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Nanopore sensing is a promising tool well suited to capture and detect DNA and other
single molecules. DNA is a negatively charged biomolecule that can be captured and
translocated through a constricted nanopore aperture under an applied electric field.
Precise assessment of DNA concentration is of crucial importance in many analytical
processes and medical diagnostic applications. Recently, we found that hydrodynamic
forces can lead to DNAmotion against the electrophoretic force (EPF) at low ionic strength.
This study utilized glass nanopores to investigate the DNA capture mechanism and detect
DNA molecules due to volumetric flow at these low ionic strength conditions. We
measured the DNA capture rate at five different pico-molar concentrations. Our
findings indicated that the translocation rate is proportional to the concentration of
DNA molecules and requires no calibration due to the volumetric flow rate and DNA
counting directly correlates with concentration. Using finite element analysis, we calculated
the volumetric flow and proposed a simple, straightforward approach for accurate DNA
quantification. Furthermore, these experiments explore a unique transport mechanism
where one of the most highly charged molecules enters a pore against electric field forces.
This quantitative technique has the potential to provide distinct insight into nanopore-
based biosensing and further enhance the nanopore’s capability as a biomolecule
concentration sensor.
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INTRODUCTION

Classical electrostatics play a significant role in molecular biology. The strength and unique structure
of molecules are due to the electrostatic forces. DNA is a strong, homogeneously charged
biomolecule that contains the necessary data to encode proteins and other cellular components.
The electrical charge of this organic material is about 2qe among the individual atoms within each
DNA bases.Within the DNA structure, the negatively charged phosphate backbone is responsible for
the DNA’s highly negative charge. Prognosis and diagnosis of numerous DNA-related diseases and
disorders would be possible by analyzing this inherited compound (Swerdlow and Role, 2011;
Türkcan et al., 2013; Leal et al., 2020). For example, fetal DNA detection in maternal circulation and
circulating cancer cells (Bianchi, 2004; Fiala and Diamandis, 2018). Therefore, quantifying these
isolated biomolecules is crucial for numerous biomedical and life science applications including
sample conservation, sequence analysis, and high-throughput genotyping (Haque et al., 2003; Fu
et al., 2011; Robin et al., 2016). For instance, inaccurate DNA quantification can increase PCR
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product variability, which reduces the reliability of genotype
scoring (Bergen et al., 2005; Dhanasekaran et al., 2010; Zhou
et al., 2019). Various optical and digital sensing approaches have
been proposed to determine DNA concentrations. The three
main methods for evaluating the DNA quantity include: 1)
fluorescent dye spectroscopy (Holden et al., 2009; Nakayama
et al., 2016; Gallagher, 2017) (e.g., PicoGreen, which specifically
binds to double-stranded DNA), 2) UV absorbance spectroscopy
at 260 nm (Holden et al., 2009; Baldock and Hutchison, 2016;
Nakayama et al., 2016; Gallagher, 2017), and 3) relative counting
of a specific DNA sequence based on quantitative PCR approach
[e.g., digital PCR (Hudecova, 2015; Bergallo et al., 2017), digital
ELOHA (Guan et al., 2015), and digital ELISA (Kim et al., 2012;
Tighe et al., 2015)]. In optical methods, the main idea is based on
the correlation of the analog output response to the bulk sample
concentration. Fluorescent spectroscopy is an indirect approach
that requires the creation of a standard curve in advance of the
main measurement. This technique is more complex than UV
absorbance due to the necessities of sample and standards
preparation with the fluorescent dye (Leal et al., 2020). In
contrast, the UV absorbance spectroscopy approach quantifies
the greatest nucleic acid absorbance; therefore, the distinction
between the single and double-stranded DNAs, RNA, and
nucleotides cannot be differentiated (Bergen et al., 2005; Zhou
et al., 2019). In digital PCR approaches, the mechanism is
typically based on dividing the sample into several smaller
sections in the way that each section has a discrete molecule
number. There will be a binary signal of 0 or 1 based on no
molecule or at least one molecule per section. The Poisson
statistics estimate the concentration based on the ratio of the
positive sections over the entire sections (Holden et al., 2009). In
this regard, quantitative PCR techniques precisely detect the
target sequence quantity with high sensitivity (Nakayama
et al., 2016). However, this method is more expensive than
fluorescent dye spectroscopy or UV spectroscopy and takes
much longer performing and processing time for quantifying
the concentration (Gallagher, 2017).

