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Abstract

Two-dimensional (2D) nanoslit devices, where two crystals with atomically flat surfaces are
separated by only a few nanometers, have attracted considerable attention because their tunable
control over the confinement allows for the discovery of unusual transport behavior of gas, water,
and ions. Here, we study the passage of double-stranded DNA molecules through nanoslits
fabricated from exfoliated 2D materials, such as graphene or hexagonal boron nitride, and examine
the DNA polymer behavior in this tight confinement. We observe two types of events in the ionic
current: long current blockades that signal DNA translocation and short spikes where DNA enters
the slits but withdraws. DNA translocation events exhibit three distinct phases in their current-
blockade traces — loading, translation, and exit. Coarse-grained molecular dynamics simulation
allow us to identify the different polymer configurations of these phases. DNA molecules,
including folds and knots in their polymer structure, are observed to slide through the slits with
near-uniform velocity without noticeable frictional interactions of DNA with the confining
graphene surfaces. We anticipate that this new class of 2D-nanoslit devices provide unique ways to
study polymer physics and enable lab-on-a-chip biotechnology.
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We study the passage of double-stranded DNA molecules through nanoslits fabricated from
exfoliated 2D materials, such as graphene or hexagonal boron nitride, and examine the DNA
polymer behavior in this tight confinement. DNA molecules, including folds and knots, are
observed to slide through the slits with near-uniform velocity without noticeable frictional
interactions with the confining graphene surfaces.
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The translocation of biopolymers through nanoscale constrictions such as pores and
channels has inspired a new class of lab-on-a-chip sensors that can detect, sort, and process
DNA, RNA, and proteins for diagnostics and sequencing applications[:~41. In particular,
nanopores have been used abundantly for biophysics studies and DNA sequencingl®], while
lab-on-a-chip platforms allow extensive microfluidic integration of different sensors and
reactions[®l. Such methods require nanoscale manipulation and an understanding of the
physics governing the transport of biopolymers. Despite decades of research efforts to
design and fabricate different geometric confinementsl] to probe various aspects of the
transport process, the fundamentals of the biopolymer transport phenomena through
artificial nanochannels have not been fully resolved. One challenge is the multitude of forces
involved in the transport process on the nanoscale. Molecular transport is driven by the
interplay of entropic, electroosmotic, and electrophoretic forces experienced by the
biopolymers[’-12]. For example, nanoconfinement-induced entropic barriers hinder the
insertion of large DNA polymer coils driven by the electrophoretic force into much smaller
nanopores and channels that can be as small the length scale of natural biochannels and
porins. Another challenge lies in mimicking smooth and atomically precise surfaces that
would allow researchers to disentangle the intrinsic polymer behavior from surface
interactions[13]. Silicon nitride/oxide-based substrates have been extensively used for
nanofluidic channels to translocate biopolymers, but they suffer from significant (few nm
rms) surface roughness and inhomogeneous surfaces4-161. Attempts with carbon nanotubes
(CNTSs), which feature smooth inner surfaces, face challenges of device integration and
leakage due to the stringent requirements of a perfect seal as well as a lack of systematic
control over the channel length and diameter27-191. Until recently, it was impossible to
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fabricate individual artificial channels with atomic scale dimensions or even subnanometric
size tunable nanofluidic devices which has hindered the further development of the field[20].

Here we report the first study of DNA transport through two-dimensional (2D) nanoslits
with precisely designed dimensions and atomically smooth surfacesl?]. The nanoslits were
fabricated using exfoliated 2D materials such as graphene or hexagonal boron nitride. They
were assembled in a trilayer stack (Fig. 1a), where the basal planes of the two crystals (top
and bottom) provide atomically flat walls, while the third crystal with a precise controlled
thickness serves as a spacer layer that separates these walls. The height of the confinement
was determined by the thickness of the spacer layer that can be set at any value from a
monolayer (0.34 nm) to tens of nanometers. The entire crystal can then be etched down to
the desired length of the slit. Entry and exit to the slits were provided through out-of-plane
bulk access reservoirs. Previous studies have demonstrated remarkable water-, ion-, and gas-
transport propertiesl?21-23] of such devices. Furthermore, the surface properties and chemical
interactions of such nanoslits can be tuned for studying various surface interactions and
sensor applications. Exploration of the DNA transport properties through nanoslits may
experimentally answer questions about the strength of DNA-graphene interactions
hypothesized by many previous studies[1:24-26] and allow studies of DNA in strongly
confined 2D slits on scales not previously probed by conventional nanofluidic devices.

