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ABSTRACT 

 
 
 Supervising Professor:  Dr. Moon J. Kim 
 
 
 
 
Recent advances in the synthesis and quality of 2D materials within the last decade, such as 

graphene and MoS2, have led to a new generation of solid state nanopore DNA sequencing devices 

with improved sub-nanometer spatial resolution. Among these, hexagonal boron nitride nanopores 

stand out, due to their excellent chemical stability and atomic layer thickness for identifying 

molecular features, such as nitrogen bases, by means of ionic current blockage patterns. By 

minimizing their suspended area to reduce 1/f noise, increasing their hydrophilicity through ALD 

titanium oxide coatings and UV-ozone treatments, and using viscosity gradients to decelerate DNA 

translocations across them, the spatiotemporal resolving power of hexagonal boron nitride 

nanopores has been successfully optimized down to the single nucleotide regime. Using these 

devices, it is shown that ssDNA translocations become sub-divided into concatenated saw-tooth 

pulse trains or “sub-translocations” of nitrogen bases, a pattern which can be described in terms of 

their characteristic blocked currents, dwell times, and sub-translocation slopes. These features 

provide critical information about a ssDNA analyte, such as its total number of nucleotides, their 

sub-translocation speed, and, under optimal conditions, can be matched to their corresponding 



 

vii 

nitrogen bases on a one-to-one basis. This research opens thus the tantalizing prospect of solid 

state nanopore sequencing enabled purely by the identification of ionic current patterns. 
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CHAPTER 1 

REQUIREMENTS FOR A HIGH RESOLUTION NANOPORE 

1.1 Introduction 

For nearly two decades, researchers around the world have pursued the goal of threading DNA in 

solution (or translocating it) across a tiny aperture of slightly larger dimensions, known as a 

nanopore, in order to “scan” the nitrogen bases A C G T (adenine, cytosine, guanine, and thymine), 

the “code of life” along its back bone, using the changes in ionic current that they produce as a 

means to sequence them: a no-label, low-cost, and low-footprint method to process arbitrary 

lengths of DNA1,2. While biological versions of this concept have already been successful in 

sequencing single stranded DNA (ssDNA) using tailored protein pores and enzyme regulators, 

they still entail complications, such as maintaining a stable environment for the organic molecules 

to perform properly, as well as limitations in the availability of pore sizes, low signal-to-noise 

(S/N) ratios, low resolution (4 bases combined), and slow throughput (seconds/base)3-7. Thus, the 

use of solid state nanopores for this task continues to be the most desirable approach, on account 

of their superior stability, pore size tunability, and scalable manufacturing. Alas, this technology 

has lagged behind, due to the less-than-optimal thicknesses and wetting properties of the available 

nanopore materials, as well as the lack of control over the translocation speed of DNA across the 

nanopore, which have presented a significant challenge towards single base identification1,8. 

 

Nonetheless, solid state nanopore sequencing has seen a comeback in recent years, with the 

advent of breakthroughs in 2D materials synthesis and engineering. These have allowed 

decreasing the thickness of the sensing region down to the spacing of individual nitrogen bases, 
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using materials such as molybdenum disulfide (MoS2)9-11, graphene (Gr)12-17, and hexagonal 

boron nitride (h-BN)18-21, all of which vastly increase the nanopores’ sensitivity to molecular 

features. This “turn of the tide” has also been accompanied by the discovery of DNA 

deceleration by ionic liquid / KCl viscosity gradients9,22,23, which maintain a high conductivity 

while slowing down the rate of DNA translocation in aqueous solutions, as demonstrated by 

Feng et al.9, from 1 µs/base (without a viscosity gradient) to 1 ms/base, the threshold required to 

discriminate individual nucleotides through ionic current recording24. In addition, new strategies 

to reduce the root-mean-square (RMS) noise of nanopore measurements (below 10 pA) have 

appeared, using highly resistive substrates25,26, or integrated CMOS electronics27. As a result of 

these advances, it is now possible to discriminate between ssDNA homopolymer strands 

(poly(dA), poly(dG), poly(dC), poly(dT)), as well as their isolated nucleotides, using solid state 

nanopores9,25,28. However, identifying different nitrogen bases on the same strand presents a 

more formidable challenge, as simulations have predicted that sequence-dependent current 

blockades in solid state nanopores can only yield base specificity down to a spatial resolution of 

3 nucleotides (even at the monolayer limit), as a consequence of the electric field created by the 

pore constriction, which extends the influence of the current blockade beyond the pore channel8. 

Through the combination of h-BN nanopores with hydrophilic ALD TiO2 oxide coatings and 

viscosity gradients, we have gathered experimental proof to refute this argument, by successfully 

demonstrating that the fine structure of ssDNA is in fact distinguishable at the single nitrogen 

base level, only in the cases of extremely thin (quasi-2D) nanopores, in which all the necessary 

conditions to enhance both their temporal and spatial resolution have been met, which we hereby 

describe. 
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1.2 Spatial Requirements 

For this research, hexagonal boron nitride was chosen as the main sensing component of the 

nanopore devices, due to its significant advantages over other nanopore materials: It is an 

atomically-thin, large band-gap, low dielectric constant semiconductor29, which grants it an 

extremely high spatial resolution, reduces parasitic capacitance, and avoids introducing noise 

into ionic current measurements through charge transfer30. It is also very stable, which prevents 

its degradation over time, as opposed to MoS2
31, and lacks a strong binding affinity towards 

DNA, unlike graphene (another common nanopore material), preventing pore clogging15,18,19. 

However, it does possess one drawback, which is that DNA translocations barely occur across 

it18,19, an obstacle which can be overcome by exposing h-BN to a prolonged UV-ozone treatment 

(UV-O3), in order to increase its hydrophilicity temporarily (for at least 30 minutes), leading to 

high DNA translocation rates19. Additionally, due to its extreme resilience to oxidation32,33, this 

strategy can be used repeatedly without creating significant defects in its lattice. This contrasts 

with graphene, which can be damaged by the very UV-O3 treatment required for the atomic layer 

deposition (ALD) of oxides on its surface. This is necessary in order to use graphene as a 

nanopore membrane (by enhancing its hydrophilicity), but leads to high leakage current 

graphene nanopore devices12,13,34. Based on this approach, ALD TiO2, an oxide which becomes 

super-hydrophilic after UV irradiation12,35, was chosen as the coating to further facilitate DNA 

translocation through the h-BN nanopore devices.  

 

By conducting contact angle measurements, it was then possible to determine the effect that the 

TiO2 had on h-BN hydrophilicity. To perform these, a silicon (100) wafer with 300 nm thermal 



 

4 

SiO2 was coated with 50 nm silicon nitride by low-pressure chemical vapor deposition using a 

Plasma-Therm 790 Plasma Enhanced Chemical Vapor Deposition tool. This wafer was then 

cleaved into separate pieces. CVD h-BN monolayers were then PMMA-transferred on these 

substrates, cleaned in acetone, and annealed in Ar at 350 °C. Different ALD oxide and UV-O3 

surface treatments were then applied to each piece (both with and without h-BN). Contact angle 

measurements were performed using a Rame-Hart contact angle goniometer by measuring both 

the left and right side contact angles of twelve 1 µL water droplets placed at different fresh 

locations on each substrate. These values were then averaged to give an accurate estimate of the 

surface contact angle of each sample. By comparing the contact angle of water on silicon nitride 

(the substrate for 2D nanopores), 39.2°, silicon nitride with h-BN, 45.3°, both surfaces after 1 min 

of UV-O3 treatment, 9.3° and 24.3° (respectively), both surfaces after being coated with 0.5 nm of 

ALD TiO2 at 150 °C, 48.5° and 62.0°, and the latter after UV-O3 treatment, 7.5° and 18.1°, it was 

determined that the combination of ALD TiO2 and UV-O3 was, in fact, the one that created the 

most hydrophilic (DNA compatible) h-BN surface, revealed by its lowest contact angle. 

 

To fabricate devices, custom-made low-noise nanopore chips (from Protochips) were used: 4 x 4 

mm back-etched high resistivity silicon chips with 20 x 20 µm low-stress 50 nm thick silicon 

nitride windows surrounded by 5 µm thick SU8 insulation. To make a device, a hole was drilled 

in the middle of the chip’s silicon nitride window using a high current convergent electron beam 

inside a JEOL 2100F TEM at 200 kV. Making the hole in this manner, though time consuming 

(20 minutes per hole), guaranteed very precisely formed holes, commonly 40 nm in diameter. This 

small hole size guaranteed both the stability of the 2D materials, as well as the minimization of 1/f 
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noise during ionic current recordings10. Afterwards, CVD monolayer h-BN (or graphene) on Cu 

foil (from Graphene Supermarket) was transferred on the chip using the PMMA transfer procedure 

by Suk et al.36. To do this, the as-received Cu foils were treated on one side with an oxygen plasma 

in a Technics RIE etcher (100 W, 50 mTorr, 30 s). They were then fixed with tape to a glass 

substrate with the untreated side facing up. PMMA dissolved in dichlorobenzene (46 mg/mL) was 

spincoated on the foils at 3000 RPM for 60 s and 1000 RPM for 60 s. The foil was then dried in 

air and baked at 100 °C for 2 minutes. A 2 x 4 mm piece was cut from the foil and put on a Petri 

dish with 1: 3 - 70% nitric acid: ultrapure water for 1 minute, then rinsed with ultrapure water for 

1 minute, then put in a second Petri dish with 0.5 M etchant solution of ammonium persulfate, and 

left covered overnight. A Si wafer with 300 nm thermal SiO2 was then used as a carrier substrate 

to transfer the 2D material with PMMA to a Petri dish with ultrapure water, where the etchant was 

rinsed away, and where it was finally transferred to the nanopore chip. The transferred film was 

then gently dried by putting the chip on a hot plate at 180 °C for 2 minutes, in order to remove all 

interfacial water. The chip was then allowed to cool down, and was submerged in acetone for 3 

hours. Afterwards, it was baked in a vacuum tube furnace at 350°C under 100 sccm of Ar for 1 hr, 

to remove all the remaining PMMA residue. More layers could then be added iteratively using the 

same procedure. The surface of the chip was then coated with ALD titanium oxide, by treating it 

with UV-O3 for 1 min (at room temperature), using a Samco UV ozone stripper /cleaner, and an 

aluminum foil stencil mask, to make sure that only the center of the chip was exposed to the UV 

light. Doing so guaranteed that no TiO2 were deposited on the outer perimeter of the chip, which 

prevented leaks once the chip was loaded in the fluidic cell. Immediately after the UV-O3, ALD 

TiO2 was deposited on the chip at 150°C by pulsing either a titanium (IV) tetraisopropoxide ALD 
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precursor with water, at a rate of 0.02 nm/cycle, or a Tetrakis(dimethylamido)Titanium IV 

precursor with water at a rate of 0.04 nm/cycle, using a Cambridge Nanotech Savannah 100 

Atomic Layer Deposition tool. Finally, the chip was loaded back into the TEM, and a nanopore 

was drilled in the middle of the TiO2-coated membrane. All the nanopore devices capable of high 

spatial resolution passed a single common test at this stage: The nanopore could be made in 1-3 s 

using a convergent electron probe, yielding a 3 to 5 nm pore (4 nm ideal). 