Nanopore systems are an emerging class of biosensors capable
of analyzing and inspecting individual unlabeled molecules (e.g.,
DNA, ligand, and proteins) (Freedman et al., 2013; Cox et al.,
2019; Cox et al., 2020; Farajpour et al., 2021) with high accuracy
and excellent sensitivity. The general concept of these unique
single-molecule counting devices is based on fluctuation
(blockage) in ionic current due to the momentary occupancy
of the molecule inside the nanopore while being pulled through
the pore under an externally applied electric field. Therefore,
capturing each single molecule results in generating a current
blockage that the nanopore system can directly detect. Previous
theoretical (Grosberg and Rabin, 2010; Wanunu et al., 2010) and
experimental (Wanunu et al., 2008; Kong et al., 2016) studies have
indicated that with negligible molecular interactions, the molar
concentration (mol/m3) of the molecule is linearly proportional
to the molecule capture rate (s−1) but requires calibration. The
capture process involves two phases: initially, DNAmolecules are
being captured by the funnel electric field in the vicinity of the
pore. Subsequently, they are being threaded into the nanopore by
the electrostatic forces. Studies indicate this process involves a

free energy barrier for capturing the DNA corresponding to the
threading of the first few bases (Meller and Branton, 2002; Zhang
and Shklovskii, 2007).

There are two significant contributions in threading DNA
through the pore. Firstly, the electrophoretic force (EPF) depends
on the electric field gradient and the electrophoretic mobility of
the DNA. Secondly, hydrodynamic drag (electroosmotic flow
velocity) is driven by counterion motion and is considered to be a
significant factor influencing DNA translocation (Nkodo et al.,
2001; Luan and Aksimentiev, 2008). Existing reports indicated
evidence of the electroosmotic flow (EOF) ability to generate an
absorbing field capturing peptide against its electric field by α-HL
nanopore (Asandei et al., 2016). Moreover, the anomalous
translocation nature through solid-state nanopores has been
reported in earlier studies (Han et al., 2008; Firnkes et al.,
2010). Findings have shown that negatively charged molecules
threaded through the pore toward the negatively charged
electrode against their electric field (Firnkes et al., 2010).
Therefore, the capture mechanism of these translocations has
involved the electroosmotic effects, as these phenomena cannot
be explained by electrophoresis. Here, we developed a finite
element analysis model to study the principle of DNA capture
mechanism and explore DNA motion against its electric field at
low ionic strength. Moreover, EOF dominant DNA captures were
achieved at five distinct pico-molar DNA concentrations using
glass nanopore sensors. Utilizing the simulated volumetric flows
and EOF dominant capture rates, we proposed a straightforward
strategy for quantifying DNA concentration with high precision.
This calibration-less computing technique has the capability to
analyze the concentration of unlabeled DNA molecules directly
from the solution without the need for any optical detections or
physical partitioning. We expect this proposed approache to
address the current challenges in DNA counting, assist DNA
detection from biological samples, and broadly impact nanopore-
based diagnosis.

