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Confinement of biopolymers inside volumes with micro- or nanoscale lateral dimensions is ubiquitous in
nature. Investigating the behavior of biopolymers in a confined environment is essential to improve our
basic understanding in life sciences. In this work, we present a nanopore gated sub-attoliter silicon nano-
cavity device, which allows DNA compaction similar to that in virus capsids. Single DNA molecules can be
electrically driven into the nanocavity, and then get compacted inside the nanocavity under certain con-
ditions. The dynamic fluctuations of the compacted DNA can be monitored via ionic current measure-
ments. The mechanism for the DNA compaction is elucidated by varying the DNA length or concen-
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tration, voltage polarity, nanocavity dimensions and ionic strength. Furthermore, Brownian dynamics
simulations reveal the dynamic fluctuations of the compacted DNA, which are reflected in the measured
ionic current. Our nanocavity device is anticipated to provide a controlled environment in extremely small
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Introduction

A variety of biopolymers crucial to life are normally restricted
to spatial constraints in vivo, due to either molecular crowding
in the cellular medium or direct geometric confinement. A
typical example is DNA in living organisms. For instance, the
human genome contains over 3 billion base pairs (bps) with a
total length of about 1 meter if stretched out. However, it is
tightly compacted in a cell nucleus with a size around 10 pm.
A more extreme case is that of DNA inside viruses, where the
DNA molecule is packed to nearly crystalline density inside a
capsid with a diameter only around 50 nm.>* DNA compaction
in such a tight configuration is subject to extremely strong
energetic and entropic penalties owing to the bending rigidity
and electrostatic self-repulsion.? Given the biological relevance
and importance of DNA, there is a strong motivation to investi-
gate the behavior of compacted DNA in such confined environ-
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volumes for investigating the physics of confined biopolymers.

ments. Although the physics of unconfined DNA can be well-
understood by the elegant theory of polymer models in
textbooks,”® studying confined DNA is much more challen-
ging from both experimental and theoretical points of view.
DNA in a confined environment behaves very differently from
that in free space; computer simulations and sophisticated
theories are required to understand its organization and
conformation.”™"® Extensive in vitro experiments using X-ray
diffraction and cryo-electron microscopy have revealed the
arrangement of DNA inside the virus capsid."*™® However,
these in vitro experiments are static; therefore only a snapshot
of the DNA conformation can be taken. Although DNA com-
paction can also be induced by introducing multivalent
ions,"”'® neutral polymers'®*® or polycationic nano-
structures®! in liquids, a lack of spatial confinement in these
methods makes it difficult to mimic the in vivo scenario, such
as that inside cell nuclei or virus capsids.

The development of nanotechnology has enabled observ-
ing, manipulating, assembling and manufacturing matter at
the nanometer scale with high precision.*” Nanofabricated
structures precisely generated one- or two-dimensional con-
straints on DNA molecules, and prompted in vitro single mole-
cule studies to model the emergent features of confined
DNA.>*® However, special nanofabricated structures that are
capable of three-dimensional confinement of DNA still remain
to be explored. In addition, measurement techniques to
monitor the conformation changes of confined DNA are also
desired to reveal the dynamics of the confined DNA. Among
different nanofabricated structures, solid-state nanopore
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sensors have attracted great interest as a single-molecule detec-
tion tool for DNA sequencing,®® protein profiling,>”*® data
storage®® and study of protein aggregation.*® The detection
principle is monitoring the modulation of the ionic current
induced by the blockage of the nanopore when an analyte
molecule translocates through the nanopore.