 

1.3 Temporal Requirements 

The next step in achieving the ultimate sequencing resolution was to increase the temporal 

resolution at hand, by reducing the speed at which ssDNA goes through the nanopore. Knowing 

that h-BN nanopores lacked the intrinsic capability to decelerate DNA translocations, two 

approaches were pursued to decelerate ssDNA: electrostatic gating and viscosity gradient 

deceleration9,37-40. To test the first approach, two graphene layers were used as electrostatic gates 

embedded within h-BN (by stacking), which would reduce the speed of DNA when oppositely 

biased through external contacts37-40, as demonstrated through molecular dynamics simulations 

(Appendix: Methods, ‘Molecular Dynamics Simulations’, Figure 1.1). The first nanopore devices 

were thus made on modified silicon nitride window chips with patterned Au electrodes, by 

consecutively transferring CVD monolayer h-BN and Gr on them, with the sequence h-BN/ Gr/ 

h-BN/ Gr/ h-BN (Figure 1.2). After the 2D device stack was completed, the devices were coated 

with 1 nm of ALD TiO2 at 150 °C (in order to make the surface highly hydrophilic), and a 3-5 

nm diameter nanopore was drilled through them, using again TEM electron beam ablation 

(Figure 1.2b). 
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Figure 1.1. Molecular dynamics simulations of DNA deceleration with a h-BN/ Gr/ h-BN/ Gr/ h-
BN all-around electrostatic gate 3 nm nanopore device. a, Cross-sectional view of dsDNA 
translocating a DNA deceleration device while a +1.7 V bias is applied from the bottom, and 
positive and negative biases are applied to the cis and trans graphene layers (respectively). Notice 
the formation of a top and bottom double layer as a result of this condition. b, Average speed of 
the center of mass of dsDNA as it translocates through the nanopore device vs opposite graphene 
biases. A combination of negative bias on the cis graphene and positive bias on the trans graphene 
is depicted as a negative charge value (n/p), while the opposite combination (p/n) is depicted as a 
positive charge value. The black data is for symmetric charges, while the red data is for the 
asymmetric charges. There are 4 red data points shown (without error bars) at a charge value of 
0.08 e/atom. The data is as follows: +0.075/-0.085 e/atom: speed = 1.77 ± 0.16 nm/ns, +0.070/-
0.090 e/atom: speed = 1.61 ± 0.32 nm/ns, +0.085/-0.075 e/atom: speed = 1.69 ± 0.11 nm/ns, 
+0.090/-0.070 e/atom: speed = 1.79 ± 0.23 nm/ns. Insets depict the electric potential distribution 
of the system for the n/p, zero, and p/n bias conditions. c-e, Snaphots of ssDNA translocating the 
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device while no bias is applied (c), a -/+ 0.09 e/atom bias is applied (d), and a +/- 0.09 e/atom bias 
is applied (e). Stretching of the strand caused by electrostatic focusing is observed whenever a 
negative bias is present. 
 
 

 

Figure 1.2. Device 1: Multi-layered quasi-2D nanopore with embedded electrostatic graphene 
gates for controlling DNA translocation speed. a, Schematic depicting the cross-section view of 
Device 1, made of consecutive transferred layers of h-BN/ Gr/ h-BN/ Gr/ h-BN stacked on top of 
each other, with the graphene layers positioned atop 100 nm Au electrodes. b, A 3 nm nanopore 
created in Device 1. c, HRTEM cross-section view of the previous stack. d, Zoom-in of the region 
indicated by the red frame, showing 5 stacked monolayers. e, 3D representation of the completed 
device with a nanopore in the middle of the stack, connecting the top cis solution reservoir with 
the bottom trans solution reservoir. 
 

Although both normal and decelerated ssDNA translocations were observed with this device, 

while using different combinations of electrophoretic (+0.1 to +0.7 V) and electrostatic (±0.05 

V) biases (Figure 1.3), it was determined that the electrostatic bias introduced extraneous noise 

into the current blockage signal, limiting its application towards ssDNA sequencing. Thus, the 

second option to decelerate ssDNA was chosen: using viscosity gradients. In this experimental 

setup, instead of filling both solution reservoirs encasing the nanopore chip (Device 1) with the 

same aqueous electrolyte (1-2 M KCl), the cis solution (with DNA) was replaced with a highly 

viscous and conductive liquid, the room-temperature ionic liquid suggested by Feng et al.9, 1-
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Butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6), while keeping the trans solution 

(without DNA) as 1-2 M KCl (Appendix: Methods, ‘Nanopore device fabrication and testing 

method’). 

 

 
 
Figure 1.3. Detection of 50 nucleotide-long ssDNA (CCCCGGTTAA x 5) with a h-BN/ Gr/ h-BN/ 
Gr/ h-BN (5-layers) nanopore device. a, A 2.6 nm nanopore drilled through a 5-layers stack inside 
a TEM at 200 kV. b, Experimental and least-mean-squares (LMS) fit IV characteristics of the 
device. c, Translocations of ssDNA recorded at +0.7 V electrophoretic bias with the graphene gates 
biased at -/+0.05 V (acceleration configuration). The dwell time is 0.05 ms. d, Translocations of 
ssDNA recorded at +0.7 V electrophoretic bias with the graphene gates biased at +/-0.05 V 
(deceleration configuration). e, Zoom-in on the decelerated ssDNA translocation in d at 16 s. The 
dwell time is 14 ms. 
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CHAPTER 2 

SSDNA NITROGEN BASE SUB-TRANSLOCATIONS 

2.1 The discovery of sub-translocations 

To test the nanopore devices, two custom fluid-holding reservoirs or fluidic half-cells were 

fabricated out of Teflon, meant to hold and seal the nanopore chip in-between (Figure 2.1). Before 

a nanopore measurement, segments of 0.5 mm thick silver wire (Sigma Aldrich) stored in vacuum 

(to prevent oxidation) were partially dipped for 1 hr in a 10-15% sodium hypochlorite solution 

(Sigma Aldrich), to create good Ag/ AgCl electrodes for nanopore measurements. The electrodes 

were then connected to the headstage and ground terminals of an Axon Axopatch 200B low-

current amplifier, while held on a jig inside a Faraday cage. The amplifier signal output was filtered 

by a 4-pole low-pass Bessel filter and fed to a NI PCIe-6353 DAQ connected to a computer running 

a custom Lab-view program made for fast data acquisition (up to 1 MHz). Between the amplifier 

and the DAQ, a Hum Bug noise eliminator was used to remove all 60 Hz AC interference in the 

signal, while further noise reduction was achieved by connecting the amplifier to a dedicated 

chemical ground. Before testing the nanopore chip, it was treated with UV-O3 for 10 minutes, 

using a Hitachi Zone UV ozone desktop sample cleaner (both on its top and bottom sides), to make 

the active areas of the chip hydrophilic. After this treatment, the ports of the chambers of the fluidic 

half-cells were partially filled through the pore outlets with the following solutions: BMIM-PF6 

(1-Butyl-3-methylimidazolium hexafluorophosphate, Sigma Aldrich) with 20 - 100 µg/mL of 

ssDNA (Sigma Aldrich) for the cis chamber, and 10 mM Tris-HCl (pH 7.9-8.1), 10 mM NaCl, 1 

mM EDTA (Sigma Aldrich), 1 - 2 M KCl (Sigma Aldrich) for the trans chamber. The chip was 

then placed between the outlets, and the cell assembly was sealed, allowing the filling of the fluid 
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reservoirs. The assembly was then taken to a variable height platform, where it was brought up so 

that the trans and cis electrodes were dipped into their corresponding solutions. At this point, the 

Faraday cage was closed, and the bias offset was adjusted in the amplifier, so that the current 

output would read zero current at zero bias. The bias was then increased to +0.1 V and the data 

was acquired as ionic current vs time, by collecting data points for 50 s at a 20 kHz sampling rate 

and 5 kHz low-pass filtering. In case of observing ssDNA translocations, data would be 

immediately recorded for 10 s at a 100 kHz sampling rate and 10 kHz low-pass filtering. However, 

if no translocations were observed, the bias would be raised in +0.1 V increments until 

translocations were observed. Once ssDNA strands were detected, the bias would be brought back 

to +0.1 V, and translocations would be recorded. This strategy helped to attract ssDNA groups to 

the nanopore with a high bias, and then allowed recording their translocations at the optimum bias 

settings (at lower translocation speeds). Due to the time constraint of the UV-O3 treatment, one 

would only have 30 – 60 min to collect all the data before ssDNA translocations stopped. This led 

to the advantage of being able to acquire I-V curves after each experiment, by connecting a 

Keithley 2450 SourceMeter to the Ag/AgCl electrodes in a 4-probe configuration, and running 

bias sweeps from -0.4 to 0.4 V. To test Device 1, 92 nucleotide-long ssDNA with the repeating 

motif AAGCT in the 5’ to 3’ sense (AAGCT92) was used as the analyte dissolved in BMIM-PF6. 

The I-V curve and noise power density spectrum (PSD) of Device 1 in this configuration are 

depicted in Figures 2.2c,d. During this experiment (with the graphene gates unbiased), it was 

noticed that the translocations obtained (at a +0.1 V electrophoretic bias) were not step-like 

constant current blockades (Figure 2.3a), as expected in solid state nanopore sequencing, but were 

instead divided into short, concatenated saw-tooth pulse trains (Figure 2.4). 
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Figure 2.1. Fluidic half-cell used for nanopore experiments. Schematics and dimensions of the 
Teflon fluidic half-cell piece used to perform ionic current measurements. For the complete 
assembly of the nanopore fluidic cell, two half-cells are required (cis and trans solution reservoirs), 
plus an alignment bar (same cross section as the notch under the half-cell), two silicone o-rings (1 
mm wide, 3 mm ID), and 4 pairs of stainless steel nuts and screws to clamp the cell tight. This 
design is compatible with nanopore chips of lateral dimensions of 4 mm or above. 
 

The pulse trains resembled previously reported blockage patterns of dumbbell hairpins attached to 

DNA41, though the ssDNA analyte was used as-received, with no secondary branching structures 

attached to it other than its intrinsic nitrogen bases. The blocked ionic current also remained within 

a tight range across these pulses, discarding the possibility that ssDNA could be folding and 

hybridizing with itself (else the magnitude of blocked current would double)6,13. Thus, these 

patterns were named “nitrogen base sub-translocations”, due to their hierarchical nature with 

respect to the more common DNA translocations reported in the literature. 
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Figure 2.2. Optimized quasi-2D h-BN nanopore devices and electrical characteristics. a, Average 
contact angles and standard deviations as a function of nanopore ALD TiO2 and UV-O3 surface 
treatment (0.5 nm ALD TiO2, 1 min. UV-O3). b, TEM image of a nanopore made in a minimal 
hole area ablated by a convergent e-beam at 200 kV (Device 2). c, I-V curves corresponding to 
each nanopore device measured using a BMIM-PF6 / KCl viscosity gradient. d, Baseline current 
noise power spectra of each device at +0.1 V. P stands for pristine, R for re-used. 
 

In light of the fact that biasing the graphene layers introduced noise into the measurement (while 

adding no further DNA deceleration), these were discarded, and only h-BN nanopores treated 

with ALD TiO2 and UV-O3 were tested onwards. A total of 3 additional devices were made 

using low-noise nanopore chips, with pore diameters between 3 and 5 nm: Device 2, a h-BN 

bilayer coated with 0.5 nm of ALD TiO2 (Figure 2.2b), Device 3, a h-BN monolayer also coated 
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with 0.5 nm of ALD TiO2, and Device 4, a h-BN monolayer coated with 0.25 nm of ALD TiO2 

(the thicker, the more hydrophilic the nanopore). Knowing that Device 1’s TiO2 was sufficient to 

yield stable ssDNA translocations, the ALD TiO2 was reduced in order to further optimize the 

thickness of the nanopore (and thus its spatial resolution). Doing this not only confirmed that the 

ssDNA translocations recorded with these devices were also divided into nitrogen base sub-

translocations (Figure 2.3b-d), but it was determined as well that their temporal resolution, 0.5 - 

3 ms/base, far exceeded that of the longest dwell times reported with solid state nanopores, using 

the MoS2 nanopore/viscosity gradient, 0.017 to 0.067 ms/base (for 30 nucleotide-long ssDNA)9. 