Capture Zone of Electroosmotic Flow
When EPF is dominant, the capture zone surrounding the pore
opening demonstrates an almost spherical shape. In lower ionic
concentrations, the EOF can dominate the capturing process and
drive the DNA through the nanopore. We investigated the capture
zone in glass nanopores under high and low ionic strength (KCl salt)
using finite element analysis. We modeled a conical shape glass
shape nanopore in two distinct ionic strengths (10 mM and 1MKCl
salt). DNA first diffuses around the ionic solution, once it reaches the
EOF or EPF capture zone (mostly dependent on ionic strength), it is
translocated through the pore. Figure 1 shows the simulation results
for the capture zone of a 70 nm pore in different salt concentrations.
Under low ionic strength conditions, the fluid flow map can reveal
the capture zone as the DNA can be captured in the opposite
direction of EPF. Additionally, the velocity field direction indicates a
confined shape along the nanopore walls (Figure 1A). Under high
ionic strength conditions, DNA translocates through the pore via
EPF. Therefore, the electric field map can reveal the capture zone.
The electric field direction indicates a spherical shape surrounding
the pore mouth in EPF dominant capture zone at high salt
(Figure 1B).
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We investigated both contributed factors at low ionic strength
(10 mM KCl) using finite element analysis. Figure 2A determines
the mean fluid flow velocity at various voltages ranging from
−800mV to +800mV. The simulation results revealed that by
increasing the applied voltage from 0mV, the mean fluid velocity
also increases. For negative applied voltages, by increasing the
applied voltages toward 0mV, the mean fluid velocity decreased.
The direction of fluid flow velocity was toward the pore in negative
applied voltages, which resulted in EOF-driven DNA captures. In
contrast, by applying a positive voltage, the fluid flow direction
shifted away from the nanopore. Figure 2B schematically represents
the DNA capture passing through the pore by EOF dominating the
EPF transport at low ionic strength. We performed simulations for
70 nm conical glass nanopore in 10mM KCl and calculated the net
force considering both EOF and EPF dragging in opposite directions
through the pore. The mean fluid velocity was used in EOF
simulation and EPF was calculated based on multiplying the
electric field (E) by DNA electrophoretic mobility (μ). DNA
electrophoretic mobility is a function of salt concentration and
experimental conditions. Therefore, to investigate the turning
point from EPF to EOF dominant capture zone, four different µ
values ranging from 4.25 × 10–4 to 3.0 × 10–4 (cm2 V−1s−1) were
selected. We chose these values according to literature reports at
similar conditions and salt concentrations to our experimental
conditions. Figures 2C–F demonstrate the net forces through the
pore for different µ values of DNA. Initially, the direction of the net
force was toward the EPF, but by reducing the µ to 3.25 × 10–4 (cm2

V−1s−1), the net force direction shifted toward the EOF, indicating
that EOF dominated the EPF transport. The simulations
demonstrated that the EPF drift velocity is extremely sensitive to
µ and tuning the actual value of µ drastically affects the nanopore
transport properties. Our findings indicate that the EPF decayed
faster in comparison to EOF, which results in the dominance of the
EOF inside the nanopore. To further explore the DNA capture
mechanism at the pore, we investigated the EPF and EOF-driven net
forces at various ranges of ionic strength from 10mM to 1MKCl for
two distinct pore sizes. Simulation results for 70 and 600 nm pore
size has shown in Supplementary Figures S4, S5, respectively. Our
results indicated that the net force is dominated by the EOF solely at

very low ionic strength (less than 20mM KCl concentration). We
determined the net force turning point from EPF dominant zone to
EOF at 10mM salt concentration. This trendwas consistent for both
nanopores, however, there was an increase in EOF by increasing the
pore size.

Since there was a volumetric fluid flow in low ionic strength, the
fluid flow rate through the nanopore can be achieved by integrating
the fluid velocity over the pore area. In addition, the fluid flow rate
can be obtained more precisely using a line integration method by
evaluating the velocity magnitude over a cutline 2D data line
spanning the width of the nanopore opening. Therefore, we
determined the fluid flow rate value equal to 9.49*10–18 m3/s
through the line integration method in our developed finite
element model.

We further investigated our simulation results experimentally
by capturing λ-DNA at low salt using different DNA
concentrations. The details of the experiments and results will
be discussed in the following sections.