The 2D-nanoslit devices were fabricated following the procedure previously outlined by
Keerthi et all22] (for details, see SI). Schematically, the device is represented in Fig.1b. The
spacer that controls the height of the nanoslit is made from few-layer thick graphene. To
smooth out any roughness coming from the supporting SiN surface, thicker stacks of
graphene were used as the bottom (~20-30 nm) and top crystals (200nm). The length, width,
and height, of the major 2D-nanoslit device that we here report on was | = 400 nm, w= 110
nm, h = 6.5 nm, respectively (for other devices, see Sl). To facilitate the detailed detection
and analysis of translocation events of individual DNA molecules, our device contained only
a single nanoslit. First, using 1M LiCl solution, we checked that the current-voltage
characteristic was linear across the +300 to =300 mV range (Fig. 1c). From the slope of the
I-V graph, we measured a slit conductance of 1.2 x 1078 S — in line with the expected
conductance of 1.9 x 1078 S as estimated from the bulk ionic conductivity and geometric
size. The 2D-nanoslit devices could be wetted properly and did not show intrinsic
instabilities. When left at a constant voltage (300 mV), the device showed a stable open slit
current for many hours (overnight). The devices were extremely stable and could be used for
weeks. For the DNA translocation experiments, the initial salt solution was replaced with
4M LiCl in order to increase the signal-to-noise resolution of the currentsl27]1.

Upon addition of DNA (5 kbp, linear ds-DNA) to the entry (cis, negative voltage-biased)
side of the device, we observed clear temporary reductions in the ionic current through the
2D-nanoslit device at 300 mV. As is well known from the field of nanopores, such current
events indicate the presence of DNA in the slit[28], Events are characterized by their average
blockade current and the time that the DNA spends within the slit. Fig. 2a plots these
quantities in a scatter plot (N =796), where each dot represents a separate single-molecule
event collected from our graphene device with the dimensions reported in the preceding
paragraph (I= 400 nm, w= 110 nm, h= 6.5 nm). Two main populations appear: a first one
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that we attribute to the translocation of DNA through the slit (termed ‘DNA translocation
region’), and a second region that comprises of much faster transient events (termed ‘spike
region’). These two populations of events are separated by a line that represent a threshold
value obtained by integrating the average current blockade level over the total time of the
event (0.2 nA*ms in this case) — similar to DNA event detection in nanopore experiments[29]
where translocations are separated from failed attempts by this threshold. Conveniently, this
threshold value is independent of the folding conformation of DNA during the translocation.
We interpret the high-amplitude (above threshold) dips in the current trace with a long
passage of time (>1 ms) as events where the DNA molecule fully translocates through the
slit. Here, DNA is electrophoretically driven across the slit, temporarily displacing ions
within the slit, which leads to a drop in the measured current. This process is directly
analogous to the blockade of the ionic current in solid state nanopores upon passage of
DNA, but the dips are much longer here (tens of milliseconds versus ~ 0.5 ms for nanopores)
owing to the length of the 2D-nanoslit which exceeds the typical nanopore channel length by
about two orders of magnitude. Example current traces are shown in Fig. 2b, ¢ where we see
individual dips that last from a few ms to more than 60 ms. Note that the event rate is low
(less than 1 event per second), indicating that co-translocation of two DNA are extremely
unlikely. Translocation times were broadly distributed, with a median translocation time of
8.4 ms (Fig. 2a insert).

Closer examination of the DNA translocation events showed that most events had a
characteristic armchair-like shape, displayed in the example events of Fig. 2c, with a linear
rise, plateau, and a linear decay. The rise, dwell, and fall times as well as the maximum
blockade amplitude reached during the event varied vastly. The blockade current ranged
between 0.5-1% of the open slit current, and a large spread in the total dwell time and
average blockade current was observed (over 2 orders of magnitude in time and between
0.07-0.3 nA). We hypothesize that these variations originate from different number of DNA
loops that were captured from the randomly oriented polymer blob and simultaneously
translocated through the nanoslit — a scenario that we will further examine below.
Remarkably, we did not see any clogging of the 2D-nanoslit and devices remained stable for
hours showing clear DNA translocations, suggesting that any interactions of the DNA with
the graphene surface were transient in nature.

