- \
v
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Dwell Time Prolongation and Identification of Single Nucleotides
Passing through a Solid-State Nanopore by Using Ammonium

Sulfate Aqueous Solution

Itaru Yanagi,* Rena Akahori, and Ken-ichi Takeda

Cite This: ACS Omega 2023, 8, 21285-21292

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The ionic current blockades when poly(dT )y, or dNTPs passed
through SiN nanopores in an aqueous solution containing (NH,),SO, were
investigated. The dwell time of poly(dT)s, in the nanopores in an aqueous yanopore DNA of
solution containing (NH,),SO, was significantly longer compared to that in an
aqueous solution that did not contain (NH,),SO,. This dwell time prolongation -4...,(...-
effect due to the aqueous solution containing (NH,),SO, was also confirmed )

when dCTP passed through the nanopores. In addition, when the nanopores
were fabricated via dielectric breakdown in the aqueous solution containing
(NH,),SO,, the dwell time prolongation effect for dCTP still occurred even
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after the aqueous solution was displaced with the aqueous solution without
(NH,),SO,. Furthermore, we measured the ionic current blockades when the four types of dNTPs passed through the same
nanopore, and the four types of dNTPs could be statistically identified according to their current blockade values.

1. INTRODUCTION

In recent years, nanopores have been widely used as powerful
probes to detect various biomolecules in aqueous solution. The
structural and electrical properties of molecules can be
determined by monitoring the change in ionic current when
the molecule passes through a nanopore. The most noticeable
application of nanopore sensing is label-free single-molecule
DNA sequencing, which was achieved by using nanopores
formed from biological molecules (i.e., biological nano-
pores).' " Currently, a rich line up of nanopore DNA
sequencers is being commercialized by Oxford Nanopore
Technologies, Ltd., and many researchers can use them.”~ '’ In
addition to biological nanopores, solid-state nanopores (SSNs)
formed from inorganic materials, which are the focus of this
study, have been well studied,''~*' and many papers have
reported that SSNs are somewhat capable of single-molecule
identification.”” > SSNs are advantageous in terms of
robustness and material stability. However, DNA sequencing
has not been achieved with SSNs although there are some
simulation studies that suggested the possibility of DNA
sequencing with SSNs.””*®

One of the key challenges in realizing DNA sequencing with
SSNs is reducing the speed of DNA molecules passing through
a nanopore. When single-stranded DNA (ssDNA) passes
through a nanopore by electrophoretic force, the dwell time of
ssDNA in the nanopore is usually less than 1 ps/base; it is
difficult to precisely measure the current change in such a short
time. (At least, it is almost impossible with commercially
available amplifiers.) Therefore, many efforts have been
devoted to decelerating DNA translocation through a nano-
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pore. For instance, the solution characteristics, such as
viscosity,29 temperature,‘go’31 type of solute,**** and gradient
concentration of solute,”* were adjusted to reduce the speed of
DNA. In addition, decreasing the nanopore size’*> and using
HfO,*" as the nanopore material were shown to be effective
methods for decelerating DNA translocation through nano-
pores. Furthermore, placing an obstacle, such as silica beads,*’
a nanofiber mesh,”** a polymer gel,*” or a self-assembled
polyethylene-oxide film*' on the nanopore membrane also
slowed the speed of DNA. In addition to the above approaches
of developing solutions and nanopore membrane structures,
the direct control of DNA motion was also studied. For
instance, optical tweezers,42 magnetic tweezers,43 or piezo
actuators™"* were used to directly control the motion of DNA
in nanopores.

Studies on the speed of DNA passing through a nanopore
were also conducted with biological nanopores. Recently,
Wang et al. reported that the speed of DNA was reduced by
modifying the inner wall surface of an aerolysin nanopore.*’
Their report suggested that amino groups on the inner wall
surface had a significant influence on the speed of DNA.
Inspired by this report, in this study, we examined ssDNA
(poly(dT)4) translocation through a SiN nanopore in an
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aqueous solution containing (NH,),SO,. As a result, the
translocation speed of poly(dT )y, was found to be slower than
that in an aqueous solution that did not contain (NH,),SO,.
Similarly, the translocation speed of a DNA monomer (dCTP)
was also found to be significantly slowed in an aqueous
solution containing (NH,),SO,. Furthermore, we measured
the ionic current blockades when the four types of dNTPs
passed through the same nanopore and found that the four
dNTPs could be statistically identified according to their
current blockade values.