Dominant Translocation Mechanisms
As mentioned before, studies indicate that the capture process
involves a free energy barrier due to threading DNA ends
through the pore. Since DNA is a highly charged molecule, in
addition to the DNA confinement, there are some probable
unfavorable DNA interactions with the nanopore itself which can
form a free energy barrier for the capturing process. These energetic
barriers have been investigated theoretically (Zhang and Shklovskii,
2007) and experimentally (Meller and Branton, 2002;Wanunu et al.,
2010) for DNA translocation through biological and solid-state
nanopores. There is an exponential dependence of the DNA
capture rate on the applied voltage due to the free energetic
barriers. On the contrary, multiple studies (Wong and
Muthukumar, 2007; Gershow and Golovchenko, 2007) reported a
linear dependence of the DNA capture rate on the applied voltage
associated with a diffusion-based capture mechanism. We
investigated the free energy behavior of the capture mechanism
by measuring the DNA capture rate as a function of applied voltage
through glass nanopores. Glass nanocapillaries were fabricated using
a CO2 laser assist pipette puller using specific pulling protocols to

FIGURE 1 |Capture zone at different salt concentrations in a 70 nm conical glass nanopores. (A) electroosmotic flow driven capture zone at low salt. The color map
shows the velocity magnitude. Streamlines represent the velocity field. (B) electrophoretic driven capture zone at high salt. The color map shows the electric field norm.
Streamlines represent the electric field.
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yield two identical nanopores. Supplementary Figure S1A
demonstrates the conical shape of the glass nanopore. The taper
lengths were measured under an optical microscope. The glass
nanopores possessed a mean taper length of 1.5 mm. The
fabrication process and nanopore measurement setup are
explained in detail in the material and methods section. Briefly,
the nanopipettes were filled with a low salt solution (10 mM KCl),
and two silver electrodes were placed inside the nanopore as well as
the solution chamber containing the same buffer including λ-DNA.
The nanopore was secured inside the measurement setup (Axopatch
200B amplifier) for measuring the ionic current. After confirming
the nanopore’s stability, the current-voltage (I-V) analysis was

performed to estimate the pore diameter. Electrical conductance
measurements have been frequently used in nanopore literature to
approximate the nanopore sizes. The pore size estimation was
calculated using the following equation (Smeets et al., 2006):

G � σ
πdidb
4l

Where G is the electrical conductance, σ is the bulk conductivity, l is
the taper length, di is the diameter of the pore, and db is the capillary
inner diameter. Supplementary Figure S1B demonstrates a linear
I-V relationship that indicates an ohmic electrical property
with an average conductance of 2.6 nS. The approximate pore

FIGURE 2 | (A)Mean fluid velocity (EOF velocity) at different voltages within the glass nanopore. Fluid velocity was averaged over a 2D line spanning the width of the
nanopore opening. Peak velocity was at the center of the pore due to the no-slip boundary conditions. (B) represents the schematic of DNA molecules passing through
the pore under condition of EOF dominating at low ionic strength. (C–F) EPF, EOF and net force calculation based on different µ values of DNA at low ionic strength.
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diameters were calculated around 70 nm (±5 nm), consistent
with the conductance values. Moreover, the fabricated
nanopores were imaged by transmission electron
microscope (TEM) to confirm the accuracy of the
conductance-based estimations. Supplementary Figure
S1C represents the TEM image of a typical glass nanopore
fabricated by the laser assist pipette puller with 70 nm pore
size. The nanopore size measured by the TEM indicated the
same size (±5 nm) as approximate pore sizes by the electrical
conductance estimations. The geometry of conical glass
nanopore is defined by the pore diameter and length of the
nanopore, both be contingent on the pulling parameters. In
all the experiments, nanopores were inspected for a stable
open-pore current for 10–15 min before the I-V analysis.

