area is challenging before being captured by the electric field.
Backward translocation was achieved by first performing forward trans-
location for 1-2 hours and then reversing the voltage polarity to obtain
the desired translocation frequency.

location and ~27 ms for backward translocation). A DNA buck-
ling theory has been proposed to explain this discrepancy.””
Due to the asymmetric electric field distribution, during
forward translocation, the DNA molecule encounters less elec-
tric force as it enters the deeper region of the nanopore,
leading to buckling and reduced hydrodynamic resistance. In
contrast, during backward translocation, the electric field
strength increases from the back to the tip of the nanopore,
stretching the DNA molecule and increasing hydrodynamic
drag, thereby prolonging translocation time.

Several additional factors contribute to the extended back-
ward translocation time. First, in a conical nanopore, the
opening sizes differ, with one end being wider and the other
narrower, causing forward translocation (narrow to wide) to
encounter less resistance and benefit from a stronger electric
field driving the molecule through the pore. Conversely, back-
ward translocation (wide to narrow) faces increased resistance
and moves against an increasing electric field, slowing its pro-
gress. Due to this gradient of electric field strength inside the
nanopore, the DNA translocation speed varies during the
process instead of remaining constant. In addition, the mole-
cular conformation and entropic state are influenced by the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Comparison of forward and backward translocation signals in a conical nanopore. (a) Current signals of three forward translocations in a
conical nanopore, and (b) a single backward translocation, where the translocation time for backward translocation is approximately two times
longer than that for forward translocation. (c) Scatter plot of current blockade versus translocation time for forward (blue, N = 593) and backward
(red, N = 664) translocation events. (d) Frequency distribution of translocation times for forward and backward translocations, demonstrating that

backward translocations take roughly two times longer than forward ones.

nanopore geometry, with forward translocation allowing the
molecule to stretch and align more easily, reducing transloca-
tion time. Backward translocation requires the molecule to
adopt a more compact, entropically unfavorable conformation,
increasing the time needed for translocation, which we will
show in detail later.

Another intriguing phenomenon is the observed difference
in blockade current between forward and backward transloca-
tions, as shown in Fig. 2a and b, and the scatter distribution
in Fig. 2c, where each scatter represents a single translocation
event. The blockade current during backward translocation is
smaller than that during forward translocation (~0.15 nA for
the backward event and ~0.1 nA for the forward event). One
possible explanation is that the stronger hydrodynamic force
in the backward translocation compacts the DNA strand, redu-
cing the number of blocked ions and resulting in a smaller
blockade current. Additionally, during forward translocation,
the rapidly moving DNA molecule, with its substantial negative
charge density, accelerates counter-ions in its electric double
layer, likely enhancing the blockade current.

Fig. 2d presents the frequency distribution of translocation
times for both forward and backward translocations.
Consistent with the linear events in Fig. 2a and b, the translo-
cation time for backward translocations is roughly three times
that for forward translocations (the average translocation
times are 5.8 ms for forward translocation and 17.2 ms for

This journal is © The Royal Society of Chemistry 2024

backward translocation). As illustrated in Fig. 2c and d, the
feature distribution of individual backward translocation
events is more divergent compared to forward translocations.
We attribute this divergence to the more diverse confor-
mations that the DNA molecule adopts during backward
translocation.

During nanopore translocation, DNA molecules can adopt
various conformations that significantly influence its behavior
and the resulting signal. The linear conformation is the sim-
plest form, where the DNA molecule passes through the nano-
pore in an extended, straight manner, resembling a stretched
thread. This conformation is often observed due to the applied
electric field that drives the DNA through the nanopore, align-
ing it along the pore axis and providing a straightforward
signal with only one strand blocking the pore (Fig. 3a and b).
In contrast, the folded conformation occurs when the DNA
molecule folds back on itself, creating loops or multiple seg-
ments entering the pore simultaneously. This can happen due
to initial configurations or interactions with the nanopore
environment, resulting in more complex and varied signal pat-
terns that can reveal information about the number of strands
blocking the nanopore concurrently.