2. EXPERIMENTAL DETAILS

The membrane chip used for nanopore measurements is
illustrated in Figure la. A S nm-thick SiIN membrane was

(a) (b) v
trans side aqueous |—®—
150 nm solution trans cis
SiN T 100 nm chamber champer
Poly-Si[ |\ T 150 nm  AG/AgC
SiN 5nm (L:1.4cm [a
650 nm ¢: 1.2 mm) n
Si-sub. 725 um
; 5m
70 um acrylic
= ! = Y J#:0.5mm) \
1038 um
cis side membrane chip  gasket

Figure 1. (a) Cross-sectional schematic of a membrane chip
fabricated using the poly-Si sacrificial layer process. (b) Schematic
illustration of the nanopore measurement setup.

fabricated by using the poly-Si sacrificial layer process, the
details of which are described elsewhere.””*® Before the
measurements, the chip was cleaned and hydrophilized with
piranha solution (H,0,:H,SO, = 1:3) for 3 min and assembled
into an acrylic flow cell (Figure 1b). The flow cell had two
chambers (each with a volume of 90 uL) separated by the
membrane: a cis chamber and a trans chamber. Each chamber
was filled with electrolyte solution. In this study, two types of

solutions were used: an aqueous solution consisting of 1 M
KCl and 10 mM Tris—HCI at pH 7.5 and another aqueous
solution consisting of 0.5 M KCl, 0.5 M (NH,),SO,, and 10
mM Tris—HCI at pH 7.5. After filling the aqueous solution
into both chambers, two Ag/AgCl electrodes were immersed
in both solutions to ensure electrical contact. We did not use a
(NH,),SO, aqueous solution without KCI because it does not
conduct current with Ag/AgCl electrodes.

A nanopore was fabricated in the membrane by using
multilevel pulse-voltage injection (MPVI)* with a 4156B
Precision Semiconductor Analyzer (Agilent Technologies, Inc.,
Santa Clara, CA, USA) and a 41501B SMU and Pulse
Generator Expander (Agilent Technologies, Inc., Santa Clara,
CA, USA). The pulse voltage for nanopore generation was set
at 5—6 V with a duration of 1 ms—1 s. The duration of the ny,
voltage pulse (t,,) was set as

t, = 10730 D/N _ g3+ 0=D/N (o) for > 2

t,=10"[s] forn =1 (1)

where N was set at 12. The generated nanopores were widened
to the desired size by applying additional voltage pulses, which
were approximately half the magnitude of the first voltage
pulses used for nanopore generation.

The diameters of the fabricated nanopores were estimated
from the open pore current (I,) using the following equation:

dhg 1 )_‘

+ —

I, = Va( )
nd d

)

where V is the applied voltage, h. is the effective height of the
nanopore, d is the diameter of the nanopore, and o is the
measured conductance of the solutions: 6 = 0.1028 S/cm for
the 1 M KCI buffer solution at 23 °C, and ¢ = 0.116 S/cm for
the 0.5 M KCI + 0.5 M (NH,),SO, buffer solution at 23 °C.
According to several previous reports,’”*”*" h can be
approximately estimated as one-third of the actual thickness
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Figure 2. Ionic current blockades at 0.1 V when poly(dT)4, passed through nanopores. Each data set includes a time trace of the ionic current, a
kernel density scatter plot of the ionic current blockade values (AI) and dwell times (At), and histograms of At and AL The histograms were fitted
with Gaussian functions, and their central values were determined to be At and Al. (a) Data set of ionic current blockades when the nanopore
formation and current blockade measurement were performed in a 1 M KCl aqueous solution. (b) Data set of ionic current blockades when the
nanopore formation and current blockade measurement were performed in a 0.5 M KCl + 0.5 M (NH,),SO, aqueous solution. *Note that the
statics that rely on many events with a At of less than 0.5 ms are less reliable because the current was low-pass filtered with a cutoff frequency of 2
kHz. Especially, the data in (a) is derived from many events with a At of less than 0.5 ms, and the values of At; and Al with asterisks in (a) are

less accurate than the others.
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of the SiN membrane. However, our previous study’' showed
that h.; does not vary much from the actual membrane
thickness when the actual membrane thickness is less than 6
nm. Therefore, in this study, h. was set as the actual
membrane thickness (i.e., S nm).

After the nanopore was fabricated, the aqueous solution in
the cis chamber was displaced with the 1 M KCI or 0.5 M KCI
+ 05 M (NH,),SO, buffer solution containing S nM
poly(dT)e (Integrated DNA Technologies, Inc.) or 100 uM
dNTPs (Thermo Fisher Scientific Inc.). Then, the ionic
current through the nanopore was measured using a patch-
clamp amplifier (Axopatch 200B, Axon Instruments, Union
City, CA). The detected current was low-pass filtered with a
cutoft frequency of 2 kHz using a four-pole Bessel filter and
then digitized with an NI USB-6281 18-bit DAQ AD converter
(National Instruments, Austin, TX) at SO kHz. Finally, the
current was recorded on the hard disk of a personal computer.
All the measurements described above were performed at
room temperature.

3. RESULTS AND DISCUSSION

Figure 2 presents the data set of ionic current blockades when
poly(dT)e, passed through the nanopores. The voltage applied
was 0.1 V. Figure 2a shows the data when the nanopore
formation and current blockade measurement were performed
in the 1 M KCI aqueous solution. Figure 2b shows the data
when the nanopore formation and current blockade measure-
ment were performed in the 0.5 M KCl + 0.5 M (NH,),SO,
aqueous solution. The time trace of the ionic current, the
scatter plot of the ionic current blockade values (AI) and dwell
times (At), and the histograms of AI and At are shown in each
figure. The sizes of the two types of nanopores used in the two
experiments were almost the same: the nanopore diameters
estimated from eq 2 were 1.92 nm (used to collect the
experimental data shown in Figure 2a) and 1.97 nm (used to
collect the experimental data shown in Figure 2b).