This was attributed to an increased drag on the ssDNA strand in the nanopore devices caused by 

the electro-osmotic counter-flow created by the presence of negative chemisorbed hydroxyl 

groups on our UV-O3 treated / TiO2 coated nanopore surface35. Another interesting feature of 

these devices was an observed asymmetry in their nanopore conductance values at positive and 

negative biases (G+ ≠ G-), a possible consequence of the viscosity gradient9,18. The conductance 

values of each device for positive and negative biases (at ±0.1 V) were G1+ = 688.2 nS, G1- = 

566.7 nS, G2+ = 0.2 nS, G2- = 5.2 nS, G3+ = 22.9 nS, G3- = 15.6 nS, G4+ = 5.4 nS, G4- = 99.3 nS, 

derived from their I-V curves are depicted in Figure 2.1c, along with the devices’ noise power 

spectra (Figure 2.2d), showing their low-noise characteristics. 
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Figure 2.3. Barcode detection of nitrogen bases in ssDNA using optimized quasi-2D solid state 
nanopore devices. a, Device 1 (pristine) h-BN/ Gr/ h-BN/ Gr/ h-BN with AAGCT92 ssDNA, 1 M 
KCl, +0.1 V. The 5’ to 3’ and 3’ to 5’ sequences have been assigned by binning 3 bases per sub-
translocation (STNR-1 = 3). b, Device 2 (pristine) h-BN bilayer with AAGCT92 ssDNA, 1 M KCl, 
+0.1 V. The 5’ to 3’ and 3’ to 5’ sequences have been assigned by binning 1 base per sub-
translocation (STNR-1 = 1). c, Device 2 (re-used) h-BN bilayer with ATGTCCTCCA ssDNA, 1 
M KCl, +0.1 V. The 3’ to 5’ sequence has been assigned by binning 1 base per sub-translocation 
(STNR-1 = 1). d, Device 3 (pristine) h-BN monolayer with CCCCCAAAAA50 ssDNA, 2 M KCl, 
+0.1 V. The 5’ to 3’ and 3’ to 5’ sequences have been assigned by binning 2 bases per sub-
translocation (STNR-1 = 2). e, Zoom-in on a ssDNA translocation in c and empirical assignment 
of nitrogen bases in the 3’ to 5’ sense (only possible with STNR = 1 data), based on its known 
sequence (ACCTCCTGTA). 
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2.2 DNA Sizing and the Sub-translocation to Nucleotide Ratio 

A closer inspection of the devices’ data (Figures 2.4-2.11) revealed that the maximum number of 

nitrogen base sub-translocations observed per translocation event was proportional to the number 

of nucleotides in the ssDNA strand used. This indicated that, in thicker devices, each sub-

translocation corresponded not to a single nucleotide, but to groups of nucleotides crossing the 

nanopore at once in a ratcheting fashion, as predicted by Zhang and Wang21 and Aksimentiev et 

al.42. The latter also argued that charge would become accumulated and discharged in this process, 

as observed in each of the sub-translocation’s slanted pulses. This evidence led to the hypothesis 

that “the thinner the device, the higher its spatial resolution became”, or otherwise said, the ratio 

of nucleotide spacing (dnucleotides), 0.32 – 0.52 nm18, to nanopore membrane thickness (tpore) equaled 

the ratio of sub-translocations observed (Nsub-trans) to the number of nucleotides in the sample 

(Nnucleotides). This figure of merit was named the “sub-translocation to nucleotide ratio” or STNR = 

Nsub-trans / Nnucleotides ≈ dnucleotides / tpore, and it was used to describe the spatial resolution of each 

nanopore, reflecting the inverse of how many nucleotides could be detected at once (Ideal: STNR 

=1).  
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Figure 2.4. Sub-translocations observed with Device 1 (pristine) h-BN/ Gr/ h-BN/ Gr/ h-BN, using 
92 nucleotide-long AAGCT92 ssDNA. Series of ssDNA translocations with stable blocked 
currents and concatenated sub-translocation pulse features. 
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Figure 2.5. Sub-translocations observed with Device 2 (pristine) h-BN bilayer, using 92 
nucleotide-long AAGCT92 ssDNA, data 1. The sub-translocations still occur at approximately 
similar current levels, even though the baseline is continuously shifting, due to the presence of 
counterions changing the access resistance of the nanopore.  
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Figure 2.6. Sub-translocations observed with Device 2 (pristine) h-BN bilayer, using 92 
nucleotide-long AAGCT92 ssDNA, data 2. One can appreciate that the ionic current baseline tends 
to slowly increase before each translocation occurs, and then suddenly drops back down, a telltale 
sign of transitory counterion clouds surrounding ssDNA. 
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Figure 2.7. Sub-translocations observed with Device 2 (pristine) h-BN bilayer, using 92 
nucleotide-long AAGCT92 ssDNA, data 3. These are examples of some of the longest 
translocations recorded with this device, corresponding to 67, 78, and 70 sub-translocations (last 
set from left to right). 
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Figure 2.8. Sub-translocations observed with Device 2 (re-used), using 10 nucleotide-long 
ATGTCCTCCA ssDNA. A similar behavior to 92 nucleotide-long ssDNA is observed with 
shorter, 10 nucleotide-long ssDNA (ssDNA increases the local baseline). This behavior allows the 
straightforward identification of separate ssDNA translocations. 
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Figure 2.9. Sub-translocations observed with Device 2 (re-used h-BN bilayer), using 10 
nucleotide-long ATGTCCTCCA ssDNA. Upon zooming into the translocations of short ssDNA, 
one encounters sub-translocations of distinct dwell times, as well as different rising slopes, and 
slightly dissimilar blocked currents. These are telltale features of a polymer backbone with 
branching structures (as expected for ssDNA). 
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Figure 2.10. Sub-translocations observed with Device 3 (pristine) h-BN monolayer, using 50 
nucleotide-long CCCCCAAAAA50 ssDNA. Sub-translocations occurring amidst a baseline 
which slightly decreases with the presence of ssDNA. The sub-translocation slopes show step-like 
features within, evidence of multiple nucleotides per sub-translocation. 
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Figure 2.11. Sub-translocations observed with Device 4 (pristine) h-BN monolayer, using 10 
nucleotide-long TGGAGGACAT ssDNA. Coating this device with 12 pulses of ALD TiO2 yielded 
both a continuously shifting baseline and rounded sub-translocations (without a slope). However, 
the concatenated pulse-like nature of sub-translocations was still preserved. Unlike the data from 
previous devices, some events occur with no separation in-between, and can only be identified by 
sudden ionic current changes. 
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Device 1 (5 layers), tested with 92 nucleotide-long AAGCT92 ssDNA, possessed a maximum 

STNR of 35/92 = 0.36, and an average STNR (from 32 translocations) of (31 ± 2)/92 = 0.34 ± 0.02 

(3 nucleotides resolution). Device 2 (bilayer), tested with the same DNA, yielded a higher 

maximum STNR of 93/92 ≈ 1.00, but a lower average STNR (from 44 translocations) of (27 ± 

17)/92 = 0.29 ± 0.18 (1 - 3 nucleotides resolution). When this device was tested with 10 nucleotide-

long ssDNA, with the 5’ to 3’ sequence ATGTCCTCCA, it achieved a maximum STNR of 10/10 

= 1.00, an average STNR (from 64 translocations) of (6 ± 1)/ 10 = 0.60 ± 0.10 (1 - 2 nucleotides 

resolution), yielding the highest resolution data of all the devices, a possible consequence of the 

higher mechanical stability of the h-BN bilayer. Device 3 (monolayer), tested with 50 nucleotide-

long ssDNA with a repeating CCCCCAAAAA motif in the 5’ to 3’ sense (CCCCCAAAAA50), 

reached a maximum STNR of 42/50 = 0.84, while its average STNR (from 37 translocations) was 

(23 ± 7)/50 = 0.46 ± 0.14 (1 - 2 nucleotides resolution). Knowledge of the STNR of each device 

also allowed to allocate nitrogen bases (from the a priori known sequences) to their corresponding 

sub-translocations (Figure 2.3), although in the cases of devices with STNR < 1 or long ssDNA 

(~100 nucleotides), the level of detail wouldn’t allow discriminating whether the strand came in 

through the pore in the 3’ to 5’ or 5’ to 3’ sense, so both possibilities had to be considered (Figures 

2a,b,d). Only in the case of Device 2 with short ssDNA (10 nucleotides) could a clear strand 

directionality be resolved. Device 4 (monolayer), tested using 10 nucleotide-long ssDNA with the 

5’ to 3’ sequence TGGAGGACAT, produced different sub-translocations from the prior ones 

(Figure 2.11), happening within a shifting baseline and with no separation between events, a 

possible consequence of its thinner TiO2 coating. 
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2.3 The Physical Mechanism of Sub-translocations 

An interesting feature which was useful in the quick identification of sub-translocations was the 

fact that ssDNA appeared to locally alter the baseline level as it approached the nanopore. 

Compared to previously reported recordings of ssDNA translocations, in which the baseline 

remains constant between events, the data revealed that the ionic current baseline changed 

differently among the devices with the presence of ssDNA: In Device 1 it stayed relatively 

constant (Figure 2.4), in Devices 2 and 4 it increased gradually (Figures 2.5-2.9, 2.11), and in 

Device 3 it decreased (Figure 2.10). This phenomenon was described by Smeets et al., and 

others43-46, as the result of a change in balance between ion current blockage and the 

enhancement of the nanopore’s conductivity due to the interaction of ssDNA’s counterion cloud 

with the nanopore’s electric double layer (EDL).  

 

However, the phenomenon of current increase with the presence of ssDNA was only previously 

observed with low salt concentrations (< 0.4 M), whereas in the case of high salt concentrations 

(> 0.4 M), the current change was always negative43. The reason behind this is the relationship 

between the Debye screening length or λD (which is of a comparable magnitude to the thickness 

of the EDL), and the solution’s concentration, being inversely proportional. This makes the 

interaction of ssDNA with the EDL, and thus current enhancement, stronger at lower 

concentrations, following the relationship λD = ((εr ε0 kB T)/ (Σi ci0 (zi e2)))1/2, where εr is the 

relative permittivity, ε0 is the vacuum permittivity, kB is Boltzmann’s constant, T is the solution’s 

temperature, ci0 is the ion species’ concentration, zi is the ion species’ valence, and e is the 

electron charge45. While the changes in current attributed to sub-translocations were effectively 
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negative in all of the devices, their occurrence within either a locally higher or lower ionic 

current baseline indicates that the behavior of the ionic current is far more complex in the case of 

the viscosity gradient / h-BN nanopore system, and should be taken into account during 

automated analysis. Figure 2.12 proposes a possible mechanism for this behavior, based on 

previous reports of this phenomenon43-46, combined with the charge-discharge mechanism 

responsible for the sub-translocation patterns42. Its assumption of an ionic current dominated by 

K+ and Cl- ion species is backed by finite element modeling of ion transport across the nanopore 

(Figure 2.13), showing there is a 2 order of magnitude difference between the K+ and Cl- 

nanopore ion fluxes and those of Bmim+ and PF6
-.  