We show how we derive the DNA conformations from the
nanopore translocation signals, as shown in Fig. 3. First, the
current blockade of DNA translocation is proportional to the
number of strands within the nanopore. Basically, each DNA

Analyst, 2024, 149, 5131-5138 | 5133
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Fig. 3 Nanopore translocation signals and corresponding DNA conformations. (a) The translocation signal exhibits a constant current blockade,
indicative of a single DNA strand passing linearly through the nanopore, as shown in the conformation diagram (b). (c) A signal with a deeper initial
current blockade is observed, with an amplitude twice that of the linear blockade, suggesting a folded conformation with two strands passing
through simultaneously, as depicted in (d). (e) A more pronounced current blockade occurs midway through the translocation signal, with an ampli-
tude three times that of the linear blockade, indicating an ‘S’ fold conformation with three strands translocating concurrently, shown in (f). (g) The
signal demonstrates a current blockade four times that of the linear blockade, indicative of a more complex ‘S’ fold conformation with four strands,

illustrated in (h).

strand blocks approximately the same current by occupying
the same amount of space of moving ions inside the nanopore.
Hence, the amplitude of the current blockade indicates the
conformations of DNA. In Fig. 3a, the translocation signal con-
sists of a constant current blockade, indicating that only one
DNA strand passes through the nanopore in a linear manner
(Fig. 3b). In contrast, the signal in Fig. 3c includes a deeper
current blockade at the beginning where the amplitude is 2
times that of the linear blockade in Fig. 3a. That is, the DNA
adopts a folded conformation where two DNA strands move
through the nanopore concurrently (Fig. 3d). DNA can evolve
into more complex conformations during translocation. As
shown in Fig. 3e, a deeper current blockade appears at the
middle of the translocation signal, of which the amplitude is 3
times of the linear blockade. This is likely attributed to an ‘S’
fold conformation (Fig. 3f) as it translocates the nanopore
with three strands simultaneously. A knot conformation® or
plectoneme®” also can induce the similar current signal;
however, they feature the same 3-strand conformation. Fig. 3g
shows that the current blockade of the signal increases by a
factor of 3 compared to that of the linear translocation. This
indicates that the DNA translocation adopts a more complex
‘S’ fold conformation within the nanopore.

Fig. 4a and c illustrate typical folded event signals for
forward and backward translocations, respectively. In the
forward translocation signal (Fig. 4a), two distinct levels of

5134 | Analyst, 2024, 149, 5131-5138

current blockade are observed: the linear blockade level (indi-
cated by the yellow dashed line) and the folded blockade level
(indicated by the green dashed line), with the black dashed
line representing the baseline current where no DNA molecule
blocks the nanopore. Conversely, the backward translocation
event (Fig. 4c) exhibits multiple folded levels, signifying greater
DNA compaction within the constricted nanopore region. The
number of current blockade levels during backward transloca-
tion is markedly higher compared to that during forward trans-
location. To elucidate the current blockade levels of folded
events, we used an all current point histogram plotted from
300 individual translocation events. This histogram graphically
represents the distribution of ionic current levels as the DNA
translocates through the nanopore, with the x-axis denoting
current blockade levels and the y-axis indicating their fre-
quency. The peaks in the histogram correspond to frequently
occurring blockades, reflecting the specific number of DNA
strands and allowing inference of the DNA conformation.
Fig. 4b and d present the all current point histograms for
forward and backward translocation events, respectively.
Notably, aside from the baseline peak (0 nA), Fig. 4b displays
two peaks at a frequency density over 10™", whereas Fig. 4d
shows four peaks, indicating that DNA molecules adopt more
compacted folded conformations during backward transloca-
tion. This increased folding during backward translocation
through a conical nanopore is primarily due to the asymmetri-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Analysis of current blockade levels during forward and backward translocations of DNA through a conical nanopore. (a) Typical current
blockade signal for forward translocation, showing two distinct levels: the linear blockade level (yellow dashed line) and the folded blockade level
(green dashed line), with the current baseline indicated by the black dashed line. (b) All-current point histogram for forward translocation events,
displaying two significant peaks (excluding the baseline) indicating distinct blockade levels at a frequency density over 1072, (c) Typical current block-
ade signal for backward translocation, demonstrating multiple folded levels, indicating increased DNA compaction in the restricted nanopore region.
(d) All-current point histogram for backward translocation events, revealing four significant peaks (excluding the baseline), signifying that the DNA
adopts more compacted folded conformations during backward translocation.

cal geometry of the nanopore, featuring a narrow tip and wider
base. As DNA moves from the wider base towards the narrow
tip, the decreasing cross-sectional area forces the molecule to
become compact and fold. Electrostatic interactions between
the negatively charged DNA and the charged nanopore surfaces
enhance this compaction. Furthermore, the energy barriers
associated with the translocation process are higher in the
backward direction, favoring configurations where the DNA is
more folded to minimize free energy. Hydrodynamic drag
forces also play a role, as the resistance encountered during
backward movement prompts the DNA to adopt a more
compact and folded state. These combined factors underscore
the more compacted and folded state of DNA molecules during
backward translocation through a conical nanopore.