Turning to the second population of observed events (Fig. 2b, spikes), these events had a
distinctive spike-like shape and exhibited smaller blockade current amplitudes and shorter
dwell times. We interpret these blockades as transient excursions of DNA into the entrance
of the nanoslit that did not result into complete translocations, but rather, the DNA
withdraws back into the entry reservoir. Similar phenomena have been reported in a variety
of nanofluidic experiments with microslits, nanopores, and other micro- or nanofluidic
devices that presented an entropic barrier to polymer entry[11.30.311 A polymer can access
way less configurations within a narrow slit than in free solution, and hence the entry into
the slit present presents an entropic barrier. This barrier will be lower for higher slits and for
shorter DNA[3Z], Shorter DNA therefore is expected to yield more translocation events. We
verified this with DNA of different lengths, 10 and 1 kbp, in nanoslits of similar dimensions
(see SI): while the 10 kbp DNA exhibited no translocation events but instead exclusively
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probing spike events, abundant translocation events were observed when 1 kbp DNA was
used (see SI).

In order to evaluate the DNA translocation process in microscopic detail, we simulated the
DNA translocation through graphene slits using coarse-grained molecular dynamic
simulations. The device geometry and size, driving voltages, and salt conditions from the
experiments were all recreated in the simulation setup (Fig. 3a). Simulations employed a
custom coarse-grained model of DNAI33] and represented the graphene nanostructure as a
frictionless repulsive potential. Prior to translocation, a 5kbp DNA molecule was
equilibrated in the 160 nm x 110 nm x 500 nm entry reservoir near the entrance of the slit to
generate a random starting configuration of the DNA. A 3D electrostatic potential, as
determined from continuum calculations, was applied to drive the DNA through the nanoslit.
Indeed, the DNA was captured into and translocated through the slit. Instantaneous DNA
conformations were used to compute the blockade current by means of a steric exclusion
model[34] yielding a current profile of the entire event. Note that, as is generally found,[3°]
the timescales of events observed in the molecular dynamics simulations are typically faster
than the nominal timescales by several orders of magnitudes and thereby cannot directly be
compared to the dwell times in actual experiments. Fig. 3b shows three typical current traces
obtained from a simulation of a DNA translocation (See SI more examples from
simulations).

Current traces typically showed a ~1-2% decrease relative to the open slit current and
generally had an arm-chair shape. Video stills captured at three different time points (Fig.
3c) illustrate different stages of the DNA translocation process, which we can directly relate
to the current traces obtained from the experiment. The gradual entry of DNA into the slit
decreases the current (‘loading’) until the leading segment exits the slit. From that point on,
the amount of DNA in the slit remains approximately constant leading to a plateau in the
current blockade (‘translation’). Eventually, the trailing segments of the DNA enter the slit
to translocate as well, which leads to a return to the open slit current (‘exit’). Taken together,
our simulations reproduce and explain the typical armchair shape of current blockade traces
(Fig. 3d) that was observed in the experiments (Fig. 3e and 2c).

The simulations also allowed us to investigate the capture process of the DNA in greater
detail. Upon initialization of the simulation, the DNA did not immediately get captured into
the slit for translocation even under a strong applied voltage. Instead, segments of the DNA
were observed to probe the entry of the slit with a partial insertion which subsequently
retracted back into the reservoir, a phenomenon that occurred repeatedly. Fig. 3f shows four
video stills from such a process. Eventually, the DNA overcame the entropic barrier and
fully translocated through the slit. Fig. 3g shows the calculated current for such probing
processes. Generally, much smaller blockade currents (<0.3% of the open slit current) were
observed for the probing event that lasted much shorter than complete translocations. These
findings match well with the results obtained from the experiments in the spike region.