 

Additionally, a correlation was found between the net baseline shift caused by ssDNA in each 

device and the G+/G- ratio of their corresponding asymmetric conductance values extracted from 

the I-V curves, being positive when G+/G- < 1 (type A), null when G+/G- ≈ 1 (type B), and 

negative when G+/G- > 1 (type C) (Figure 2.14). This conductance asymmetry was also 

successfully reproduced in a finite element model of the total ion flux across the nanopore device 

vs electrophoretic bias (Figure 2.15), which was found to be partially controlled by the presence 

of surface charges. In addition, it was determined that only nanopores which were roughly round 

(only with positive curvature) and were between 4 and 5 nm in diameter exhibited this sub-

translocation phenomenon. 
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Figure 2.13. Ion dynamics in a monolayer h-BN nanopore / viscosity gradient system at the onset 
of ssDNA pore blockage. The above intensity plots are the results of a time-independent 2D finite 
element multi-physics simulation (Comsol 5.0) using the Poisson-Nernst-Planck system of 
equations to model the ion behavior in our h-BN nanopore device. The simulation box consists of 
a top cis reservoir defined as the ionic liquid Bmim-PF6 (with a viscosity µ = 0.145 Pa.s), while 
the bottom trans reservoir is defined as an aqueous 1 M KCl solution. The reservoirs are separated 
by a h-BN monolayer with a 2 nm wide nanopore. The short stripe in the middle with periodically-
spaced features on one side and -0.25 e/nucleotide point charges on the opposite side represents 
an 8 nucleotide-long ssDNA strand. An electrophoretic bias of -0.1 V was applied to the bottom 
of the simulation box, while its top was grounded. Static charges were defined as a -0.02 C/m2 
surface charge density on the h-BN monolayer (to simulate the effect of UV-O3 treated TiO2). The 
simulation captures the essential features of the nanopore/ viscosity gradient system, including a 
sharp electric potential drop at the nanopore, an ion-selective concentration gradient for each ion 
species, a higher fluid velocity on the trans side than the cis side, and ion flux magnitudes showing 
that most of the ionic current passes near the rim of the nanopore while dominated by the behavior 
of the K+ and Cl- ion species. 
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Figure 2.14. Pore conductance-controlled ssDNA sub-translocation baseline shifts. Type A or the 
positive basline shift (baseline rises) occurs when G+/G- < 1. Type B or the null baseline shift 
(baseline stays the same) occurs when G+/G- ≈ 1. Type C or the negative baseline shift occurs 
(baseline decreases) when G+/G- > 1. 
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Figure 2.15. Proposed mechanism to explain nitrogen base sub-translocation behavior. a-d, The 
sequence of events depicted above shows how the presence of ssDNA could alter the ion fluxes, 
and thus the ionic current within the nanopore, leading to the observed sub-translocation signal. 
The top and bottom reservoirs correspond to the cis and trans chambers, respectively. K+ ions are 
depicted in red, while Cl- are depicted in green, being the main contributors to the total current. 
Bmim+ and PF- ions are not depicted. The sequence is as follows: a. As ssDNA approaches the 
nanopore, its counterion cloud interacts with the nanopore’s EDL, changing the baseline level. b. 
Once a nucleotide (or group of nucleotides) occupies the nanopore, the total ion flux is diminished 
by its partial blockage. c. Ions become accumulated on either side of the nanopore, and 
progressively start to leak as the nitrogen base sub-translocation continues. Another possibility is 
that the relative motion of ssDNA relative to the nanopore could also affect the interfacial ion 
current in the EDL. d. As the nucleotide (or group of nucleotides) exits the nanopore, the 
accumulated ions near the pore entrance are released, creating a transient increase in ionic current 
above the blocked pore current level. This phenomenon could also be ascribed to the exchange of 
charges within the nanopore, which could change the EDL’s interfacial ion current. Steps a-d are 
then repeated for each nitrogen base or group of nitrogen bases in ssDNA (depending on the 
thickness of the nanopore), until the entire strand has fully translocated out of the nanopore 
(creating a train or ensemble of sub-translocations). 
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2.4 Sub-translocation features and DNA Sequencing Applications 

One key aspect of the highest resolution data from Device 2, observed while zooming into the 

sub-translocations of short ATGTCCTCCA ssDNA with STNR close to unity (10 sub-

translocations per 10 nitrogen bases), was the fact that the sub-translocations had different slopes 

and dwell times within the same strand (Figure 2.9), analogous to a “nitrogen base barcode”. 

These features corresponded to the way that each nitrogen base affected the ionic current 

differently within the nanopore3,5,8,18,30, as shown in Figure 2.3e, where nitrogen bases were 

chosen based on the criteria of increasing dwell times (Δt) and decreasing slopes (m) as T < A < 

G < C, with a priori knowledge of the sequence of the strand (shown in its 3’ to 5’ sense). The 

dwell time was defined as the time span between the start and the end of the first stable slope. 

The values corresponding to the bases shown in Figure 2.3e are: ΔtT = 0.30, 0.30, 0.40 ms, ΔtA = 

0.50, 0.50 ms, ΔtG = 0.90 ms, ΔtC = 1.35, 1.50, 1.50, 1.50 ms, mT = 276.92, 241.49, 183.60 nA/s, 

mA = 130.49, 120.50 nA/s, mG = 84.03 nA/s, mC = 42.32, 42.78, 52.08, 49.32 nA/s, obtained by 

linear regression. In addition, 372 ssDNA sub-translocation events from this dataset were 

analyzed in the same manner and their dwell times and slopes were measured, demonstrating the 

presence of normal distribution peaks corresponding to the bases T, A, G, and C. Figure 2.16 

shows the distribution of these values (which matched the above empirical assignment) as well 

as their de-convoluted gaussian peak fits: ΔtT = 0.31 ± 0.10 ms, ΔtA = 0.61 ± 0.10 ms, ΔtG = 0.93 

± 0.08 ms, ΔtC = 1.38 ± 0.26 ms, mT = 194.36 ± 97.66 nA/s, mA = 119.16 ± 17.50 nA/s, mG = 

80.27 ± 6.73 nA/s, mC = 52.64 ± 20.87 nA/s. The main advantage of “barcode scanning” all the 

nitrogen bases within the same experimental run was that their characteristic Δt and m values 

could be objectively compared, something impossible to achieve without absolute nanopore 
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sensor regeneration, as its I-V characteristics would change. It was also noticed that the ratios of 

the fitted peak areas (equal to the fraction of nitrogen bases in the sample) also matched the ratio 

of nitrogen bases in the ssDNA’s sequence. These results revealed that the critical features that 

enable the identification of alternating nitrogen bases in ultra-thin quasi-2D solid state nanopores 

are not constant blocked current levels, as one would assume from previous results9,25,28, but 

rather, the slopes and dwell times of STNR = 1 sub-translocations. This result was backed by 4 

separate experiments using same type 15 base long single stranded DNA samples, where the 

shapes of the bottom of the sub-translocations matched those of the corresponding base being 

used. Figures 2.17 and 2.18 illustrate this data set. 

 

This empirical assignment also matched both the current blockage hierarchy predicted by Comer 

and Aksimentiev8, for isolated nucleotides aligned parallel to a 3-layer graphene nanopore (by 

averaging the ionic current within the slope), and the translocation energy hierarchy predicted by 

Zhang and Wang21, for nucleotides crossing a single layer elliptically-shaped h-BN nanopore 

(coinciding with the shape of the nanopore obtained by TEM in Figure 2.2b). The connection 

between energy, dwell time, and slope follows the logic that, if the translocation of a particular 

nitrogen base requires a specific amount of energy to occur, it will also require a characteristic 

dwell time to happen (under the same electrophoretic bias as the other analyte molecules, 

assuming a voltage activated process), which, in turn, will determine the characteristic rate at 

which ions are exchanged through the pore (the slope). It is also possible that hydrogen bonding 

interactions with the hydrophilic edge of the nanopore play a significant role in nitrogen base 

selectivity (by slowing nitrogen bases differently), as it is evident that C and G, with 3 hydrogen 
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bonds, possess more gradual slopes and longer dwell times than A and T, with 2 hydrogen 

bonds. Figure 2.19 shows an idealized version of how this signal could be ultimately used for 

sequencing ssDNA. 

 

Figure 2.16. Distribution of sub-translocation dwell times and slopes obtained from 372 short 
ssDNA events observed with Device 2R (highest resolution nanopore). a, Normalized histograms 
depicting the characteristic sub-translocation dwell times of 372 events recorded from Device 2R 
(bilayer h-BN nanopore with 25 ALD TiO2 cycles) with 10-nucleotide long ATGTCCTCCA 
ssDNA. The fraction of each nitrogen base observed, based on its sub-translocation dwell time Δt 
(area P under each peak fit), conforms to the ratio of nitrogen bases within the sample, P(ΔtC): 
P(ΔtT): P(ΔtA): P(ΔtG) = 0.49: 0.24: 0.14: 0.13 ≈ NC: NT: NA: NG = 0.4: 0.3: 0.2: 0.1. b, Normalized 
histograms depicting the characteristic linear regression slopes (m1) of the same 372 events as in 
a. The fraction of each nitrogen base, based on its sub-translocation slope m (area P under each 
peak fit), also conforms to the ratio of nitrogen bases within the sample, P(mC): P(mT): P(mA): 
P(mG) = 0.56: 0.25: 0.11: 0.09 ≈ NC: NT: NA: NG = 0.4: 0.3: 0.2: 0.1. 
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Figure 2.17. Experiments confirming the correlation between the shape of the sub-translocation 
and the nitrogen base used. a, TEM images of Chips 9 and 12. Chip 9 was used to obtain the 
PolyC15 signal, while Chip 12 was used to obtain the PolyT15, PolyA15, and PolyG15 signals. 
The conductances of chips 9 and 12 were 2.533 nS and 0.076 nS, correspondingly, in a 2M KCl / 
BMIM-PF6 testing environment (DNA concentration: 40 µg/mL). b, Ionic current traces showing 
the sample used and the shape of its corresponding sub-translocations, matching those of Figure 
2.3e. The electrophoretic bias used was +0.4 V. 
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Figure 2.18. Examples of sub-translocations obtained with chips 9 and 12 and same type 15 base 
long ssDNA. A broader perspective of this dataset is shown. Some of the sub-translocations 
appear closer to the baseline due to the effect of an increased conductance caused by the cloud of 
counterions surrounding ssDNA. As it crosses the nanopore, this cloud increases the baseline to 
the level of the top of the sub-translocation. 
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Figure 2.19. Nanopore sequencing of ssDNA. Single stranded DNA is analyzed by being 
electrophoretically driven through a  hexagonal boron nitride nanopore across two ionic 
solutions, a viscous ionic liquid (BMIM-PF6) and a conductive 2M KCl buffer. As the ssDNA 
strand goes through the nanopore, translocations appear in the current trace. Zooming into those 
translocations further reveals sub-translocations, which correspond to the number of nucleotides 
in the strand. Further zooming into these structures, one can identify the nitrogen bases (ACTG), 
based on the characteristic dwell time and slope of each sub-translocation. This, however, is an 
idealized model which must still be confirmed through further experiments with single base type 
ssDNA.  
 