We performed the λ-DNA translocation experiment at low ionic
strength (10 mMKCl solution) and calculated themean capture rate
undermultiple applied voltages. Figure 3A demonstrates the current
traces showing EOF-drivenDNAevents at different applied voltages.
The increase of translocation events in the current traces is
noticeable by increasing the applied voltages. Figure 3B indicates
the sketch of our experimental observation results. Principally, at
zero voltage some free energetic barriers exist. These barriers will be
higher by applying a negative voltage that is unfavorable in the
translocation mechanism. By considering EOF plus the negative
voltage, DNA event translocations are caused by some decrease in
free energetic barriers. Therefore, taking both voltage and EOF from
the pore entrance, the free energy will be favoring the DNA forcing
into the pore. Figure 3C demonstrates DNA capture rate as a
function of various voltage ranging from −300 to −800mV. The

capture rate showed a linear increase from 2.2 s−1 to 17.8 s−1 by
increasing the voltage from −300 to −800mV, respectively. We
found a linear dependence of the capture rate on the applied
voltages, which is indicative of the diffusion-limited capture
process. Investigation of dwell time and current drop
distributions at different applied voltages have been shown in
Supplementary Figure S3. At lower voltages, the average dwell
time was higher, indicating slower translocation of DNA molecules
through the pore. Moreover, the results demonstrated a linear
increase of the mean current drop from 40 to 64 pA by
increasing the voltage from −300 toward −800mV applied voltages.

The capture mechanism defines the process of transitioning the
molecule from a diffusion-dominated region far from the pore to a
voltage and/or pressure dominated region surrounding the pore. As
the DNA molecule approaches the vicinity of the nanopore, the
magnitude of the voltage gradient increases, however, EOF also
increases with electric field. DNA velocity can be explained by the
following equation in the case of EOF-driven translocations:

v � VEOF − μrV(r) (1)

where µ is the electrophoretic mobility of the DNA. The value of the µ
does not depend onDNA length longer than a fewpersistence lengths.
(Olivera et al., 1964; Wanunu et al., 2010) For purely EPF-driven
transport, the diffusion-limited flux is equal to J diff� R diff c, where c is
the concentration of the DNA. The same applies to EOF-driven
translocations however the analytical expression for capture rate is
different than EPF-driven events and does not depend on EPF drift
velocity. Instead, the capture rate is dictated solely by the EOF

FIGURE 3 | DNA capture rate as the function of applied voltage. (A) Current trace showing EOF-driven DNA events at different applied voltages. (B) diagram
demonstrates physics of translocation events (C) DNA capture rate as a function of various voltage ranging from −300 to −800 mV through the glass nanopore.
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volumetric flow which depends on the diameter of the pore and the
applied voltage (i.e. EOF).

DNA Capture Quantification
We furthered performed studies on detecting DNA molecules
and quantifying the DNA concentration using our glass
nanopores. We could capture EOF-driven events at low salt
(10 mM KCl solution) in five distinct concentrations of
λ-DNA: 100, 500, 1,000, 1,500 and 2,000 pM. Figure 4A
demonstrates the current traces for the EOF-driven DNA
events at an applied voltage of −700 mV for five different
DNA concentrations. Translocations occurred more
frequently with an increase in DNA concentration. The
capture rates were calculated using two different methods.
The first technique was based on calculating the interarrival
time using a custom written MATLAB program. The semi-
logarithmic distribution of interarrival time for each DNA

concentration has been shown in Figure 4B The exponential
fitting of these distributions is typically used to achieve the
capture rate (Meller and Branton, 2002; Wanunu et al., 2010).
We defined the time interval between successive events as delta
T (δT) and calculated the capture frequencies by the
exponential fitting of the time interval distributions:
PC(t) � A exp(−t/τ). The average capture rates were then
reported as τ−1 from the fits. We derived values of the
capture rates as 2.66, 3.85, 4.49, 5.37 and, 6.49 for 100, 500,
1,000, 1,500 and 2000 pM concentration of DNA, respectively.
In the second method, we summed the calculated interarrival
times of all the data files (60 s). The total number of captures
was then divided by the overall interarrival time to achieve the
captures per second units for distinct DNA concentrations.
Using this approach, the capture rates were determined equal
to 2.07, 3.94, 4.73, 6.21, and 7.02 for 100, 500,1000, 1,500, and
2000 pM concentration of DNA, respectively.