The DNA transits from a 3D configuration in the polymer blob at the entrance of the slit to a
significantly confined arrangement in the slit, as the slit height is much less than the
persistence length of DNA (i.e. DNA persistence length ~ 50nm, slit height ~6.5nm), which
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forces the DNA into a 2D configuration. During this process, we were able to observe the
capture and translocation of DNA features such as folds, loops, and knots in our simulations.
For example, a series of video stills (Fig. 4a) shows a DNA loop, which formed
spontaneously upon the DNA capture, translocating through the slit (as marked by the
dashed red box). The observation of such features is surprising as one might think that forces
(i.e. the combination of electrophoretic, entropic, and frictional surface-interaction forces) in
the translocation process would pull the DNA taut and smooth out any of these features.
Contrary to such expectations, loops did not unfold or get stretched out by forces
experienced by the DNA during the translocation process, but instead appeared to ‘slide’
through the slit without much internal rearrangements.

To gain a more quantitative understanding of the translocation dynamics of folds in the
DNA, we plotted the displacement versus time curve separately for each of the subsequent
100bp segments comprising the DNA molecule (Fig. 4b). Three such DNA segments are
highlighted in particular, the leading DNA segment (the segment that first entered the slit),
the middle segment (halfway during the translocation process), and the trailing segment (last
segment of DNA that entered the slit). Neighboring segments are observed to have rather
similar displacement curves, which indeed acts to preserve particular DNA features such as
a loop or a fold throughout the translocation, as the segments slide together along the
nanoslit in a frictionless manner with a near-constant velocity. Second, while the first strand
always gets pulled into the slit from a volume near the slit entrance, later segments are
pulled in from further out of the reservoir (negative distances denote distances away from
the slit into the entry reservoir, Fig. 4b). The plot of the segment’s velocities (Fig. 4c) show
that nearby segments travel through the slit at nearly the same speed, suggesting that they
experienced similar forces. However, there is a noticeable (~25%) increase in the maximum
velocity that is attained by the segments towards the end of the DNA event. This can be
attributed to a decrease in the amount of the DNA that still is residing in the entry reservoir
before the slit, as more and more DNA is unwounded and loaded into the channel, yielding a
reduced drag arising from pulling the remaining polymer blob and hence an increased
velocity for the DNA translocating through the slit. We note that this drag force is the only
observed factor affecting the otherwise near constant velocity transport of the DNA.

Armed with these microscopic insights, we are able to explain almost all features seen in the
experimental current traces. We returned to the experiments and realized that the large
variation in amplitudes reached by the different current traces are likely due to the presence
of a varying number of folds, loops, or knots in the DNA polymer that reside within the
slit(36:37]1. Current traces from the simulations gave us hints on how to identify such features,
e.g. an abrupt change in the current level. We illustrate this with three event types from the
simulations in Fig. 4d, with corresponding experimental traces that exhibit the same profile
in the current blockade (full videos are provided in the Sl). First, current traces often
exhibited multiple plateau levels, for example the one in Fig. 4d top (denoted 2-1-2 event)
where the current started with a plateau level that subsequently decreased by a factor of 2, to
subsequently return to the plateau value again. These events are due to DNA that is
translocating in a folded manner before straightening out into a single helix segment in the
middle of the event. This in fact can be used to identify the blockade level of an individual
double stranded DNA molecule, to characterize and sort the rest of the translocation events,
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such as the 3-1 event shown in Fig. 4d where a large DNA segment made of multiple folds
slides along the channel middle (see Sl for the categorization of the events). Indeed, we also
observed such 3-1 events in the experimental traces, which suggests an interaction-free
surface of our 2D-nanoslits that allows these features to slide through. We also observed the
translocation of a single DNA knot (Fig. 4d) which shows up as an abrupt half-unit step in
both the simulation and experiment current traces.

