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Introduction

Microtomy-fabricated two-dimensional nano-slits
enable single molecule biosensingf
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Nanofluidic devices have emerged as a powerful sensor for single-molecule studies. Among these, bio-
logical nanopores have demonstrated remarkable capabilities, ranging from detecting epigenetic modifi-
cations in DNA to showing promising results for developing protein sequencing technologies. Despite
extensive research, their solid-state counterparts, such as solid-state nanopores and nano-slits, have not
achieved comparable success. Unlike biological nanopores, where bacterial proteins can spontaneously
insert into lipid membranes to create thousands of atomically identical copies, their solid-state counter-
parts lack a similarly straightforward and scalable fabrication method. This inability to consistently
produce multiple devices with the same precision in dimensions as biological systems remains a signifi-
cant barrier to their academic and industrial adoption and applications in molecular sensing. Towards this
direction, we show the potential of ultramicrotomy-based fabrication of atomically smooth two-dimen-
sional (2D) nanocapillaries and their applications in biosensing. This precise and straightforward method
enabled the sustainable production of several hundred molybdenum disulfide-based 2D nano-slits with
identical cross-sectional dimensions and tunable lengths from layered crystals. Here, we demonstrated
DNA sensing with these 2D nano-slits using the resistive ionic current blockade technique. This robust
microtomy technique accelerates production from a single device over 2—-3 weeks to hundreds of identi-
cal nano-slit biosensors in parallel within the same period. In addition to 1/f noise analysis, these MoS,
nano-slits reveal diverse topological local conformations of DNA during translocation.

ration sequencing tools. In contrast, even though solid-state
nanopores offer chemical, mechanical and thermal stability

Developing tools for ultrasensitive single-molecule studies is
crucial, particularly in biology. The nano-fluidic devices, such
as nanopores and nano-slits, have emerged as a promising
toolbox for studying on a single molecule level.! These devices
have shown potential applications such as DNA sensing®™ and
sequencing® to proof of concepts in developing protein
sequencing techniques.””® For instance, biological nanopores
have already been successfully commercialized for DNA
sequencing and established as a major part of the next gene-
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over biological nanopores, they are yet to prove their practical
viability for DNA sequencing. A few among the major chal-
lenges include the difficulty in reproducing solid-state nano-
pores with atomic precision in dimensions and a lack of
control over the translocation speed of biopolymers through
the pore. On the other hand, synthetic nano-slits are also
gaining momentum for their applications in bio-sensing and
studies on structural configurations as well as translocation
dynamics of biopolymers.>® Given these increasing academic
and industrial interests'® and to aid further exploratory
research, various fabrication techniques have been developed
since the late 20th century.

Traditionally, solid-state nanopores are drilled solely on
free-standing membranes of silicon, silicon nitride or other 2D
materials using a mix of techniques such as transmission elec-
tron microscopy (TEM), focused ion beam (FIB), or dielectric
breakdown.''** Nano-slits, on the other hand, are produced
through either top-down or bottom-up approaches.’® These
include molecular self-assembly, lithography, and chemical
routes.’® In the context of bio-sensing applications on an
industrial level, particularly for DNA sensing, the ability to
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create nano-slits and nanopores with both precise control over
their inner dimensions and scalability is important.
Developing efficient and scalable fabrication methods that
deliver nanopores/nano-slits with atomically smooth inner
walls or constrictions is essential for further advancements in
this field and industry adoption.'”

In this study, we demonstrate the biosensing capabilities of
2D nanos-slits, fabricated through a sustainable and scalable
method.'® This approach utilizes ultramicrotomy to slice 2D capil-
laries, which are constructed from molybdenum disulfide (MoS,)
2D crystals. This precise method allowed us to detect DNA translo-
cation through MoS,-based 2D nano-slits using the resistive ionic
current blockade technique. MoS, is particularly interesting com-
pared to other 2D materials due to several reasons, such as better
optoelectronic properties.'® It also has better chemical tunability
compared to graphene,® owing to its reactive sulfur atoms
enabling different surface chemistries, making it useful for selec-
tive sensing of biomolecules.*'**> The low adhesion of DNA mole-
cules to MoS, significantly mitigates channel clogging, enhancing
the reliability of translocation measurements.**** Several studies
also depicted MoS, as a potential candidate for proteomics and
genomics.””®*’Hence, MoS, exhibits higher sensitivity in bio-
molecular sensing applications.>****® Apart from these reasons,
MoS, is practically viable for use with the ultramicrotomy slicing
technique, where graphite and hBN fail due to their weak inter-
layer forces and lubricity between layers as well as their poor cohe-
sion with epoxy resin.'®