FIGURE 4 | (A) Current trace showing EOF-driven DNA events at −700 mV applied voltage for three different DNA concentrations. (B) Event capture frequency in
different concentrations of DNA at −700 mV applied voltages. (C)Calculated concentration of DNA versus the actual values along with the standard errors based on two
distinct capture rate calculations.
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The EOF-driven capture rates were utilized to measure the
concentration of DNA using the calculated flow rates specific to
EOF in the finite element analysis model. At low ionic strength, there
was a volume fluid flow; therefore, quantifying the DNA
concentration were achieved by dividing the flow rate (nm3s−1)
over the number of DNA events (s−1) captured by the nanopore
sensor. The DNA concentration were obtained as the number of
DNA molecules per nm3 Table 1 indicates values of the calculated
DNA concentration per each of the actual values (100, 500, 1000,
1500, 2000 pM) based on method 2 capture rates. Figure 4C
demonstrates a semi-linear relationship between the actual versus
the calculated values for five distinct DNA concentrations. Using the
capture rates from both methods, we found a linear relationship
along with excellent approximation between the actual DNA
concentration values and the calculated values based on the EOF-
driven capture frequency and volumetric fluid flow rates.

Event Properties
The current drop and dwell time distributions were investigated in
different DNA concentrations. Figure 5 demonstrates the current
drop and dwell time distributions of EOF-driven captures in three
distinct DNA concentrations at −700mV applied voltage. The
current drop peak in 100 and 500 pM concentration of DNA
was around 27 pA which showed a bit higher value than
1,000 pM concentration of DNA with a 23 pA distribution peak
(Figures 5A,C,E). Results indicated longer dwell time values, with
the most probable translocation time at around 6ms for all DNA
concentrations (Figures 5B,D,F). Considering the pore size was
around 70 nm, these large dwell time values reveal all DNA
configurations, most likely, linear and folded DNA
configurations. Moreover, since EOF and EPF are competing in
these captured events, the net force would be lower than purely
voltage-driven translocation events with no opposing forces.

TABLE 1 | Estimated molar concentration values using calculated fluid flow rates.

Actualmolar concentration
(DNA moles/L

Event frequency
(DNA molecule/s)

Flow rate
(m3/s)

Event frequency/Flow
Rate(DNA molecule/m3)

Number of moles per
volume (DNA moles/m3

Calculated molar
concentration (DNA moles/L)

100 × 10–12 2.07 9.49× 10–18 21.8 × 10+16 3.62 × 10–7 362 × 10–12

500 × 10–12 3.94 9.49× 10–18 41.5 × 10+16 6.89 × 10–7 689 × 10–12

1,000 × 10–12 4.73 9.49× 10–18 49.8 × 10+16 8.26 × 10–7 826 × 10–12

1,500 × 10–12 6.21 9.49× 10–18 65.4 × 10+16 1.09 × 10–7 1,009 × 10–12

2,000 × 10–12 7.02 9.49× 10–18 74.0 × 10+16 1.23 × 10–7 1,230 × 10–12

FIGURE 5 | Current Drop and dwell time distributions of hydrodynamic-driven events in three distinct DNA concentrations at −700 mV applied voltage. (A,B)
Current Drop and dwell time distributions in 100 pM DNA concentration, respectively. (C,D). Current Drop and dwell time distributions in 500 pM DNA concentration,
respectively. (E,F) Current Drop and dwell time distributions in 1,000 pM DNA concentration, respectively.
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Therefore, as we applied the electroosmotic flow as the opposing
force, the DNA transition time through the pore would be slower
than in the case with no competing force. The number of EOF-
driven translocation events recorded per each analysis was 932, 1445,
and 994 for 100, 500, and 1000 pM concentration of DNA,
respectively.