Taken together, these traces indicate that the dominating force during the translocation is the
electrophoretic force that acts equally on the entire DNA polymer that resides within the slit.
This allows loops and folds to translocate through without being pulled internally and
relaxed. It is remarkable that these features persist even under the extreme slit-like
confinement (6 nm) for at least ~10 milliseconds, a confinement and time regime not probed
by conventional nanofluidic experiments. We do not observe any evidence of graphene-DNA
interactions, contrary to other graphene devices[24-26]. Additional experiments in hBN
nanoslits show similar translocation profiles as the events obtained from graphene devices,
suggesting that the translocation of the DNA is dominated by the electrophoretic driving
force and slides along the atomically smooth surface (as shown by AFM characterization
reported in the SlI). In a liquid environment, the graphene surface may pick up a slight
negative surface charge from residual OH- groups which however will be readily screened
by Li* ions in the high-salt buffer38] resulting in weak DNA-graphene interactions. The
discrepancy with other reported graphene-DNA interaction in the literature may arise from
the conventionally followed fabrication protocols in the literature that damage the graphene
sheets, allowing for defect sites to interact with dsDNAB%-411 whereas our approach
directly benefits from the atomically flat graphene plans of the exfoliated 2D materials
which are not post-processed.

In summary, we studied translocation of DNA molecules through ultrathin nanoslits
fabricated from 2D materials. Remarkably we did not require to apply any additional coating
to overcome the clogging that is commonly reported in graphene nanopore devices, and our
devices remained stable for hours[42]. Clear changes in the ionic current allowed us to
identify three distinct phases of DNA translocation, namely loading, translation, and exit.
The entry process is dominated by the entropic cost of confining the DNA into the 2D
nanoslit. Coarse-grained simulations provided a microscopic picture that was fully
consistent with the experimentally obtained ionic current traces. Neighboring segments of
the DNA slid together and translocated with the same velocity in a near-frictionless manner.
Towards the end of the translocation, DNA segments faced a weaker retarding force due to
the lower amount of DNA residing outside the entrance, thereby yielding higher
translocation velocities. The weak forces involved in the translocation process did not stretch
the DNA during translocation but allowed folds and knots to persist inside the slit. The folds
and knots slid through the entire length of the nanoslit suggesting that interactions with the
graphene surface are transient and weak.

Looking ahead, the 2D nanoslits provide a novel tool for probing biopolymer properties as
they constitute a precisely engineered confinement with atomically smooth surfaces. We
envision that the use of optically transparent 2D materials should allow future 2D nanoslit
devices to be integrated with optical microscopy for fluorescence-based nanofluidic
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experiments. Such devices can be used to probe the evolution of DNA knots and folds under
confinement with low surface interactions. An obvious next step for future investigations
will be to study the interplay of entropy and polymer configuration under ultrahigh
confinement by varying the height of the slits and the length of DNA in different salt
concentrations and voltages. This may pave the way for future 2D sensing devices that can,
for example, be used to separate different lengths of biopolymers. Furthermore, the use of
these frictionless 2D nanoslits can be expected to shed light on the basic physics of
biopolymer transport.

Methods

DNA-sensing experiments

2D nanoslit devices were loaded in a PEEK (Polyether ether ketone) flow cell. We used Ag/
AgCl electrodes and an Axopatch 200B amplifier (Molecular Devices) for current detection.
The traces were recorded at 100kHz and further low pass filtered at 5kHz for with the
Transanalyzer Matlab packagel[43].

For the DNA sensing experiments, 5 uL of 500ng/pL of the stock solution (NoLimits
Individual DNA Fragments, Thermo Fisher Scientific) was pipetted into the negatively-
biased cis compartment of the flow cell containing 500uL of 4M LiCl solution (buffered
with 40mM Tris-HCI, 4mM EDTA, pH 8). We used LiCl to maximise the translocation time
and signal-to-noise (SNR) ratio as is commonly done in ionic sensing measurements. Li ions
can bind strongly to the negative backbone of the DNA, screening most of the charge, and
hence decreasing the electrophoretic force on the DNAIZ7]. This diluted the DNA to a final
concentration of 1ng/uL in the reservoir. The DNA was electrophoretically driven through
the slit with a bias voltage of 300mV and detected by measuring changes in the current
flowing through the 2D slit.