In this work, we fabricated a nanopore gated sub-attoliter
silicon (Si) nanocavity device for DNA compaction and analysis.
This device is composed of three parts: a top silicon nitride
(SiN,) nanopore, a sub-attoliter Si nanocavity and a bottom Si
nanopore. The top SiN, nanopore and the nanocavity act as
compartments to accommodate DNA, while the bottom Si nano-
pore acts as a readout unit of the ionic current measurement.
Inspired by the micrometer sized cavity devices fabricated in
bulk Si substrates (Pedone et al.>'**?), we significantly improved
the process controllability by fabricating the Si cavity in an
ultra-thin Si membrane and extended the dimensions of the
cavity to nanoscale. DNA compaction was then realized by
applying an electric field to drive the DNA into the nanocavity
through the top SiN, nanopore. The dynamic fluctuations of
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compacted DNA were monitored through an ionic current. The
underlying mechanism of DNA compaction in the nanocavity
was elucidated by varying the DNA length or concentration,
voltage polarity, nanocavity dimensions and ionic strength. The
dynamic fluctuations of the confined DNA were also studied
with coarse-grained Brownian dynamics simulations. Our nano-
pore gated nanocavity device is anticipated to provide a con-
trolled environment in extremely small volumes for investi-
gating the physics of confined biopolymers.

Results and discussion

The fabrication process of our nanopore gated nanocavity
device is schematically illustrated in Fig. S1.T Fig. 1(a) gives a
three-dimensional cartoon illustration of a fabricated device.
The dimensions of the nanocavities are determined jointly by
the size of the top SiN, nanopore, the Si membrane thickness
in the silicon-on-insulator (SOI) substrate and the etching time
of the nanocavity (Fig. 1(b)). Therefore, it can be fine-tuned by
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Fig. 1 Schematic illustration of the nanopore gated nanocavity device fabrication and structure analysis using SEM. (a) Three-dimensional cartoon
illustration of the nanopore gated nanocavity device. (b) The fabricated nanocavity is composed of three parts: the top SiN, pore, nanocavity and
bottom Si pore. Its lateral dimensions are mainly controlled by the lateral etching of the {111} planes in Si. The top and bottom openings, L and a of
the nanocavity, are determined by the etching time and governed by a relationship:

L—a=+V2,

where [ is the thickness of the Si membrane. (c) SEM images of nanocavities fabricated in an 88 nm thick Si membrane from top, cross-sectional and bottom
views. (d) Cross-sectional SEM images of the nanocavities fabricated with different Si membrane thicknesses ranging from 55 nm and 88 nm to 200 nm.

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14,12038-12047 | 12039


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02260e

Open Access Article. Published on 09 August 2022. Downloaded on 7/21/2025 5:25:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

modifying these parameters. The controllability of the fabrica-
tion process can be inferred from the results in Fig. 1(c), where
a series of top, cross-sectional and bottom view scanning elec-
tron microscopy (SEM) images of the fabricated nanocavities
with different etching times are provided. These devices share
almost the same top SiN, pore size and are fabricated in the
same 88 nm-thick Si membrane. The sizes of the top and
bottom openings of the nanocavity, L and a, follow very well
the relationship:

L—a=+/2I,

where [ is the thickness of the Si membrane, as illustrated in
Fig. 1(b). The lateral dimensions of the nanocavity and the Si
pore can be extended by increasing the etching time. In
addition, the dimensions of the nanocavity can also be modi-
fied by varying the thickness of the Si membrane as shown in
Fig. 1(d). For easy sample preparation, the cross-sectional SEM
images were obtained with the buried oxide layer and silicon
substrate intact.
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Three devices with different Si pore dimensions (14 nm,
19 nm and 27 nm; see Fig. 2(a) for the SEM images) were
employed for the DNA compaction experiments. The corres-
ponding volume of each device is 0.62 aL, 0.69 aL, and 0.81
aL, respectively. The devices were first characterized electrically
with ionic current measurements, by sandwiching the nano-
cavity chip with top and bottom liquid reservoirs, and applying
a voltage bias between the two reservoirs. Fig. 2(b) shows
almost ideal Ohmic current-voltage (I-V) characteristics of
these 3 devices in 4 M LiCL