To investigate how geometric constriction affects the folded
conformation of DNA, we employed the molecular ping-pong
method to immediately recapture the DNA molecule after its
forward translocation (see Materials and methods for details).
Compared to the previous approach, where the DNA molecule
was driven backwards after a 1 hour forward translocation, the
ping-pong method ensures that the DNA molecule remains in

This journal is © The Royal Society of Chemistry 2024

the highly constricted region near the nanopore, as it has less
than 20 ms to diffuse into a wider space. As illustrated in
Fig. 5a, the ping-pong method involves reversing the voltage
polarity once the DNA molecule completes its forward translo-
cation, observable from the current trace. Following the
voltage switch, the DNA molecule undergoes immediate back-
ward translocation from the more constricted space.

Fig. 5b shows that the all-current point histogram for the
backward translocation in the ping-pong experiment exhibits
seven peaks with frequency densities exceeding 107", signifi-
cantly more than that observed with the previous method.
This suggests that the more constricted the conical nanopore,
the more folded the DNA molecule becomes. Fig. 5 presents a
typical backward event signal in a ping-pong experiment, dis-
playing more than ten levels of current blockade. While deter-
mining the specific structure of the DNA molecule from this
signal is challenging, these blockade levels quantify the com-
plexity of the DNA’s folded conformation. This method could
potentially be applied to investigate how capsid size affects the
complex conformation of DNA molecules during genome
packaging.

Analyst, 2024, 149, 5131-5138 | 5135
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Fig. 5 Analysis of DNA translocation using the molecular ping-pong method. (a) Schematic illustration of the molecular ping-pong method. DNA is
recaptured immediately after forward translocation by reversing the voltage polarity, which prevents the DNA molecule from diffusing away from
the constricted region near the nanopore. (b) All-current point histogram for the backward translocation in the ping-pong experiment. The histo-
gram shows seven peaks with frequency densities exceeding 107, indicating a higher complexity of DNA folding compared to that with the former
method. (c) Typical backward translocation event signal in a ping-pong experiment, exhibiting more than ten levels of current blockade. These levels
quantify the complexity of the DNA molecule’s folded conformation within the constricted region of the nanopore.

Conclusion

In this study, we have meticulously explored the distinct DNA
conformations during forward and backward translocations
through a conical nanopore. By utilizing precise measure-
ments and the molecular ping-pong technique, we demon-
strated that DNA exhibits markedly different behaviors
depending on the direction of translocation. Our findings
highlight that during backward translocation, DNA adopts
more complex and compact conformations due to the
increased hydrodynamic drag and geometric constraints
imposed by the nanopore’s asymmetrical structure. These con-
formational differences significantly affect the translocation
time and current blockade signals, providing deeper insights
into the DNA polymer dynamics in confined nanoscale
environments.

The results presented here have important implications for
understanding genome regulation and the behavior of DNA
under constrained conditions, akin to those found in cellular
environments. By revealing how DNA’s structural adaptations
influence its translocation through nanopores, this work con-
tributes to the broader field of nanopore-based sensing and
sequencing technologies. Future research could build upon
these findings to further elucidate the interplay between the
DNA conformation and nanopore geometry, potentially

5136 | Analyst, 2024, 149, 5131-5138

leading to advancements in the design of nanopore devices for
biomedical applications. Our study underscores the critical
role of the nanopore shape in determining DNA behavior,
paving the way for more sophisticated manipulation and ana-
lysis of genetic materials at the nanoscale.

Materials and methods
Nanopore fabrication

Quartz glass capillaries (0.2 mm inner diameter and 0.5 mm
outer diameter) were sourced from Sutter Instruments
(California, USA). These capillaries were then pulled to specific
nanometer sizes using a laser-heated pipette puller (P-2000,
Sutter Instrument, California, USA). Most experiments
involved fabricated nanopores with a diameter of 14 + 3 nm
(mean + standard deviation) and a cone semi-angle of 0.05 +
0.01 radians (mean =+ standard deviation) based on previous
characterization. The pulling parameters were HEAT = 460, FIL
= 0, VEL = 25, DEL = 170, and PULL = 225, detailed in the
P2000 user guide. Afterward, the capillary was cut to the
desired length and positioned in a custom PDMS microfluidic
chip chamber. The PDMS used was the Sylgard 184 silicone
elastomer kit from The Dow Chemical Company (MI, USA).
Eight capillaries were assembled into the chip using the same

This journal is © The Royal Society of Chemistry 2024
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method. The chip was then treated with plasma (Femto,
Diener Electronic, Germany) for 20 seconds and bonded to a
glass slide. Liquid PDMS sealed the capillaries to the chip, fol-
lowed by heating at 100 °C for 2 hours. The chip underwent
another plasma treatment for 5 minutes to make the nanopore
surface hydrophilic. Finally, 4 M LiCl solution (1x TE buffer,
pH 9.0) was used for wetting and allowing flow through the
nanopores.