In contrast to other techniques, ultramicrotomy-based pro-
duction of 2D nano-slits works under atmospheric conditions
and has the potential for scalable fabrication. For instance,
conventional fabrication methods typically require 2-4 weeks
to produce a single two-dimensional nano-slit device'® based
on the expertise. In contrast, once we prepare one of the
layered crystal stacks on the epoxy resin block, we can fabricate
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hundreds of nanocapillary devices with minimal variability
using the ultramicrotomy fabrication technique, significantly
reducing both time and cost. For example, we were able to
produce up to 200 nano-slits within 20 minutes.

While our prior study'® introduced the ultramicrotomy
technique for fabricating 2D channels, in this work, we
implement this scalable fabrication approach for the first time
for label-free detection of DNA. Prior work primarily focused
on the fabrication of ultrathin membranes, whereas this study
explores their direct application in biosensing, filling an
important gap. This transition from fabrication to functional
application is a crucial step forward, establishing ultramicrot-
omy-assisted nano-slits as a powerful and scalable platform for
nanofluidic biosensing. We have explored possible substrates
with micropores such as silicon and silicon nitride (SiN,) to
fabricate 2D nano-slit devices for ion and bio-molecule trans-
port (see the detailed description in the fabrication section)
and re-cycling of substrates for sustainable fabrication, making
this technique accessible for the wider scientific community.
This method also offers utmost flexibility in defining the
channel length and provides scope for the fabrication of multi-
slit systems, which has attracted significant interest in DNA
sensing recently.’***' By demonstrating DNA sensing using
MosS,-based 2D nano-slit devices fabricated via the ultramicrot-
omy technique, we aim to significantly advance the emerging
biosensing applications that utilize synthetic nanochannels."®

Device fabrication

We employ ultramicrotomy to fabricate multiple 2D nano-slit
devices with channel lengths of 300 nm from a single 2D
nanocapillary, van der Waals (vdW) assembly containing a tri-
crystal stack, using our reported procedure.'® Our methodology
commences with a vdW heterostructure incorporating top and
bottom MoS, crystals with thickness ranging from 100 to
200 nm, wherein the middle MoS, crystal (thickness, 8.4 nm)
has been lithographically patterned and etched to form paral-
lel channels, defining its width (W = 100 nm) and height (H =
8.4 nm) with 250 nm spacing between them (Fig. 1E)."> The
middle/spacer crystal is sandwiched between the top and
bottom MoS, crystals, with a few tens of microns in lateral
dimensions, to result in 2D capillaries within the vdW assem-
bly. This 2D capillary stack of MoS, crystals was fabricated in a
cleanroom environment and then embedded in the epoxy
resin under ambient conditions. The epoxy resin block con-
taining 2D nanocapillaries was subsequently sectioned using
ultramicrotomy (Fig. 1A), yielding numerous membrane slices
(300 nm thickness, which is the channel length L for 2D nano-
slits). The sliced resins were collected using a poly(propylene)
carbonate film coated on a polydimethylsiloxane (PPC/PDMS)
substrate (Fig. 1B) and then transferred to a 5 x 25 pm® micro-
hole made on a 500 nm thick SiN, membrane, which was fab-
ricated using standard photolithography and dry etching tech-
niques (Fig. 1C; also refer to ESI'st Methods section). Fig. 1F
shows the optical microscopy image of the final device.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic illustration of 2D nano-slit device fabrication and the measurement setup. (A) Ultramicrotomy slicing of the MoS, vdW structure
embedded inside a resin block using a diamond knife. An enlarged schematic of a sliced resin with dimensions of a 2D nano-slit. (B) The sliced resin
is picked up using a PPC/PDMS substrate. (C) The sliced resin is transferred onto a SiN, membrane with a pre-drilled hole. (D) Schematic of the
voltage-biased custom-built PEEK flow cell used for ion and DNA translocation/sensing experiments with Ag/AgCl electrodes. (E) AFM image and
the line scan profile of the etched channels on the MoS, spacer crystal. (F) Optical microscopy images of the MoS,-based 2D nano-slit device.