When DNA molecules are added to the liquid reservoirs,
they can be captured into the nanocavities by an electrophor-
etic force since DNA is highly negatively charged.*® Individual
spikes on a stable baseline were observed in the ionic current
measurements on device 1, with a positive bias (Fig. 2(c)) and
100 pM, 20 kb double stranded DNA (dsDNA) molecules. The
baseline current was in the same level as the open pore
current (I,). The individual spikes indicate normal trans-to-cis
DNA translocation events. For completeness, different positive
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Fig. 2 Characterization of the three devices employed in the DNA compaction experiments and ionic current measurement results. (a) Top and
bottom view SEM images of the three nanocavity devices that were employed for the DNA compaction experiments. (b) lonic current measurements of
the three nanocavity devices in 4 M LiCl. Almost ideal Ohmic current—voltage (/-V) characteristics of these 3 devices are observed. (c) lonic current
measurements of 20 kb DNA translocation through device 1 in 4 M LiCl. The concentration of added DNA is 100 pM. The applied bias is switched
between +400 mV and —400 mV (remaining for 120 s at each bias polarity) twice. The baseline current at +400 mV always remains at the same level of
the open pore current I, (marked by the red dashed line), while the ionic current at —400 mV is greatly smaller than /, and shows strong fluctuations.
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biases ranging from 300 mV to 500 mV were applied and the
duration and relative amplitude of the translocation events at
different biases are shown in Fig. S2(a and b¥). However, when
a negative 400 mV bias was applied to induce cis-to-trans DNA
translocations, completely different behavior was observed in
the ionic current trace (see Fig. 2(c)). The ionic current was
smaller than I,, and strong ionic current fluctuations with
both upward and downward spikes were also observed. By
reversing the applied bias from +400 mV to —400 mV (remain-
ing for 120 s at each bias polarity) twice, similar phenomena
were observed.

Since the bottom Si pore is the dominant constriction in
the nanocavity device, it determines the measured ionic
current. The ionic current reduction in the baseline can there-
fore be mainly attributed to a certain blockage of the Si pore
constriction. However, normal DNA translocation events can
only result in transient blockage of the nanopore and the base-
line current should return to I, when DNA exits the nanopore.
This indicates that the baseline current reduction can be
caused by the DNA molecule trapped inside the nanocavity,
thus partially blocking the Si pore constriction for a long time.
Similar current fluctuations with both upward and downward
spikes have been reported for hairpin DNA molecules trapped
inside a biological nanopore.>*® In our nanocavity device, the
trapped DNA can be formed either by DNA compaction into a
globule shape®® or by multiple DNA strands residing in the Si
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pore constriction at the same time.*”*® The dominating DNA
trapping mechanism in our nanocavity will be discussed later.
More evidence is shown in Fig. S2(c)} by switching the voltage
10 times. It can be explained that at +400 mV, the translocated
DNA remained in the vicinity of the device, but out of the
sensing zone of the Si pore; therefore the ionic current
restored to the open pore current. When switching the voltage
to a negative bias, the DNA could be quickly recaptured and
trapped, leading to an immediate current drop.

Similar experiments (100 pM DNA in 4 M LiCl under a
—400 mV bias) were also performed with different DNA lengths
from 5 kb and 10 kb to 20 kb. As shown in Fig. 3(a), all the rela-
tive current (I/I,) traces measured through device 1 display
strong fluctuations and the current levels are all smaller than
the open pore current. Longer DNA shows stronger fluctuations,
while normal translocation events were measured for these DNA
molecules with different lengths at +400 mV (Fig. S31). We also
performed experiments at —400 mV in the three different
devices shown in Fig. 2(a)f with 20 kb DNA, and similar ionic
current fluctuation results were obtained as shown in Fig. 3(b).
Device 1 with the smallest Si pore size displays the strongest
fluctuations. These experiments demonstrated the generality of
DNA trapping in our nanocavity devices.