CONCLUSION

In summary, finite element analysis was utilized to model the
capture zone by conical glass nanopores under low ionic strength
conditions. We investigated the capture mechanism and calculated
the fluid flow velocity using our developed model. Experimentally,
we could detect EOF-drivenDNA capture rate due to the volumetric
flow at low salt. Combining the simulation results and experimental
data, we could develop a novel, precise approach for quantifying
DNA concentration with high accuracy. We validated the proposed
method using five different concentrations of DNA molecules.
Comparing results demonstrated a linear relationship with an
excellent precision between the actual and approximated DNA
concentrations. Our findings reveal that the hydrodynamic-driven
DNA captures can be exploited for precise DNA counting in
multiple quantitative measurements such as DNA manipulation
and molecular analysis applications.

MATERIALS AND METHODS

Glass capillaries were purchased with an inner diameter (ID) of
0.5 mm, the outer diameter of 1 mm, and 5.0 cm in length (Sutter
Instrument-United States). After plasma cleaning of the
capillaries, a CO2 laser assist pipette puller device (P-2000,
Sutter Instrument-United States) was used for nanopore
fabrication. The pulling parameters involved a four-line
program which caused glass elongation in initial cycles
followed by a hard pull at the end to separate the capillary
into two identical conical shape nanocapillaries with a pore at
the tip. The details of the pulling protocols are described on
Supplementary Table S1 in supporting information. The average
duration of laser activation was about 5 ± 0.5 s. It is worth
mentioning that the nanopore pulling parameters are
instrument-specific and can be varied by various factors such
as local temperature, humidity, and surface impurities. The
estimated size of the nanopores was about 70 nm with a mean
taper length of 1.5 mm. The taper lengths of glass nanopores were
imaged under an optical microscope and measured using ImageJ
software. The fabricated nanopores were imaged by transmission
electronmicroscopy (TEM, FEI-United States) to characterize the
pore diameter. The details of nanopore imaging and
characterization are discussed in Supplementary Note S1 and
Supplementary Figure S1 of the supporting information.

The glass capillaries with the nanopore at one end were filled with
the buffer solution (filtered 10mM KCl). The nanopores were
examined for any bobbles or impurities under an optical
microscope. After inspection, the silver wire electrodes were
placed inside the nanopore and the solution chamber containing

the same buffer plus λ-DNA (New England Biolabs-United States).
The λ-DNA with a stock 500 μgml−1 concentration was diluted in
10mMKCl at different molarities to achieve 100, 500, and 1,000 pM
concentrations. The Axopatch 200B amplifier and Axon Digidata
1550B (Molecular Device-United States) were used for measuring
and digitalizing the ionic current. The cell conductancewas inspected
by performing a standard current-voltage (I-V) measurement. A
range of different voltages from -500 to +500mV was applied to
achieve the current responses as the function of applied potentials.
The conductance was calculated based on fitting the obtained results
into a linear function after an approximate 15min of stabilization.
The gain was optimized before each experiment. The signal was
filtered with an internal lowpass filter at 10 kHz, and the sampling
rate was set to 200 kHz. A custom-written MATLAB code was used
for analyzing DNA translocations events. All data were initially
filtered using a low pass 2000 Hz Bessel filter. The average open pore
current was around 2,100 pA at −700mV voltage. To set the
optimum threshold, a few trials were run to make sure all the
events are selected properly. In addition to MATLAB analysis, we
manually inspected the current traces and estimated the capture
frequencies per each recorded file by zooming into the current traces
at different points. By quantifying the number of events at random
points per file, we could achieve an estimated value for the event
frequencies before analyzing the data. For all the analyzed files we
compared the estimated event numbers with the event frequency
which we obtained from MATLAB to confirm the accuracy of our
data processing approach. All the simulations detail and finite
element modeling are discussed on Supplementary Note S2 of
the supporting information.
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