2.5 Automated Sub-translocation Analysis 

In order to automate the analysis of sub-translocation data, a custom code was created for this 

task: a “Sub-translocation Analyzer” program (Appendix: Methods ‘Sub-translocation Analyzer 

code’). This software is capable of analyzing and cataloguing sub-translocations observed with 

Devices 1, 2, and 3, in current vs time, by extracting their standard features, including: an initial 

blocked current (ΔI1), a final blocked current (ΔI2), a sub-translocation dwell time (Δt) and a 
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slope at the bottom of the sub-translocation event, which could be approximately fit, either by a 

linear least mean square (LMS) algorithm (m1), or by the difference between its initial and final 

blocked currents divided by its dwell time (m2). Each ssDNA translocation and sub-translocation 

were counted and indexed by the program as well, for ease of referencing. These magnitudes, as 

well as the key points required to measure them are indicated in Figure 2.20a. An example from 

Device 1’s data, with these points overlaid by the program, is also included (Figure 2.20b), 

demonstrating the effectiveness of the software in finding sub-translocations. The output of the 

program is displayed as sub-translocation data statistics in Figures 2.21 - 2.23. After running the 

data from Devices 1, 2, and 3 through the Sub-Translocation Analyzer software, their 

characteristic initial and final blocked currents and m1 slopes (m2 were almost identical) vs sub-

translocation dwell times were plotted as scatter and 2D frequency plots (Figure 2.21). Common 

sub-translocation dwell times (Δt), initial blocked currents (ΔI1), and final blocked currents 

(ΔI2) were, 0.5 to 3 ms, 0.6 to 1.8 nA, and 0.2 to 1.2 nA, correspondingly. The white arrows in 

Figures 2.21b-e show that, in all of the devices, the final blocked currents were on average 

smaller than the initial blocked currents, thus yielding positive slopes. Even though the non-

standard sub-translocations from Device 4 with TGGAGGACAT couldn’t be analyzed by the 

program, as they didn’t match the common sub-translocation saw-tooth profile, their average 

sub-translocation dwell times and blocked currents, obtained from the full width half-max 

(FWHM) of inverted bigaussian peak fits applied to the data, Δt = 0.96 ± 0.13 ms and ΔI = 0.68 

± 0.09 nA, coincided with the prior data ranges. The slopes obtained for the rest of the devices 

were centered either at 250 nA/s (for Devices 1 and 3), or 50 nA/s, for Device 2. 
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Figure 2.20. Automated analysis and metrics extraction from ssDNA sub-translocation events. a, 
Key points and magnitudes of a ssDNA sub-translocation event plotted as current vs time: (ta1, 
Ia1) = start of sub-translocation pore blockage, (tb1, Ib1) = full sub-translocation pore blockage, 
(tb2, Ib2) = partial sub-translocation pore blockage, (ta2, Ia2) = end of sub-translocation pore 
blockage, ΔI1 = initial blocked current, ΔI2 = final blocked current ΔI = change in blocked current, 
Δt = sub-translocation dwell time, m1 = sub-translocation slope (linear mean squares), m2 = sub-
translocation slope (m2 = (lb2-Ib1)/(tb2-tb1)). b, Demonstration of automatic identification and 
extraction of all key features by the Sub-translocation Analyzer program. c, Fast Fourier Transform 
(FFT) of the ssDNA data recorded with Device 1, revealing the presence of telltale sub-
translocation frequencies. d, Comparison between original and sub-translocation frequency-
filtered data. Fourier filtering allows the straightforward identification of sub-translocations, based 
on the regions delimited by the exponential rise and decay of the IFFT amplitude in time. 
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Figure 2.21. Distribution of characteristic metrics vs sub-translocation dwell times for different 
quasi-2D solid state nanopores and ssDNA combinations. a, Scatter plots of sub-translocation 
events for all devices. b-e, Contour plots of absolute 2D frequency counts of each device: b. Device 
1P: 1 nm ALD TiO2, 5L (h-BN/ Gr/ h-BN/ Gr/ h-BN), AAGCT92 ssDNA, 1 M KCl, +0.1 V. c. 
Device 2P: 0.5 nm ALD TiO2, 2L (h-BN/ h-BN), AAGCT92 ssDNA, 1 M KCl, +0.1 V. d. Device 
2R: 0.5 nm ALD TiO2, 2L (h-BN/ h-BN), ATGTCCTCCA ssDNA, 1 M KCl, +0.1 V. e. Device 
3P: 0.5 nm ALD TiO2, 1L (h-BN), CCCCCAAAAA50 ssDNA, 2 M KCl, +0.1 V. P stands for 
pristine, R for re-used. 
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Figure 2.22. Distribution of sub-translocation metrics for different quasi-2D nanopores and ssDNA 
combinations. a-e, Normalized histograms of sub-translocation features/ metrics from data 
obtained with Devices 1P, 2P, 2R, and 3P after automated software analysis: a. Sub-translocations 
per ssDNA strand. b. Sub-translocation dwell times. c. Initial blocked currents. d. Final blocked 
currents. e. m1 slopes (linear least mean squares fit). f. m2 slopes (m = (lb2-Ib1)/(tb2-tb1)). P 
stands for pristine, R for re-used. 
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Figure 2.23. Demonstration of sub-translocation-enabled DNA barcode scanning. a-d, Scatter plots 
of dwell times, blocked currents and slopes vs sub-translocation sequence order along the ssDNA 
strand for different quasi-2D nanopores and ssDNA combinations, demonstrating the functions of 
a basic sequencing software. The data corresponds to the following: a. Device 1P: 1 nm ALD TiO2, 
5L (h-BN/ Gr/ h-BN/ Gr/ h-BN), AAGCT92 ssDNA, 1 M KCl, +0.1 V. b. Device 2P: 0.5 nm ALD 
TiO2, 2L (h-BN/ h-BN), AAGCT92 ssDNA, 1 M KCl, +0.1 V. c. Device 2R: 0.5 nm ALD TiO2, 
2L (h-BN/ h-BN), ATGTCCTCCA ssDNA, 1 M KCl, +0.1 V. d. Device 3P: 0.5 nm ALD TiO2, 
1L (h-BN), CCCCCAAAAA50 ssDNA, 2 M KCl, +0.1 V. P stands for pristine, R for re-used. 
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A more direct comparison between these values and their distributions, as well as the number of 

sub-translocations per ssDNA strand, can be made in Figure 2.22, where normalized histograms 

of our devices’ sub-translocation characteristics are plotted side-by-side. It can be appreciated 

that the sub-translocation numbers are always approximately within the range of the length of 

ssDNA used, while smaller numbers may be due to the partial degradation of the strand into 

oligonucleotide fragments or faster translocation speeds. Device 1 has the tightest distribution of 

these values (centered at 31), as well as dwell times (centered at 1.1 ms). Also, while the initial 

and final blocked currents lack any sign of discreteness in all of the devices, except for shallow 

variations in Device 3, the dwell times and slopes exhibit discrete values in the cases of Device 2 

(re-used) with ATGTCCTCCA ssDNA, at Δt = 0.3, 0.6, 0.9, and 1.4 ms, and m = 40, 80 and 120 

nA/s, and Device 3 (pristine) with CCCCCAAAAA50 ssDNA, between Δt = 2.4 - 3.2 ms and m 

= 250 - 340 nA/s. In the case of Device 2 (re-used), the software obtained correct estimates of the 

sub-translocation dwell times of all the letters TAGC (0.3 – 1.4 ms), as well as the shallow 

slopes of AGC, yet it could not identify the steeper slopes of T, an issue which can be solved 

either with faster acquisition rates, low-pass filtering at higher frequencies, or pattern recognition 

through neural network training. 

 

Figure 2.23 shows the sub-translocation metrics (Δt, ΔI1, ΔI2, m1, and m2) as a function of their 

corresponding ssDNA strand’s sub-translocation sequence order. While the above parameters 

rise with increasing sequence order in Device 1, for the rest of the devices, they appear to 

converge on node values at higher sub-translocations. The rising dwell time in Figure 2.23a 

could be a result of a lesser pulling force acting on the remainder of the strand, again due to 
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“charge reduction effects”, pointing to the fact that, unlike most published estimates of ssDNA 

translocation speed, this is not a constant value across a translocation, but instead, changes with 

the ratio of nucleotides in the cis and trans chambers, slowing down with increasing translocated 

lengths of ssDNA. In the case of Figure 2.23a, the ssDNA translocation speed slows down from 

0.35 ms/base to 0.43 ms/base, assuming each sub-translocation corresponds to 3 nucleotides. 

This is an ultra-precise method to determine the speed and position of ssDNA in solution at any 

given time, analogous to a molecular linear encoder. The value trends in Figure 2.23 also reveal 

that it is possible to average sub-translocation metrics as a function of their sequence order, and 

thus reduce the uncertainty associated with single-read sequencing attempts. This method has its 

limitations, however, since it relies on the fact that the software is indexing the sub-

translocations in the correct order: not skipping events, starting at a later sub-translocation than 

the first one, or finishing before the last one. This erroneous output can be traced back to the 

choice of control parameters used to run the program, or to the limitations of the program itself 

in identifying unequivocally all sub-translocations. Additionally, one must also consider the fact 

that ssDNA can enter the nanopore either in the 3’ or 5’ orientation, so the program would have 

to sort out the data based on strand orientation before averaging could be made, an extra step 

which could be avoided by using ssDNA with palindromic sequences. 

 

These plots show that using shorter ssDNA and thin devices (1 to 2 h-BN monolayers), with 

sufficient TiO2 for stable sub-translocations (0.5 nm) is the optimum approach towards single 

nucleotide detection. The reasoning is as follows: Short ssDNA is ideal, both because it 

approximates its own persistence length, 1.5 nm47, (making it less likely to bend and whip), and 
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due to the “charge reduction effect”, which makes the pulling force acting on a shorter strand 

smaller than that on a larger one (as the prior possesses less negative phosphate groups than the 

latter), thus making it translocate at a slower pace9,48. This also applies to ssDNA strand 

segments, as one can appreciate in Figure 2.23a that 92 nucleotide-long ssDNA slows down as it 

translocates through the nanopore, due to the change in the ratio of its nucleotides in the cis and 

trans chambers. This means that, in theory, it would be possible to “trick the nanopore” into 

pulling long ssDNA with the same force as short ssDNA, if a charge screening device were set in 

place at the pore’s entrance, or if the viscosity of the ionic liquid could be tuned in real time with 

pneumatic pressure. In addition, the bending/whipping effect of long ssDNA could in theory be 

removed through a “double pore” collimating structure. The program’s results also reveal that 

thinner devices (1-2 h-BN layers) yielded relatively higher blocked currents, and thus larger 

signals, while sufficient TiO2/ UV-O3 treatment made the translocations stable, and potentially 

slowed them further. Regarding the ideal nanopore diameter, even though the relationship 

between decreasing pore size and increasing blocked current (signal) points to smaller 

nanopores8,9, it was empirically observed that a 3-5 nm (idealy 4 nm) nanopore yielded the 

strongest nitrogen base sub-translocation signal. The program also allows averaging the data 

from ssDNA strands with the same number of sub-translocations, using their initial and final key 

points as markers to perform rescale operations in time. The result of this operation is shown in 

Figure 2.24, using the sub-translocation data from Device 1 (Figure 2.4). The limitation of this 

technique is that only ssDNA strands with the same number of sub-translocations can be 

matched and averaged together. 
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Figure 2.24. Demonstration of ssDNA signal averaging with data from Device 1. Three ssDNA 
translocations obtained from this data set were matched by their equal number of sub-
translocations. Because ssDNA travels at different speeds as it translocates through the nanopore, 
the three recordings must be re-scaled in time in order to match their patterns and average them, 
yielding a cleaner (less noisy) signal for ssDNA analysis. 
 