This journal is © The Royal Society of Chemistry 2025 Nanoscale


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01832c

Open Access Article. Published on 11 July 2025. Downloaded on 8/6/2025 7:46:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

DNA sensing with microtomy-
fabricated MoS,-based 2D nano-slits

The microtomy-fabricated 2D nano-slit device is sandwiched
between custom-built polyether ether ketone (PEEK) flow
cells, which are filled with 3 mL of 4 M LiCl aqueous electro-
lyte in both reservoirs (Fig. 1D). The LiCl electrolyte is used
for improving the signal to noise ratio of the ionic current
signal.’” The standard Ag/AgCl electrodes are used for apply-
ing the voltage bias and to measure ionic current simul-
taneously, using an Axopatch 200B amplifier, which is con-
trolled by a customized LABVIEW software program. To
showcase the device’s potential for DNA sensing appli-
cations, a 5000 base-pair DNA (no limit DNA fragments,
product number: SM1731, Thermo Fisher Scientific) is used
in a 4 M LiCl electrolyte with 40 mM Tris-HCI (AccuGene)
and 4 mM EDTA (Flurochem) buffer solutions. For the
experiment, 5 pL of stock solution (0.5 pg pL™') of DNA is
injected into a negatively biased reservoir of the PEEK flow
cell. The sampling is done at 100 kHz and later digitally fil-
tered using a Gaussian low pass filter at 3 kHz. The data ana-
lysis is carried out with the standard Transalyzer MATLAB
software package.?*

Right after fabrication, the MoS, nano-slits are made con-
ductive via repetitive voltage cycling®* with a 4 M LiCl solution
(section 4 in the ESIf). The stable current vs. voltage (I-V)
curve is shown in Fig. 2A. The device we report here has three
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conducting 2D nano-slits, each having the following dimen-
sions: length (L) = 300 nm, width (W) = 100 nm, and height (H) =
8.4 nm; these dimensions are comparable to those of nano-
slits (made via different fabrication routes) reported in the
literature.>® The theoretical conductance, G, is calculated
using eqn (1), which turns out to be 1.46 x 1077 S, where the
experimental conductance for this device is 1.55 x 1077 S. This
shows that the device is stable and working as expected in the
electrolyte solution (section 3 in the ESIT).

o nocWH
TL

G

(1)

where 7 is the number of channels (n = 3 in this case), o is the
conductivity of the electrolyte,*® which is 17.6 S m™" for 4 M
LiCl, W is the width, H is the height and L is the length of the
2D nano-slits.

The example of steady ionic current measured at different
operating voltages is shown in Fig. 2B. The power spectral
density (PSD) diagrams of the corresponding voltages are
plotted and shown in Fig. 2C. As expected, the PSD diagram
shows the typical pink/flicker noise and white noises*® before
getting cut off by the 100 kHz sampling frequency limit. As
flicker noise (<100 Hz) is known to depend on device
properties,*®?” 1/f noise was further explored with our unique
device architecture. In 2D channels, the flicker noise is known
to deviate from empirical Hooge’s law (eqn (2)). It follows the
frequency relation (eqn (3)) in a low frequency regime (f < 100
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Fig. 2

(A) Current vs. voltage (/-V) curve of 2D nano-slits fabricated from MoS, nanocapillary in 4 M LiCl aqueous electrolyte. (B) Steady ionic

current through 2D nano-slits at different operating voltages; the average current is shown in the y-axis and represented by dashed lines. (C) Power

spectral density of the device at different operating voltages.
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Hz), and the exponent (x) is known to depend on the channel
properties.®”
IZ
S =a— 2
() =iy (2)
Here, I is the ionic current, N is the number of ions inside
the pore, and « is the numeric constant.