Nanopore measurements

We performed nanopore measurements using a patch clamp
amplifier (Axopatch 200B, Molecular Devices, CA, USA), with
current signals collected at a 1 MHz sampling rate. A PCI-6251
data card (National Instruments) digitized and transmitted the
data, while a Model 900CT low-pass Bessel filter (Frequency
Devices) filtered the signal at 50 kHz. Two Ag/AgCl electrodes,
prepared by oxidizing Ag wires in a 10% NaClO solution, were
placed in the central (cis) and outer (trans) reservoirs to create
an electric circuit across the nanopore. The chamber openings
were sealed with tape to prevent water evaporation and sub-
sequent LiCl concentration changes. Prior to sample measure-
ments, we scanned the current-voltage characteristic of nano-
pores from —600 mV to 600 mV to determine the pore dia-
meter. All experiments maintained a root-mean-square (RMS)
noise below 6.5 pA for the baseline current. We used a custom
LabVIEW GUI to monitor and record current signals, and
Python scripts for data analysis. The number of translocation
events was automatically counted, and a ‘kick-out’ (voltage
polarity reversal) was triggered when a molecule got stuck in
the pore.

To prevent self-circularization of Lambda DNA, which has
two sticky ends with complementary sequences, samples were
heated at 70 °C for 10 minutes before measurements.
Throughout the process, the Lambda DNA samples were
handled gently using large-diameter, RNase-free pipette tips
(200 pL size, Catalog number AM12650, Thermo Fisher
Scientific, Waltham, USA) without vigorous centrifugation to
avoid fragmentation. DNA samples were prepared at a concen-
tration of 0.5 to 1 nM by mixing varying volumes of DNA, 8 M
LiCl, and 4 M LiCl to achieve a final 4 M LiCl solution, depend-
ing on the original DNA concentration and molecular weight.
During typical measurements, the translocation frequency of
Lambda DNA was about 1 event per second, which is signifi-
cantly longer than its Zimm relaxation time (67 ms) and trans-
location time (~10 ms). This ensured that co-translocation of
two DNA molecules was highly unlikely, minimizing any inter-
ference from other molecules during translocation.

Forward and backward experiments

Forward translocations were enabled by applying the positive
voltage at the trans side, with the electrode immersed at the cis
side grounded. After the forward experiment was conducted
for 1 hour, the voltage polarity was reversed for both electro-
des. In this situation, the post-translocation DNA molecules
at the trans side would undergo backward translocation to
the cis side.

This journal is © The Royal Society of Chemistry 2024
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Ping-pong experiments

Voltage polarity switching was achieved using custom LabVIEW
algorithms. The LabVIEW script continuously reads the current
trace in cyclic loops, each loop lasting 4 ms, with a sampling
frequency of 250 kHz and 1000 data points per loop. The script
calculates the max-min value (difference between maximum
and minimum currents) for each loop. A max-min value below
0.1 nA indicates no blockade, while a value between 0.1 nA and
3 nA signifies a blockade event. Upon detecting a blockade, the
script initiates a waiting period defined by Tyelay Without modi-
fying the voltage. The number of loops for this waiting period
is determined by dividing Tgeay by the loop duration (4 ms).
After this period, the voltage is reversed. This ensured that the
next forward translocation did not overlap with the current
relaxation phase and prevented molecule trapping inside the
nanopore. The ping-pong data were extracted and analyzed
using a custom Python script. We calculated the ECD value for
all translocation events to ensure these events are from the
same DNA molecule (ESI Fig. S37).

Materials

The experiments utilized the following commercial reagents:
nuclease-free water (Ambion, AM9937), 100 x Tris-EDTA buffer
solution (Sigma-Aldrich, T9285), >99% pure lithium chloride
for molecular biology (Sigma-Aldrich, L9650), and Tris-HCI
BioPerformance certified with >99% purity (Sigma-Aldrich,
T5941). Nanopore-measurement solutions and buffers
made from these reagents were filtered twice using 0.22 pm
Millipore syringe filter units (MF-Merck Millipore™,
GSWP04700). Lambda DNA was sourced from NEB (500 pg
ml™, N30118S).
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