Further DNA translocation experiments were performed
with a ten times lower concentration (10 pM 20 kb DNA in 4 M
LiCl), as shown in Fig. S4.1 At —400 mV, similar DNA trapping
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Fig. 3 Relative current traces of DNA with different lengths and through the three nanocavity devices in 4 M LiCl at —400 mV. The concentration of
added DNA is 100 pM. (a) Relative current traces of 5 kb, 10 kb and 20 kb DNA trapping in device 1 at —~400 mV, respectively. (b) Relative current
traces of 100 pM 20 kb DNA trapping in device 1, device 2 and device 3 at —400 mV, respectively.
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signals were reproducibly observed. In addition, the sparse dis-
tribution of DNA translocation spikes at a positive bias
(+400 mV) implies that the time interval between two DNA
capture events is too long to result in multiple DNA molecules
being captured in the nanocavity at the same time. If multiple
DNA molecules are captured into the nanocavity sequentially,
the ionic current would drop step by step, as shown in the
measurements of Laohakunakorn et al.*®* The DNA trapping in
our nanocavity is therefore highly plausible to be induced by
the compaction of single DNA instead of multiple DNA mole-
cules inside the device.

Several factors, including the electric fiel geometrical
confinement"*° and ionic strength,”’ can induce the confor-
mation change of DNA molecules. In what follows, theoretical
discussions and experimental verification of the contribution
of these factors to the DNA compaction inside our nanocavity
devices are provided. First, it is experimentally observed that a
moderate electric field (~2 x 10 V m™) strongly compresses
the isolated DNA polymer into isotropic globules,’® while large
electric fields may stretch already compacted DNA.*’ In our
nanocavity devices, the electric field distribution is not
uniform. In particular, the electric field intensity in the Si pore
constriction at —400 mV is around 4.5 x 10° V. m™, which is
much higher than the electric field (~2 x 10° V. m™) in the
cylindrical SiN, pore region. Hence, in the cis-to-trans translo-
cation at a —400 mV bias, the lower electric field around the
cylindrical SiN, pore region may induce DNA compression
before entering the nanocavity. Yamazaki et al. discovered that
the DNA at the vicinity of a nanopore could indeed be com-
pressed by the electro-osmotic flow induced by the electric
field.*> Second, to study the geometrical confinement effects
induced by the top SiN, pore, we also used bare Si nanocavities
(without the top SiN, pore) to translocate DNA with different
lengths. As shown in Fig. S5,7 all the experiments performed
in 4 M LiCl showed normal translocation events with no evi-
dence of DNA trapping and compaction inside the bare nano-
cavities. This demonstrated the critical role of the top SiN,
pore for DNA compaction inside the nanocavity device. In
addition, the scatter plot of the translocation events through
bare Si nanocavities shows that the duration at a negative bias
is overall longer than that at a positive bias; see Fig. S5(c, e
and g).t The gradually reduced dimensions near the bottom of
the Si nanocavity poses increasing spatial confinement and
further slowdown of the DNA translocation, as evidenced by
the ultra-long translocation events (duration up to a few
hundred microseconds) observed at a negative bias measured
in the bare Si nanocavities. Third, the influence of ionic
strength was studied by performing DNA translocation experi-
ments with device 2 in 1 M LiCl. As shown in Fig. S6,f in 1 M
LiCl, only normal translocation events were observed at both
bias polarities (i.e. +400 mV and —400 mV) for different DNA
lengths. The scatter plot of the distribution of amplitude and
duration shows that the translocation of DNA with different
lengths has almost the same amplitude but the duration of
longer DNA is longer, which agrees well with the results
reported by Wanunu et al.** Our experiments in 1 M LiCl show

d’36,39
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a direct contrast to the results in 4 M LiCl, and confirm the
critical role of ionic strength for the observed DNA compac-
tion. The MD simulations by Kowalczyk et al.** show that
changing the ion concentration changes the number of bound
ions per base along the DNA. As the LiCl concentration
increases from 1 M to 4 M, the number of bound Li" along the
DNA molecules increases, which reduces the effective DNA
charge and thus the repulsion force between neighboring seg-
ments."* As a result, DNA molecules can be more closely
packed under 4 M LiCl. Overall, the DNA compaction inside
our nanocavities could have resulted from the combined con-
tributions from all the three aforementioned factors.