NES 7 (3)
where x = 1 + g and ‘@’ ranges from 0 to 0.5. According to
Robin et al.,’” for pristine graphite and pristine boron
nitride, the exponent is reported as 1.3 and 1.2, respectively,
whereas in our microtomy-fabricated MoS, 2D nano-slits, the
exponent value was found to be 1.5 by averaging over
different voltage cases, as shown in Fig. S1.f The corres-
ponding MATLAB codes used for data analysis can also be
found in the ESL.{

The DNA (5 kbp linear dsDNA) translocation at a low
voltage was dominated by spike events with this MoS,-based
2D nano-slit device, consistent with the literature® (Fig. S67).
Spike events indicate the unsuccessful translocation of DNA,
where the DNA tries to enter the nano-slit and withdraws
due to an entropic barrier (Fig. 3C, section 5 in the ESIT).
Furthermore, to overcome the entropic barrier, we have used a
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higher voltage of 400 mV for DNA translocation studies.
Fig. 3A shows that we are able to detect the translocation of
DNA through this nano-slit device in a non-destructive and
label-free method. The representative figures of current block-
ades when a full DNA translocates through the slits are shown
in Fig. 3B. This approach of using modulations in ionic
current, inspired by the Coulter counter technique, is well
known in the nanopore literature for characterization of the
translocation of biomolecules.*®**° For a first-order approxi-
mation, we have calculated the expected*® current blockade
when DNA translocates through the single nano-slit using
eqn (4):

0AVbias

Iblockade = T (4)

Here, ¢ is the conductivity of the electrolyte (17.6 S m™* for
4 M LiCl solution), Vi, is the applied voltage bias (400 mV in
this case), L is the length of the channel, which is 300 nm,
and A is the effective cross-sectional area of the translocating
molecule, where we approximated DNA as a cylinder with a
maximum effective diameter of 2.3 nm.***> The theoretical
ionic current blockade calculated from eqn (4) is ~0.1 nA per
single channel. We have found that the average ionic current
blockade in our device with three 2D nano-slits is around
0.25 nA (Fig. 3E) for an applied voltage bias of 400 mV. These
confirm DNA translocation through the 2D nano-slit with
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(A) Current blockade vs. dwell time graph of DNA translocation through a 2D nano-slit device at 400 mV bias. (B) Representative current

blockades of DNA translocating through a nano-slit. (C) Dwell time graph of DNA translocation and spike events. (D) Dwell time graph of DNA trans-
location events. (E) Gaussian-fitted current blockade graph of DNA translocation events.
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various configurations such as loops, knots, folds, and so
forth, as the nano-slit’s height is more than three times DNA’s
diameter.

Under our measurement conditions (0.8 ng pL~" of dsDNA
in the reservoir in 4 M LiCl with an applied bias of 400 mV),
the translocation event rate is lower than that of the solid-state
nanopore.’® However, this low event rate (less than one event
per second) is similar to that reported in our previous study
with graphene nano-slits.” Therefore, it is extremely unlikely to
have simultaneous multi-DNA translocations through our
device with MoS,-based 2D nano-slits. These 2D nano-slits
with MoS, walls show a median dwell time of ~27 ms
(Fig. 3D), whereas a graphene nano-slit shows a median dwell
time of ~8 ms, under different experimental conditions.” This
could also be due to different entry/exit configurations of
microtomy-fabricated MoS, 2D nano-slits or DNA interactions
with MoS, channel walls. Also, we have not observed any
clogging of the nano-slit or permanent sticking of DNA inside

View Article Online
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the nano-slit device after the translocation measurements
(Fig. S27).