As a different demonstration of automated analysis, Fourier Analysis was also used to extract the 

frequency components of the sub-translocation signal. Using the Fast Fourier Transform 
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algorithm (FFT), it was determined that the sub-translocation frequencies in Device 1 peaked at 

700 Hz and its harmonics (1400, 2100, 2800 Hz) (Fig 2.6c), in Device 2 at 1050 Hz, and in 

Device 3 at 250 Hz (Figure 2.20). It was also possible to determine with this technique the exact 

occurrence time and duration of all ssDNA translocation events, by filtering-out their component 

frequencies from the background (in the FFT spectrum), and obtaining their Inverse Fast Fourier 

Transform (IFFT) (Figure 2.20d). This procedure not only simplified the extraction of ssDNA 

sub-translocation signals from the raw data, but could also be used in real time (with a spectrum 

analyzer) as a trigger, either to prompt data collection or to modify ssDNA in-situ.
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CONCLUSIONS 

The present work demonstrates that solid state nanopore sequencing is a feasible technique for 

the identification of nitrogen bases in label-free single stranded DNA. To achieve this, it is 

necessary to attain single nucleotide resolution, a problem which was successfully overcome 

through the combination of quasi-2D hexagonal boron nitride nanopores with UV-ozone treated 

ALD TiO2 coatings, and BMIM-PF6 / aqueous KCl solution viscosity gradients. Once this 

requirement was met, the blocked ionic current signals corresponding to the translocations of 

ssDNA through the nanopore changed from featureless steps to pulse-trains divided into “sub-

translocations” of nitrogen bases. Depending on the thickness of the nanopore, and the length of 

ssDNA used, it was then possible to obtain sub-translocations which corresponded to groups of 

nitrogen bases or to individual bases, depending on the device’s “Sub-translocation to Nucleotide 

Ratio” or STNR.  The ssDNA length also appeared to affect the quality of the signal, a 

consequence of Brownian motion which can be removed through a double-pore structure. It was 

determined also that a 2-layer h-BN nanopore coated with the equivalent ALD TiO2 thickness 

(on SiO2) of 0.5 nm, tested with short (10 nucleotide long) ssDNA, yielded the highest resolution 

(STNR = 1) and signal stability of all the devices made, a consequence of its superior mechanical 

stability and the smaller forces acting on a shorter strand, which in the case of a longer strand 

would require further deceleration through electrostatic repulsion or pneumatic-pressure 

viscosity tuning. Owing to the enhanced resolution of this device, it was also possible to identify 

the characteristic tell-tale features of the four adjacent ACGT nitrogen bases in solid state 

nanopores, their ionic current sub-translocation dwell times and slopes. Using these as a 

“barcode signature”, it was then determined that the statistical distribution of the sample’s dwell 
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times and slopes matched the sequence of the ssDNA used. These features also matched the 

signal obtained from same-type 15 base-long ssDNA with the corresponding base. Furthermore, 

automated algorithms were created and used to simplify the task of extracting and analyzing 

these values for large-scale nitrogen base sub-translocation data mining. This work thus 

represents the first proof-of-concept of the idea of solid state nanopore DNA sequencing put into 

practice since it was originally proposed more than two decades ago. However, much work still 

needs to be done, as the device has only a 20% success rate at its current stage, due to sensor 

regeneration issues and lack of exact pore shape repeatability. This is both due to the fact that the 

nanopore is made manually and because there is variation in the local thickness of the TiO2 on h-

BN, which is controlled by the random adsorption of ozone on its surface as a first nucleation 

step. Therefore, the next step of this research should be focused in finding a method of either 

growing ultra-thin (perhaps even 2D) and conformal oxide layers on h-BN, or replacing h-BN 

altogether by such materials. In addition, an automated nanopore drilling routine loaded into a 

TEM would guarantee the exact pore shape in every single try. 
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APPENDIX 
 

METHODS 

Step-by-step fabrication and testing method 

 

1. Start with 3 low-noise 4 x 4 mm nanopore chips from Protochips: 4 x 4 mm back-etched 

high resistivity silicon chips with 20 x 20 µm low-stress 50 nm thick silicon nitride 

windows surrounded by 5 µm thick SU8 insulation. To remove the chips from the Gelpak 

box, use first self-closing carbon-tipped tweezers to detach them lightly from underneath. 

2. Using Pelco N7 curved tip self-closing tweezers, grab the chips from the corner and dip 

them in a Petri dish with acetone. Then swirl the acetone for 3 minutes (while covered) to 

remove the protective film on the chips. Then grab the chips from the sides using the curved 

tip tweezers and pass them to a Petri dish with isopropanol (IPA), to rinse off the remaining 

coating, while swirling it for 2 minutes. Make sure the acetone on the surface doesn’t dry 

during this exchange. 

3. Grab the chips by the sides using the curved tip tweezers and dry them using light 

compressed air directed at the edge of the chip. 

4. Place each chip upside-down in the custom TEM bronze chip holder for nanopore chips, 

and load them inside the JEOL 2100F using the single tilt holder with the detachable 

endpiece. 

5. Find the electron-transparent silicon nitride window on each chip in Low Mag TEM mode. 

Go to Mag1. Insert and align the CL1 (biggest) condenser lens aperture. Focus the window, 

first using Shift X wobbler, then at high mag using the live FFT. Close the screen and 
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converge the e-beam in the exact center of the silicon nitride window at 500 kx. Make sure 

there is no sample drift. Otherwise, one has to wait 5 to 10 minutes until the drift stops. 

Once the CL1 beam is converged, leave it there for 5 to 10 minutes, until a hole is etched 

through the 50 nm thick silicon nitride film. 

6. While wearing sunglasses to protect your eyes, move the converged beam with the beam 

shifts around the hole opening to make it wider. It takes around 5 s to etch a portion of the 

edge of the hole. Keep enlarging the hole until you are left with a 40 x 40 nm hole opening. 

Take a picture of the hole for the records. 

7. Afterwards, use the PMMA transfer procedure to transfer CVD monolayer h-BN on Cu 

foil (from Graphene Supermarket) unto each chip. To do this, the as-received Cu foil is 

treated on one side with an oxygen plasma in a Technics RIE etcher (100 W, 50 mTorr, 30 

s). It is then fixed with tape to a glass substrate with the untreated side facing up. PMMA 

dissolved in dichlorobenzene (46 mg/mL) is spin-coated on the foils at 3000 RPM for 60 s 

and 1000 RPM for 60 s. The foil is then dried in air and baked at 100 °C for 2 minutes. A 

2 x 4 mm piece is cut from the foil using a sharp razor blade and put on a Petri dish with 

1: 3 - 70% nitric acid: ultrapure water for 1 minute (the solution can be re-used as long as 

it is clear), then rinsed with ultrapure water for 1 minute, then put in a second Petri dish 

with 0.5 M etchant solution of ammonium persulfate (the solution can be re-used as long 

as it is clear), and left covered overnight. A Si wafer with 300 nm thermal SiO2 (stored in 

IPA to keep it clean) is then used as a carrier substrate to transfer the 2D material with 

PMMA to a Petri dish with hot (15 s microwaved) ultrapure water, where the etchant is 

rinsed away, and then to a second Petri dish with ultrapure water, where it is finally 
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transferred to the nanopore chip. The transferred film is then gently dried by putting the 

chip on a hot plate at 180 °C for 2 minutes, in order to remove all the interfacial water. The 

film will first turn white and then transparent, meaning that it is ready. The chip is then 

allowed to cool down (one can put it in contact with a cold metal surface), and is submerged 

in acetone for 3 hours to remove the PMMA. Note: The acetone should have only been 

stored in a glass container. 

8. Afterwards, remove the chips from the acetone by grabbing them from the sides with the 

curved tip tweezers. Once they are out of the acetone, wait until the acetone on their surface 

evaporates completely by holding them still in the air. Do not attempt to blow dry the chips 

or the hBN will be pierced. Put them back in the Gelpak box. 

9. Bake the chips in the MTI split tube furnace. To do this, remove the quartz tube with the 

vacuum flanges by opening the tube furnace, and rest it on the fumehood’s ledge. Grab a 

silicon wafer carrier piece (in the cabinet to the right of the furnace) and place it in the 

quartz tube’s opening. Place the 3 nanopore chips (after the acetone dip step) in single file 

on the silicon piece, and use the hook manipulator (on the side of the fumehood) to push 

the wafer to the middle of the tube. Place the tube back on the tube furnace. Make sure that 

the valve leading to the rough pump is closed and that the quartz tube edge doesn’t stick 

out beyond the edge of the flange (or it might crack when tightened). Turn on the rough 

pump, and align its vacuum connector with the vacuum flange of the quartz tube. Join them 

with the three screws available and tighten the connection with an Allen wrench. Do the 

same for the opposite side (with the Mass Flow Controller / MFC). Connect the power 

cable to the MFC. Open the vacuum valve leading to the rough pump. The pressure inside 
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the tube will go down. Make sure the valve of the MFC side is open too. Open the argon 

gas tank valve all the way. Open also the “Open/Close” valve after the gas flow regulator. 

Increase the pressure in the gas flow regulator until it reads 40 psi. The indicator on the 

MFC will jump up to ~400, then go back down to 72. This is the value corresponding to 

100 sccm of Ar. 

10. Turn on the furnace. Follow the furnace’s manual to input the following recipe (unless it’s 

already pre-loaded): Ramp from room temperature to 350 °C in 1 hr, then hold at 350 °C 

for 1 hr, then cool down. To start the recipe, hold the down arrow button until the message 

“Run” appears on the display. This step will remove the remaining PMMA contamination 

on the h-BN film after 3 hours.  

11. After the furnace has cooled down below 100 °C, reduce the gas regulator valve flow to 

zero by twisting it counter-clockwise all the way. Then, close the vacuum valve leading to 

the rough pump and turn the rough pump off. Remove the screws from the vacuum flange 

connector on the MFC side of the furnace. Then slowly increase the gas flow by twisting 

the gas regulator valve clockwise, until the pressure inside the quartz tube returns to 

atmosphere (zero value). Once it is at zero, the tube can be opened and the samples 

retrieved. To do this, place the quartz tube back on the ledge of the fumehood and use the 

hook manipulator to push the silicon chip out of the tube. Grab the silicon chip, place it in 

a plastic box, and retrieve each nanopore chip by grabbing it from the sides with the curved 

tip tweezers, and put it in the Gelpak box. 

12. Transfer a second h-BN monolayer on the 3 chips, by repeating steps 7-11. This will 

improve the stability of the film. Note: Previous chips in which only a monolayer h-BN 
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was transferred showed almost no contrast when the hole opening was observed in the 

TEM and were torn very easily after their 1st time use. 

13. Before opening the tube furnace the second time, make sure the Cambridge ALD tool in 

the cleanroom is reserved immediately afterwards, as well as the JEOL 2100F TEM after 

it. Remove the chips and take them, along with 3 aluminum stencil masks, 3 metal self-

closing tweezers, and the carbon-tipped self-closing tweezers into the cleanroom as soon 

as possible (to minimize surface contamination). The Al stencil masks are made by cutting 

6 x 6 mm squares from Al foil, then cutting a 2 x 2 mm window in the middle with a razor 

blade, poking out the window with the tip of fine tweezers, and cutting off the excess 

sticking out. Note: The stencil masks are reusable. 

14. Once inside the cleanroom, go to the Cambridge ALD tool, change the temperatures of 

heaters 9,10, and 13 (TiO2 source) to 150 °C, 150 °C, and 75 °C, correspondingly. Write 

your name and the parameters used in the logbook. As the heaters ramp up to the desired 

temperature, go to the Samco UV Ozone Stripper/ Cleaner, hold each chip by a corner with 

the carbon tipped tweezers and place them on the Gelpak box. Place an Al stencil mask on 

top of each chip (lining the opening in the mask with the window in the chips), grab both 

with a metal self-closing tweezer, and verify that the mask opening and the window are 

aligned by holding the chips against a bright light. Then place the three tweezers holding 

the three nanopore chips with the Al stencil mask side up inside the UV ozone cleaner and 

close the lid. Run the UV ozone cleaning for 1 minute at room temperature and wait for 

the nitrogen purge to finish (which removes ozone from inside the chamber in 5 minutes). 

Open the chamber, remove the tweezers, and place the chips back in the Gelpak box 



 

54 

without the Al stencil masks. The purpose of the mask is to make only the center of the 

chips susceptible to the ALD treatment (this will prevent leaks when sealing the chip with 

o-rings). 

15. Vent the Cambridge ALD tool once it has reached the desired temperatures, place the 

nanopore chips in it, and pump it. Load the recipe “TiO2 new precursor 0.5 nm JP” and run 

it. The ALD reactor will go through 12 growth cycles with the precursor 

tetrakis(dimethylamido)titanium (IV), at a growth rate of 0.4 angstroms per cycle at 150 

C. After the recipe is done, vent the reactor, grab the chips by the sides using the curved 

tip self-closing tweezers, place them on a cold metal surface to cool down, and put them 

on the Gelpak box. After this step, the nanopore should preferably be drilled as soon as 

possible. 