The interpretation of the observed different current signals
of DNA in 4 M LiCl passing through the nanocavity device
under different bias polarities is qualitatively illustrated in
Fig. 4(a). Under a negative bias, DNA passes through the SiN,
pore first before entering the nanocavity. During this process,
DNA is first compressed by the electric field around the top
SiN, pore, and then the geometrical confinement inside the
nanocavity can locally compact the DNA to form self-entangle-
ments and knots.*>*” The entangled DNA can further form
globules (similar to a DNA origami sphere*®), which cannot
pass through the gradually reduced space near the bottom of
the Si nanocavity, thus finally being compacted in the bottom
Si pore constriction. However, the compacted DNA could only
partially block the Si pore due to its permeable nanostructure
to ions.*>*® The rearrangement of such globules inside the
nanocavity can lead to the current fluctuation. Under a positive
bias, the bottom Si pore size is too small to allow a large
bundle of DNA to pass through directly. Instead, DNA is
driven through the Si pore either folded or unfolded in a
linear fashion wunder the strong electric field, as
demonstrated from the translocation events with a single level
and multiple levels in Fig. S3(b).t Thus, the nanocavity can
only be occupied by a few DNA threads that can be smoothly
translocated through the SiN, pore towards the cis side by the
electric field. Hence, no DNA compaction is expected under a
positive bias.

To further support our interpretation, we performed coarse-
grained molecular dynamics simulations of a self-entangled
DNA inside device 1 using a Brownian dynamics (BD) in-house
code. The DNA is modelled as a sequence of beads and
springs plus additional forces to induce a prescribed persist-
ence length of 50 nm and steric exclusion. The external electro-
phoretic and electroosmotic actions were included using elec-
tric and velocity fields from preliminary continuum simu-
lations of the Navier-Stokes Poisson-Nernst-Planck system for
our device. In our BD simulations, we initially placed the DNA
inside the nanocavity. The model DNA was first equilibrated
inside the nanocavity without any external bias, Fig. 4(b)_i.
When a negative bias of 400 mV was applied, the DNA
attempted to exit the Si pore but was stuck. Multiple DNA seg-
ments may occupy the Si pore constriction dynamically
(Fig. 4(b)_ii). This explains the experimentally measured ionic
current fluctuations reported in Fig. 2 and 3 at a negative bias.
In contrast, when applying a positive bias of 400 mV, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Explanation and simulation of the observed different current signals of DNA passing through the nanocavity under different bias polarities.
(a) Schematic explanation for the observed phenomena under different bias polarities. (b) Brownian dynamics (BD) simulation of trapping and escape
of an entangled 10 kb DNA inside device 1 under 4 M LiCl: the voltage is turned off (i), an electric field is applied from trans-to-cis, same as the nega-
tive bias in the experiments (ii) and the electric field is applied from cis-to-trans, same as the positive bias in the experiments (iii). Snapshots are
obtained using the VMD software.>* (c) Number of threads in the Si pore constriction from BD simulations. The signal is obtained as a running
average over a window of 1/100 of the entire simulation and, therefore, it is not an integer. Owing to the nature of coarse-grained simulations, the
BD simulation can reflect the characteristics of the simulated process, but the timescale may not match the real process.

model DNA made a smooth exit from the top SiN, pore
(Fig. 4(b)_iii). Fig. 4(c) shows the time fluctuation of the
number of DNA threads (N, in the Si pore constriction
extracted from the simulation. Both upward and downward
spikes resemble those observed in the measurements. More
examples of the extracted signals are shown in Fig. S7.+
Inspired by the simulations, the upward spikes of the ionic
current at a negative bias correspond to increased N, in the Si