DNA topology investigations using
MoS,-based 2D nano-slits

The microtomy-fabricated 2D nano-slits with MoS, channel
walls have a 2D constriction of ~8.4 nm, lower than the persist-
ence length of DNA. As demonstrated in previous studies,
translocation through these nano-slits compels DNA to shift
from a 3D configuration to a 2D or 1D shape, inducing knots
and folds or unwinding to a linear polymer. Understanding
DNA and protein folding in such constrained environments
has significant implications for biology, affecting processes
from DNA replication and protein catalysis to the cellular
mechanisms underlying folding. Gel electrophoresis is cur-
rently the major bulk technique used to study DNA knots, and
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Fig. 4 Nano-slit microscopy for understanding the topology of DNA folding. (A) Schematic of DNA translocating through a 2D nano-slit. (B—H)
Representative current blockades of DNA translocation in various configurations; unfolded DNA (I), semi-folded DNA on the left end (Il), semi-folded
DNA on the right end (lll), two-times bent configuration in DNA (IV), partially folded DNA (V) and fully folded configuration (VI) and bent or partially

folded DNA conformation (VII).
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solid state nanopores were successfully used earlier to detect
DNA knots.*>** Our studies using microtomy-fabricated MoS,
2D nano-slits reveal direct observations of diverse DNA folding
patterns, highlighting the potential of these devices for
advanced biosensing applications.

In our earlier work,> we have demonstrated that the
mechanically exfoliated graphene does not interact with
double-stranded DNA owing to its atomically smooth and inert
surface of basal planes with a negligible number of defects/
surface charge. With the help of molecular dynamics simu-
lation and related theoretical discussion, we have verified that
the folding and knots remain undisturbed while translocating
through the slit due to this negligible interaction.”> Similarly,
in this case, 2D nano-slits of MoS, did not show a significant
interaction with DNA compared to the unconfined graphene.*®
As expected, the DNA has maintained the loop and folding
while translocating through the slit (Fig. 4, Fig. S8 in the
ESIT). As is known from previous works on ionic current-based
sensing,>*>** the shape of the ionic current blockade can be
correlated to the 3D topology of DNA translocating through the
pore/slit. Here, in MoS, nano-slits, the event rate is less than
one event per second, and the chances of multiple DNA trans-
locating together/tailgating are extremely low. Hence, building
upon the simulation and theoretical studies in our previous
work on DNA in nanoconfinement,” we assign the current
blockade to the topology of DNA translocating through these
2D nano-slits. As shown in Fig. 4, we detected different poss-
ible conformations of DNA folding for the first time with
MoS,-based 2D nano-slits (section 6 in the ESIT). As the height
of the slit is less than the persistence length of DNA (H/L, < 1,
where H is the height of the slit (8.4 nm) and L;, is the persist-
ent length of DNA (~50 nm)), we are in the backfolded Odijk
regime, and hence the type of folding, as shown in Fig. 4, is
theoretically expected.”® The probability distribution of
different DNA foldings is provided in Fig. S9.f Moving
forward, we aim to expand this investigation by exploring
various device configurations and DNA lengths to further eluci-
date topological properties. We also hope to extend the appli-
cation of this technique for studying G-quadruplexes, R-loops
and other disease-relevant DNA folding and structural
variations.

Conclusions

We demonstrated the biosensing capabilities of 2D nano-slits
with MoS, channel walls fabricated using a scalable ultrami-
crotomy technique and showed their applications in DNA
sensing. We also report the deviation of 1/f noise from empiri-
cal Hooge’s law with an exponent value of 1.5. To explore the
biosensing capabilities of our devices, we conducted electro-
physiological testing using microtomy-fabricated MoS, 2D
nano-slits. These measurements enabled real-time monitoring
of ionic current fluctuations during DNA translocation, allow-
ing us to directly observe distinct folding configurations. The
high sensitivity and spatial resolution of these nano-slits

This journal is © The Royal Society of Chemistry 2025
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underscore their potential for advanced single-molecule ana-
lysis and next-generation biosensing applications. This work,
through sustainable and scalable fabrication of nano-slit
devices with precise dimensions, paves the way to advance
nano-slit technologies for applications in proteomics to an
integral part of point-of-care devices. Currently, we are explor-
ing the potential of these robust microtomy-fabricated, chemi-
cally tunable MoS, devices for selective biomolecule sensing
and size-based filtering of biomolecules.
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