16. Once each chip is put into the JEOL 2100F TEM (placed upside down in the holder), find 

the window in Low Mag (just like before) and place it in the middle of the screen. Go to 

Mag 1, insert the CL1 aperture, put the window in focus using the Shift X wobbler and 

changing the Z height (usually by moving down). Go to 6000x and open up the camera 

screen. Look at the window using the US1000 camera and find the bright hole in the middle 

of the window. That is the hole covered with the h-BN bilayer/ 0.5 nm TiO2 membrane. 

Place this feature in the middle of the screen. Close the camera screen and change to the 

CL2 aperture. Go to 500 kx in a region close (but not too close of the window) and align 

the CL2 aperture. Then place the hole in the center of the screen and view it using the 

US1000 CCD camera at 400 kx. Put the hole in focus using the fine Z height motion. At 

this point it will be evident whether the nanopore will be successful or not. The ideal 
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nanopore membrane should be slightly electron transparent (relative to the dark silicon 

nitride window background), and should be covered with a thin layer of amorphous TiO2. 

Membranes that appear too thick will not yield single-nucleotide resolution pores. 

17. To drill a nanopore, close the camera screen, move the hole slightly away from the field of 

view, and do the “condenser lens de-perming process”, to have a stable beam (make a big 

circle on one side of the cross-over, then another big circle on the opposite side, and keep 

making smaller and smaller circles until the beam stays at the same place). Then, place the 

converged e-beam right at the middle point of the screen and expand it (without using the 

beam shifts). Move the hole back into the middle of the screen and confirm its exact 

position in the middle with the CCD camera. Close the camera screen and converge the e-

beam in the middle using the course (CRS) Brightness knob until it is a point. Then, quickly 

switch to fine (CRS off) Brightness adjustment and expand the beam 1 or 2 clicks, and 

finally expand the beam all the way until it covers the screen (the entire drilling time should 

last 1 to 3 seconds, depending on the thickness of the membrane). Doing the nanopore 

drilling process in this manner (using the JEOL 2100F TEM at 200 kV and the CL2 

aperture) will yield a 4-4.5 nm circular nanopore in the membrane, which is the correct size 

and shape to distinguish single nucleotides when single stranded DNA (ssDNA) threads 

through it. 

18. At least one day before testing a nanopore, a set of 2 or 4 AgCl/Ag electrodes must be 

prepared, by dipping one end of 6 cm long silver wire segments (stored in vacuum, to avoid 

oxidation) in 10-15% sodium hypochlorite (NaClO) solution overnight (this solution must 

be refrigerated or it will expire). The NaClO is put in an Eppendorf tube by sucking it with 
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a plastic pipette. The tube is placed on a tube rack, and all the silver wires are dipped in it 

while held with self-closing tweezers (to prevent the tips from touching the bottom of the 

tube, which would ruin the AgCl coating). This must be done in the dark to prevent 

exposing the AgCl coating (which is light sensitive), and the setup must be left covered 

with a lid overnight). The next day, the wires are removed from the NaClO, then they are 

rinsed with ultrapure water, and blow-dried. 

19. To test each nanopore chip, place a movable table inside the JEM ARM 200F STEM room 

(in the corner), and put on top of it the Faraday cage (cardboard box covered in Al foil with 

a ceramic slab inside). Connect the power to the computer to the normal outlet, and use the 

long extension cord inside the movable table to connect the power to the amplifier to the 

TEM ground in the back (white extension cord). Put the headstage inside the Faraday cage 

and affix it to the Faraday cage box’s black plate by sliding it in place and holding it by 

turning one of the screws with an Allen wrench. 

20. To prepare the electrodes, slide the exposed silver side of one AgCl electrode into the 

headstage electrode holder and bend its tip, then assemble the electrode holder and screw 

it in the headstage. To make the ground electrode, bend the exposed silver side of another 

AgCl electrode into a hook, and, using tweezers, create kinks on this end by bending it in 

opposite directions. This will help make good contact to the ground electrode. Place this 

AgCl electrode into the plastic straw electrode holder inside the Faraday cage and connect 

it to the black ground electrode wire sticking out of the back of the headstage. 

21. If the experiment is conducted in Dr. Minjun Kim’s lab at SMU, the testing setup will be 

different. There is an Axopatch 200b amplifier connected to a Digidata digitizer which is 
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controlled by Molecular Devices’ pCLAMP software. The Faraday cage consists of a solid 

copper box (placed on top of an optical vibration isolation table) in which the headstage 

and ground electrodes are directly dipped into the solutions. 

22. To prepare the ssDNA solutions, look at the amount of ssDNA in the oligo tube sample (in 

micrograms), and dilute using BMIM-PF6 to 20 -75 µg/mL. Make sure that the fraction of 

water is only 1 to 5% (in case of dry a ssDNA pellet, add 3 drops of water to a 1.5 mL 

BMIM-PF6 volume to help it dissolve). Shake the solutions until they are a uniform phase 

(if too much water is added a water phase will separate). 

23. To make the salt solution, dissolve KCl in DNA buffer solution (10 mM Tris-HCl (pH 7.9-

8.1), 10 mM NaCl, 1 mM EDTA) at a 2M concentration. 

24. Before the measurement, clean the Teflon fluidic half cells by flushing the one labeled as 

“solution half-cell” with warm water and the one labeled as “ionic liquid half-cell” with 

acetone and drying them (this will remove most of the previous BMIM-PF6 residue). Then 

place both half cells in a beaker with ultrapure water and sonicate them in this for 10 min. 

Finally, blow-dry all the pieces using kimwipes to hold them, and place new silicone or 

Viton o-rings in the in the half cells’ o-ring grooves. 

25. Once everything is ready, place the nanopore chip in the nanopore chip TEM holder 

endpiece (to mask the edges from the UV-ozone, for sealing purposes) and put it in the 

Hitachi UV-ozone tool at a pressure of 60, in the cleaning mode, for 10 minutes on each 

side (in Dr. Moon J. Kim’s lab), or the Bioforce UV-ozone tool for 10 min on each side (in 

Dr. Minjun Kim’s lab). In previous experiments, doubling this cleaning step extended the 

device’s usable time considerably (by 1hour). 
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26. Right after the UV-ozone step is completed, take the chip out of the TEM holder endpiece, 

grab it by a corner with the curved tip self-closing tweezers, and using a micropipette, apply 

a small droplet to the back of the chip. Then keep adding droplets until a 3 mm drop hangs 

from below the chip. Using the micropipette, fill the open port of the fluidic half-cell 

labeled as “salt solution”, and place the chip on top of the port while making sure it is 

centered on the o-ring. Otherwise, push it lightly to align it in place. Then, using the tips 

of the carbon tip tweezers, gently press down on the 4 corners of the chip to make sure a 

proper seal forms and all the air is pressed out, making an air-tight seal. If successful, the 

chip will be hard to move sideways afterwards and it will stay in place even if the half-cell 

is held upside down (this might not be the case if re-using o-rings). Then, using a new 

micropipette tip, fill the open port of the half-cell labeled “ionic liquid” with the BMIM-

PF6 / ssDNA solution, and add a 2-3 mm droplet on the top side of the nanopore chip. 

27. Place the Teflon alignment bar in the notch on the salt solution half-cell, and align the ionic 

liquid half-cell’s notch with the bar too, to bring the two into contact while in perfect 

alignment. Hold the two half-cells tightly and add the stainless steel screws and nuts to 

keep them together. When tightening the nuts, only use the hands (no wrench or 

screwdrivers) to make sure they are only “finger-tight” (otherwise the chip can break if too 

much force is applied). Fill the solution reservoirs with the rest of their corresponding 

solutions using clean / autoclaved glass pipettes. 

28. Place the completed fluidic cell in the Faraday cage and dip the AgCl electrodes into the 

solutions (headstage electrode in the trans salt solution and ground electrode into the cis 
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BMIM-PF6 / ssDNA solution. Then close the Faraday cage, making sure it is connected to 

the Axopatch amplifier’s ground. 

29. If the fluidic cell has been properly set up, a reading will appear in the Axopatch’s current 

indicator (in voltage clamp mode), showing ±0.5 to ±3 nA. This, plus the fact that the value 

can be adjusted with the “Volatge Offset” knob indicates that a correct circuit has been 

established, and the fluidic cell is ready for measurement. If this is not the case (the current 

value is not responsive to the knob) then there is a short cause by an improper seal or an 

air bubble trapped within the salt port (the ionic liquid port never has this problem), in 

which case the solutions must be removed and the fluidic cell must be re-opened. It is 

recommended to remove the chip, remove all salt solution from the solution port, and then 

repeat filling the port and adding a new salt solution droplet to the back of the chip (Note: 

Never let the chip dry completely or the nanopore will be destroyed). 

30. Once a good connection has been established, use the “Voltage Offset” knob in the 

Axopatch amplifier to bring the current to zero at zero volts. Then, using either the Labview 

program in Dr. Moon J. Kim’s lab or the pCLAMP software in Dr. Minjun Kim’s lab, start 

recording at a rate of either 20 kHz (for the first) or 100 kHz (for the second). Change the 

voltage bias to +100 mV and wait for 2 min to see if a translocation event occurs. If nothing 

happens, keep increasing the bias by +100 mV increments until clear, steady ssDNA 

translocations happen. Keep a registry of the bias, the time, and the alpha and beta gains of 

the amplifier that were used to collect the data, as well as the times where high resolution 

events occur. After steady translocations occur, one can then decrease the voltage bias to 

slow them down. A compromise must be met between the strength of the current signal 
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and the speed at which ssDNA travels, so that it is optimized to obtain the most amount of 

structural information about the ssDNA strand. 

31. After the test is done, open the fluidic cell and retrieve the nanopore chip. Dip it facing 

down in a vial with hot water (use a microwave to heat it up) so that the BMIM-PF6 will 

ball-up and fall off, then in a vial with acetone, then in IPA, and finally back into the hot 

water. Then gently dry the chip by using light compressed air sideways until the water 

evaporates. What occurs is the hot water removes the salt residue and most of the ionic 

liquid. Then the acetone completely removes the ionic liquid, and the IPA removes any 

hydrocarbon residue from the acetone. Also, repeating the cycle makes sure than any layers 

of DNA and ionic liquid that have built around the pore are sequentially removed. 

 

Molecular Dynamics simulations 

Simulations and analysis of the interaction of dsDNA and ssDNA with Device 1 (h-BN/ Gr/ h-

BN/ Gr/ h-BN) were performed with NAMD and VMD. A 3 nm nanopore of realistic dimensions 

was made in the otherwise perfect array of 2D inorganic layers (boron nitride and graphene); these 

atoms were held fixed during the MD simulations. The boron and nitrogen atoms were described 

using previously reported parameters1. The current version of the CHARMM forcefield for nucleic 

acids, CHARMM27, was used. The B-DNA double stranded DNA sequence used had an A strand 

sequence of TAAATGACATAGGAAAACTGAAAGGGAGAAG. This sequence was given to 

3D-DART2, and it generated the B strand and the output coordinates. For the ssDNA simulations, 

one of the strands was simply removed. To keep the DNA from drifting too close to the pore edge, 

a weak harmonic constraint was imposed on the backbone carbon atoms3. Water, counterions, and 
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salt (1 M NaCl) were added using the solvate and autoionize packages in VMD; simulations were 

run at RT using periodic boundary conditions. A uniform biasing voltage normal to the inorganic 

layers (across the entire simulation box) was applied using the “eField” command in NAMD. 

However, due to the mobile charge carriers in solution, the applied voltage only dropped across 

the inorganic device. 

 
(1) Azamat, J., Khataee, A. & Joo, S. W. Separation of a heavy metal from water through a 
membrane containing boron nitride nanotubes: molecular dynamics simulations. J. Mol. Model 20, 
2468 (2014). 
 