This journal is © The Royal Society of Chemistry 2022

pore constriction, while the downward spikes indicate the
decreased N, in the Si pore. By extracting both the upward and
downward spikes from the measurements with the three
different nanocavity devices in Fig. 3, the duration and relative
amplitude of the spikes are statistically analyzed and shown in
the box plot of Fig. 5(a and b). Fig. 5(a) shows that the charac-
teristic time of the duration is on the order of milliseconds.
Moreover, as the size of the Si pore increases (from device 1 to

Nanoscale, 2022, 14,12038-12047 | 12043


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02260e

Open Access Article. Published on 09 August 2022. Downloaded on 7/21/2025 5:25:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a
60
[ 125%~75% _
T 10%~90% T
50 | — Median Line
® Mean

L[] Upward spike
] Downward spike

i
o

N
o
T

Duration (ms)
w
o

-
o
T

-

Device 3

O_J.l

Device 2

Device 1

Alternating spike

View Article Online

Nanoscale

(o

10 [125%~75%
T 10%~90%

8t — Median Line
® Mean

] Upward spike
] Downward spike

| B
ZE 1 G - i

Device 1

Relative amplitude (%)
B

Device 2 Device 3

0.5nA

1ms

Fig. 5 Box plot of extracted upward and downward spikes from the measurements of 100 pM 20 kb DNA with the three nanocavity devices in
Fig. 3, and an exemplified view of different spikes extracted from the measurement with device 1. (a) Box plot of the duration of both upward and
downward spikes extracted from the measurement in Fig. 3. (b) Box plot of the relative amplitude of both upward and downward spikes extracted
from the measurement in Fig. 3. The relative amplitude is calculated as the extracted amplitude of the spikes with respect to the respective baseline
current of the 3 devices at a negative bias. (c) Examples of different spikes from the measurements of 100 pM 20 kb DNA with device 1.

device 3), the duration of the observed spikes also increases.
The volume increase of the nanocavity gives more freedom
and relaxation time to the entangled DNA inside, resulting in
a longer duration of the spikes. On the other hand, as the Si
pore size increases, the relative amplitude of the extracted
spikes decreases, as seen in Fig. 5(b). This is due to the fact
that the percentage of the volume occupation of a fluctuating
fraction of DNA in the Si pore constriction is smaller for a
larger Si pore. For a simple calculation using the original size
of the Si pore constriction measured from the SEM images in
Fig. 2(a) and the diameter of dsDNA of 2 nm, the percentage of
the cross-sectional occupation of a single folded DNA (two

12044 | Nanoscale, 2022, 14,12038-12047

DNA threads) in the Si pore constriction is 4.1%, 2.2% and
1.1% for device 1, device 2 and device 3, respectively. The cal-
culation results agree well with the data shown in Fig. 5(b),
indicating that the upward and downward spikes might be
generated by a single folded DNA fraction. Apart from simple
upward and downward spikes, alternating spikes which switch
quickly among upward and downward positions are also
observed. Fig. 5(c) presents three examples of each type
extracted from the measurement of 100 pM 20 kb DNA in
device 1. The alternating spikes indicate that the entangled
DNA is likely under high tension, which leads to fast confor-
mation changes.

This journal is © The Royal Society of Chemistry 2022
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Conclusion

We demonstrated a nanopore gated sub-attoliter Si nanocavity
device for DNA compaction. Reversible DNA compaction and
release were repeatedly realized in this device by reversing the
bias polarity. The dynamic fluctuations of the compacted DNA
inside the nanocavity were monitored by the ionic current
measurements. The DNA compaction process inside the nano-
cavities was explored by varying the DNA lengths, ionic
strength, and nanocavity dimensions. Moreover, Brownian
dynamics simulations confirmed that DNA compaction is
induced by the DNA molecule self-entanglement in the nano-
pore gated nanocavity. Since the device fabrication is fully
compatible with Si CMOS process technology, this demon-
strated that the nanocavity device can be mass produced at the
wafer scale with low cost, and the device dimensions can be
fine-tuned with high controllability. It thus holds great poten-
tial for the study of confined biopolymer physics in extremely
small volumes.