MD simulation

All simulations of dsDNA translocation through the nanoslit were performed using the
Atomic Resolution Brownian Dynamics (ARBD) packagel#4l. COMSOL software
(COMSOL Multiphysics 5.3a) was used to obtain the electrostatic potential that was applied
in ARBD. Prior to translocation simulations, a 5000-bp DNA strand was equilibrated in a
160 nm3 volume using a multi-resolution simulation protocol[33] to create different DNA
conformation. These conformations were then used to initialise the simulations of the
dsDNA translocation. The pre-obtained electrostatic potential was then used to drive the
DNA into the slit and begin the translocation process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: DNA trandlocation through 2D-nanoslit devices.
a) Cross-sectional view of a 2D-nanoslit device in the DNA translocation setup. DNA is

introduced from the cis (negatively biased) side and a positive voltage is applied to drive the
DNA through the slit. b) Oblique-view schematic of the 2D nanoslit. The device is made by
sandwiching graphene spacers between top and bottom layers of graphite crystals to form an
atomically smooth surface within the slit. Graphene spacer define the height of the device to
an accuracy of a single layer — 0.34 nm. The entire graphene crystal was then masked and
etched perpendicularly to define the length of the slit. The final device geometry was w=
110 nm, h = 6.5 nm, | =400 nm. ¢) Typical IV curve of our 2D-nanoslit device at 1M LiCl.
The conductance is linear across this range. The measured conductance of our graphene
deviceis 1.2 x 1078 S,
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Figure 2: Current blockades produced by DNA in 2D-nanodlit devices.
a) Scatter plot of the average current blockade versus the time of DNA events. The data was

collected from a nanoslit device with graphene top and bottom layers which is schematically
drawn in Figure 1b with the following dimensions of | = 400 nm, w= 110 nm, h= 6.5 nm.
Two regions can be seen — DNA translocation region which is marked by deep current
blockades and long passage times (red). The inset shows a histogram of the event duration,
with a median at 8.4 ms. The second region is the spike region (blue) marked by small
current blockades and fast dwell times. b) Representative current traces for DNA
translocation events (top panel, red) and a spike event (bottom panel, blue). We interpret the
latter events as DNA probing the entrance of the slit but withdrawing due to entropic force.
Data were filtered with a 3 kHz low pass filter. ¢) Six representative current traces produced
by DNA translocation. The traces have an armchair shape and vary in the length and depth
of the current blockades.
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Figure 3: MD simulation of DNA translocation through a 2D nanodlit.
a) To-scale coarse-grained model of the experimental 2D-nanoslit device. b) lonic-current-

blockade traces obtained from the simulations of DNA translocation through the slit at 1V.
Events typically showed a ~1-2% change of the open slit current and had an armchair shape
(See SI for other simulation runs). c) Video stills from one simulation trajectory showing the
three stages of a DNA translocation event — loading, translation and exit — and the
corresponding three regions in the armchair current blockade. d) Zoomed-in view of a
simulated current blockade trace at 1V. ) Zoomed-in view of an experimental current
blockade trace that matches the armchair shape of the simulated current trace well. f)
Snapshots of a simulation showing the DNA polymer exploring and probing the entrance of
the slit at four different time points. g) Current-blockade signal for a DNA probing event.
Similar to experimentally obtained traces, the current blockade shows up as quick spikes
with a low current-blockade amplitude.
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Figure 4: DNA dynamicsin 2D-nanoslit.
a) Video stills of a DNA loop translocating through the 2D nanoslit (top view). Upon capture

into the slit, folds and loops along the DNA polymer chain (shown in the red dotted
rectangle) are preserved throughout the entire translocation event. b) Distance versus time
curves for every 100 bp segments along the same DNA molecule. The origin of the Y axis is
defined to be at the entrance of the slit. Three segments are highlighted to show the general
trend: green — leading segment, i.e., first segment of DNA to enter the nanoslit; cyan—
middle segment; and red — trailing segment, the last one to enter the slit. Segments that were
close together did not vary much in their displacement, which preserved local DNA
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conformations, such as loop and folds, throughout the translocation. c) Calculated velocity
of DNA during the translocation. The maximum velocity increased for the trailing segments
of the DNA. d) Snapshots illustrating the diversity of DNA polymer conformations in the
simulations and the corresponding ionic current traces. Video stills correspond to the time
point marked by the arrow in the current trace (full videos in the SI). Similar current traces
were experimentally observed in the translocation measurements, confirming that complex
DNA conformations can translocate through the 2D nanoslit without becoming unraveled.
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