(2) Van Dijk, M. & Bonvin, A. M. J. J. 3D-DART: a DNA structure modelling server. Nucleic 
Acids Res. 37, W235-W239 (2009). 
 
(3) Luan, B. et al. Base-By-Base Ratcheting of Single Stranded DNA through a Solid-State 
Nanopore. Phys. Rev. Lett. 104, 238103 (2010). 
 

Sub-translocation Analyzer code (written in C) 

/* 
 * SSDNA Subtranslocation Analyzer V7.1 2016 
 * (Requires C compiler) 
 * By Juan Pablo Oviedo, RA, Moon Kim Group 
 * University of Texas at Dallas, Materials Science and Engineering Dept. 
 * tsteps1 = 7*(sampfreqkHz/100) 2 for 20 kHz, 7 for 100kHz, and 70 for 1MHz 
 * tsteps2 = 1 usually 
 * ISTP range (ISTPr): Inter-subtranslocation peak range = 0.3 nA 
 * concat_threshold: concatenation threshold = 0.007 s max 
 * Use these parameters for 10-18-15 sequencing achieved: tsteps1=7 
 * ISTPr=0.3, deltaIab1_threshold=0.5, deltaIab2_threshold=0.5, concat_threshold=0.006 
 * Use these parameters for 12-02-15 definitely seq: tsteps1=7 
 * ISTPr=0.04, deltaIab1_threshold=0.06, deltaIab2_threshold=0.06, concat_threshold=0.006 
 * Use these parameters for 12-04-15 proof of seq: tsteps1=2 
 * ISTPr=0.015, deltaIab1_threshold=0.04, deltaIab2_threshold=0.02, concat_threshold=0.012 
 * Use these parameters for 03-11-16 seq use and even more seq: tsteps1=3 
 * ISTPr=0.1, deltaIab1_threshold=1, deltaIab2_threshold=0.2, concat_threshold=0.05 
 */ 
 
#include <stdio.h> 
#include <stdlib.h> 
 
int main() 
{ 
FILE * fpt; 
FILE * fpI; 
FILE * resultsta1; 
FILE * resultsIa1; 
FILE * resultstb1; 
FILE * resultsIb1; 
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FILE * resultsDeltaIab1; 
FILE * resultstb2; 
FILE * resultsIb2; 
FILE * resultsta2; 
FILE * resultsIa2; 
FILE * resultsDeltaIab2; 
FILE * resultsDeltatb; 
FILE * resultsDeltaIb; 
FILE * resultsm; 
FILE * resultsmalt; 
FILE * resultsssDNAnum; 
FILE * resultsssDNAnumsubtrans; 
FILE * resultsDNA; 
FILE * resultsDNAsubtrans; 
 
int i=0, j=0, k=0, l=0, ssDNAstart=0, ssDNAend=0, c=0, d=0, n=0, h=0, p=0, q=0; 
int pass=0, tsteps1=7, tsteps2=1, subtransq=0, too_long_counter=0; 
float num, ta1=0, Ia1, tb1, Ib1, tb2, Ib2, ta2=0, Ia2, xi, yi;  
float Sumxiyi=0, Sumxi=0, Sumyi=0, Sumxixi=0, ISTPr=0.3; 
float deltaIab1_threshold=0.4, deltaIab2_threshold=0.4, concat_threshold=0.006; 
float List[1000000][2], Data[5000][16], DNAList[1000][2]; 
 
fpt = fopen ("datat.txt", "r"); 
if( fpt == NULL ) 
{ 
    perror("Error while opening the file datat.\n"); 
    exit(EXIT_FAILURE); 
} 
while(fscanf(fpt, "%f", &num)!=EOF)  
{ 
    List[i][0] = num; 
    i++; 
} 
fclose(fpt); 
i=0; 
fpI = fopen ("dataI.txt", "r"); 
if( fpI == NULL ) 
{ 
    perror("Error while opening the file dataI.\n"); 
    exit(EXIT_FAILURE); 
} 
while(fscanf(fpI, "%f", &num)!=EOF)  
{ 
    List[i][1] = num; 
    i++; 
} 
fclose(fpI); 
for(k=0;k<5000;k++) 
{ 
    for(l=0;l<16;l++) 
    { 
        Data[k][l]=0; 
    } 
} 
for(j=tsteps1;j<i;j++) 
{ 
    h++; 
    if(too_long_counter>=1000) 
    { 
        ssDNAstart=0; 
        ssDNAend=0; 
    } 
    if(((List[j-tsteps1][1]-List[j][1]) > deltaIab1_threshold) && ssDNAstart==0) 
        { 
        too_long_counter=0; 
        h=0; 
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        ssDNAstart=1; 
        ssDNAend=0; 
        if(((n>0)&&(Data[n-1][14]==(q+1))) && ((List[j][0]-Data[n-1][0])>concat_threshold)) 
        { 
            subtransq=0; 
            q++; 
        } 
        c=0; 
        if(subtransq==0) 
        { 
            while((List[j-c][1] > List[j-c+tsteps2][1]) && ((j-c) >= 0)) 
            { 
                ta1=List[j-c][0]; 
                Ia1=List[j-c][1]; 
                c++; 
            } 
            subtransq++; 
        } 
        else 
        { 
            if(subtransq>0 && n>0) 
            { 
                while(((List[j-c][1]>List[j-c+tsteps2][1])&&((j-c)>=0))||abs(List[j-c][1]-Data[n-1][8])>ISTPr) 
                { 
                    ta1=List[j-c][0]; 
                    Ia1=List[j-c][1]; 
                    c++; 
                } 
                subtransq++; 
            } 
        } 
        c=0; 
        while(List[j+c][1] < List[j+c-tsteps2][1]) 
        { 
            tb1=List[j+c][0]; 
            Ib1=List[j+c][1]; 
            c++; 
        } 
        c--; 
    } 
    if(((List[j][1]-List[j-tsteps1][1]) > deltaIab2_threshold) && (ssDNAstart==1 && ssDNAend==0)) 
    { 
        too_long_counter=0; 
        ssDNAend=1; 
        ssDNAstart=0; 
        d=0; 
        while(List[j+d][1] > List[j+d-tsteps2][1]) 
        { 
            ta2=List[j+d][0]; 
            Ia2=List[j+d][1]; 
            d++; 
        } 
        d=0;     
        while((List[j-d][1] < List[j-d+tsteps2][1]) && ((j-d) >= 0)) 
        { 
            tb2=List[j-d][0]; 
            Ib2=List[j-d][1]; 
            d++; 
        } 
        d--; 
        Data[n][0]=ta1; 
        Data[n][1]=Ia1;         
        Data[n][2]=tb1; 
        Data[n][3]=Ib1; 
        Data[n][4]=Ia1-Ib1; 
        Data[n][5]=tb2; 
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        Data[n][6]=Ib2;         
        Data[n][7]=ta2; 
        Data[n][8]=Ia2; 
        Data[n][9]=Ia2-Ib2; 
        Data[n][10]=tb2-tb1; 
        Data[n][11]=Ib2-Ib1; 
        for(p=0;p<(h-c-d);p++) 
        { 
            xi=List[j-h+c+p][0]-tb1; 
            yi=List[j-h+c+p][1]-Ib1; 
            Sumxiyi=Sumxiyi+(xi*yi); 
            Sumxi=Sumxi+xi; 
            Sumyi=Sumyi+yi; 
            Sumxixi=Sumxixi+(xi*xi); 
        } 
        if(((h-c-d)*Sumxixi)-(Sumxi*Sumxi)!=0) 
        { 
            Data[n][12]=(((h-c-d)*Sumxiyi)-(Sumxi*Sumyi))/(((h-c-d)*Sumxixi)-(Sumxi*Sumxi)); 
            Data[n][13]=(Ib2-Ib1)/(tb2-tb1); 
            pass=1; 
        } 
        else 
        { 
            pass=0; 
        } 
        c=0; 
        d=0; 
        h=0; 
        Sumxiyi=0; 
        Sumxi=0; 
        Sumyi=0;     
        Sumxixi=0; 
        DNAList[q][0]=q+1; 
        DNAList[q][1]=subtransq; 
        Data[n][14]=q+1; 
        Data[n][15]=subtransq; 
        if(pass==1 && (((tb2-tb1)>=0 && (Ia1-Ib1)>=0) && (Ia2-Ib2)>=0)) 
        { 
            n++; 
        } 
        else 
        { 
            if((subtransq==1)&&(q>0)) 
            { 
                q--; 
                subtransq=0; 
            } 
            else 
            { 
                if(subtransq>1) 
                { 
                    subtransq--; 
                } 
            } 
        } 
        pass=0; 
        ta1=0; 
        Ia1=0; 
        tb1=0; 
        Ib1=0; 
        tb2=0; 
        Ib2=0; 
        ta2=0; 
        Ia2=0; 
    } 
    too_long_counter++; 
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} 
resultsta1=fopen("ta1.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsta1,"%f\n",Data[l][0]); 
} 
fclose(resultsta1); 
resultsIa1=fopen("Ia1.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsIa1,"%f\n",Data[l][1]); 
} 
fclose(resultsIa1); 
resultstb1=fopen("tb1.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultstb1,"%f\n",Data[l][2]); 
} 
fclose(resultstb1); 
resultsIb1=fopen("Ib1.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsIb1,"%f\n",Data[l][3]); 
} 
fclose(resultsIb1); 
resultsDeltaIab1=fopen("DeltaIab1.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsDeltaIab1,"%f\n",Data[l][4]); 
} 
fclose(resultsDeltaIab1); 
resultstb2=fopen("tb2.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultstb2,"%f\n",Data[l][5]); 
} 
fclose(resultstb2); 
resultsIb2=fopen("Ib2.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsIb2,"%f\n",Data[l][6]); 
} 
fclose(resultsIb2); 
resultsta2=fopen("ta2.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsta2,"%f\n",Data[l][7]); 
} 
fclose(resultsta2); 
resultsIa2=fopen("Ia2.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsIa2,"%f\n",Data[l][8]); 
} 
fclose(resultsIa2); 
resultsDeltaIab2=fopen("DeltaIab2.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsDeltaIab2,"%f\n",Data[l][9]); 
} 
fclose(resultsDeltaIab2); 
resultsDeltatb=fopen("Deltat.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsDeltatb,"%f\n",Data[l][10]); 
} 



 

66 

fclose(resultsDeltatb); 
resultsDeltaIb=fopen("DeltaIb.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsDeltaIb,"%f\n",Data[l][11]); 
} 
fclose(resultsDeltaIb); 
resultsm=fopen("m.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsm,"%f\n",Data[l][12]); 
} 
fclose(resultsm); 
resultsmalt=fopen("malt.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsmalt,"%f\n",Data[l][13]); 
} 
fclose(resultsmalt); 
resultsssDNAnum=fopen("SSDNAnum.txt","w"); 
for(l=0;l<q;l++) 
{ 
    fprintf(resultsssDNAnum,"%f\n",DNAList[l][0]); 
} 
fclose(resultsssDNAnum); 
resultsssDNAnumsubtrans=fopen("SSDNAnumsubtrans.txt","w"); 
for(l=0;l<q;l++) 
{ 
    fprintf(resultsssDNAnumsubtrans,"%f\n",DNAList[l][1]); 
} 
fclose(resultsssDNAnumsubtrans); 
resultsDNA=fopen("DNA.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsDNA,"%f\n",Data[l][14]); 
} 
fclose(resultsDNA); 
resultsDNAsubtrans=fopen("subtrans.txt","w"); 
for(l=0;l<n;l++) 
{ 
    fprintf(resultsDNAsubtrans,"%f\n",Data[l][15]); 
} 
fclose(resultsDNAsubtrans); 
return 0; 
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