Materials and methods
The nanopore gated nanocavity fabrication

The nanopore gated nanocavity device fabrication process
started with a double-side polished (100) silicon-on-insulator
(SOI) wafer. The SOI wafer was composed of a top silicon (Si)
layer, a buried oxide (BOX) layer and a 300 pm thick Si sub-
strate. Three different top Si thicknesses including 55 nm,
88 nm and 200 nm were tested for the fabrication of nanocav-
ities with different dimensions. Nanocavities used for DNA
compaction were mainly fabricated with a 55 nm-thick top Si
layer. The first step of the fabrication was to deposit a 30 nm-
thick low-stress silicon nitride (SiN,) layer on both sides of the
SOI wafer by means of low-pressure chemical vapor deposition
(Koyo Lindberg). Nanoscale holes were then patterned in the
SiN, layer on the top side by electron beam lithography
(Nanobeam Ltd) and reactive ion etching (RIE). Square
windows with a side length of 150 pm were opened on the
bottom side of the SOI wafer by photolithography and RIE.
Large cavities in the Si substrate were then etched by combin-
ing deep RIE and 80 °C KOH wet etching. The top Si layer was
protected during this step and the BOX layer provided a good
etch stop for the KOH etching. Nanocavities were finally
formed by etching the top Si layer in 60 °C KOH and stripping
the BOX layer. The formation of the nanocavities was mainly
controlled by the lateral etching of the {111} planes in Si.

Electrical characterization

Prior to the electrical measurements, the nanocavity chip was
cleaned in a freshly prepared piranha solution (Vy,so,: Vi,0 =
3:1) for 30 min, rinsed in deionized wafer and blow dried
with nitrogen. The chip was then loaded in a custom-made
polymethyl methacrylate (PMMA) flow cell equipped with a
pair of Ag/AgCl electrodes (1 mm in diameter (Warner
Instruments LLC.)). Two polydimethylsiloxane O-rings (inner
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diameter: 1 mm) were placed on the two sides between the
chip and the cell. For the DNA compaction experiment, 100
pM DNA (NoLimits Individual DNA Fragments, Thermo Fisher
Scientific) dispersed in LiCl solution (buffered with 1x Tris-
EDTA, pH 8) was added to both sides of the reservoirs. A patch
clamp amplifier (Axopatch 200 B, Molecular Devices) was used
for current detection. The traces were sampled at 50 kHz and
low-pass filtered at 5 kHz. Extraction of translocation events
was performed with the Transalyzer package.””

Brownian dynamics simulation

A coarse-grained Brownian approach is used to model the
dsDNA motion in the nanopore. The DNA is modelled as a
sequence of beads and springs. An angular potential is
employed to enforce the prescribed persistence length. An in-
house code, adapted from previous studies on protein translo-
cation in nanopores,>>** is employed. Electrophoresis, electro-
osmosis, excluded volume interaction among the beads and
steric confinement are included as external actions on the
polymer beads. Electric and velocity fields were pre-calculated
solving a stationary Navier-Stokes Poisson-Nernst-Planck (NS-
PNP) system using COMSOL.>>*® The details of the physical
model and of the simulation methods are reported in the
ESI.} The polymer was initially placed inside the pore in the
absence of electrophoresis and electroosmosis (i.e. no bias was
applied) and an equilibration of ~2 ps was performed. Then,
the electrophoretic and electroosmotic fields were turned on.
Six replicas, starting from slightly different initial conditions
and using different seeds for the random number generator,
are performed for each condition.
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