The time traces of the ionic currents in both figures
indicated clear ionic current blockades regardless of whether
(NH,),SO, was present in the KCl aqueous solution.
Regarding the dwell time, longer dwell time events were
observed when (NH,),SO, was present in the KCl aqueous
solution (refer to the scatter plot and At histogram in each
figure). The histograms of At and AI were fitted with Gaussian
functions, and their central values were determined as At and
Al.. At; with (NH,),SO, and At without (NH,),SO, were
0.811 and 0.297 ms, respectively. Goto et al. reported that
some types of cations generated by salt dissolution were
adsorbed onto silanol groups on the wall of a SiN nanopore,
and the dwell time of DNA passing through the nanopore was
increased by the interactions between the adsorbed cations and
DNA.> Therefore, one possible reason for this longer At with
(NH,),SO, could be the interactions between poly(dT)y, and
NH,", which was adsorbed on the silanol groups of the
nanopore wall surface. Regarding the current blockade values,
Al; with (NH,),SO, (=0.516 nA) was approximately 1.2
times larger than Al without (NH,),SO, (=0.430 nA). One
of the reasons for this difference could be the difference in
conductance between the aqueous solutions: the ratio of 6(0.5
M KCl + 0.5 M (NH,),SO,) = 0.116 S/cm to (1 M KCI) =
0.1028 S/cm was 1.13.

To confirm the reproducibility of the dwell time
prolongation of poly(dT)s passing through nanopores, the
same experiment was performed multiple times with different-

sized nanopores. The dependence of Af- on the nanopore
diameter is shown in Figure 3. Eight data points were obtained
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Figure 3. Dependence of Af: on the nanopore diameter when
poly(dT)s, passed through nanopores at 0.1 V. Eight different
nanopores were used for the measurement. The blue symbols
represent the data measured using a 0.5 M KCl + 0.5 M (NH,),SO,
aqueous solution. The red symbols represent the data measured using
a 1 M KCl aqueous solution.

from measurements using eight different nanopores with
diameters of 1.68—1.97 nm. The scatter plot and histograms of
At and AI for each data point are shown in Figure S1 in the
Supporting Information, except for the data already presented
in Figure 2. The data shown in Figure 3 indicated that all At
values with (NH,),SO, were greater than those without
(NH,),SO, regardless of the nanopore diameter. The mean
values of At. with (NH,),SO, and At. without (NH,),SO,
were 2.3 and 0.4 ms, respectively: the mean value of Af; with
(NH,),SO, was approximately 5.8 times larger than that
without (NH,),SO,. The figure also confirms that there was
no significant correlation between the nanopore diameter and
the dwell time in the diameter range of 1.68 to 1.97 nm. Only
the dependence of the dwell time on the type of the aqueous
solutions used (KCl aq or KCI + (NH,),SO, aq) was clearly
confirmed. As mentioned above, we believe that the surface
state of the nanopore wall changed depending on the type of
aqueous solutions used. If the interaction between poly(dT)4,
and the nanopore wall surface was a major factor in
determining the dwell time, the dwell time would not change
significantly even if the pore size somewhat changed (ie.,
within 1.68 to 1.97 nm). This is thought to be because the
structure of poly(dT ) is not straight but winding in aqueous
solution, which enabled poly(dT)4, to contact and interact
with the nanopore wall surface even if the pore size increased
to some extent. Needless to say, the dwell time is expected to
be shorter if the pore diameter is much larger than 1.97 nm.
Conversely, the dwell time is expected to be longer if the pore
diameter is smaller than 1.67 nm and approaches the size
where poly(dT)4, can barely pass through.

Incidentally, we selected (NH,),SO, instead of NH,Cl for
our measurements because the conductance of the (NH,),SO,
aqueous solution is higher than that of the NH,Cl aqueous
solution. (The measured conductance of each solution was ¢(1
M (NH,),S0,) = 0.126 S/cm and (1 M NH,CI) = 0.104 S/
cm.) An aqueous solution with a higher conductance is suitable
for nanopore sensing because the amplitude of the current
blockade increases, leading to a higher signal-to-noise ratio.
However, as it stood, it was not possible to clearly determine
whether the dwell time prolongation effect was caused by
NH," or SO,*". To clarify this, we will conduct experiments
using an NH,Cl aqueous solution in future research.

The remainder of the study focused on dNTP translocation
through nanopores. Figure 4 presents the data set of ionic
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Figure 4. Ionic current blockades at 0.2 V when dCTP passed through nanopores. Each data set includes a time trace of the ionic current, a kernel
density scatter plot of the ionic current blockade values (AI) and dwell times (At), and histograms of At and AL The histograms were fitted with
Gaussian functions, and their central values were determined to be At. and Al. (a) Data set when the nanopore formation and current blockade
measurement were performed in a 0.5 M KCI + 0.5 M (NH,),SO, aqueous solution. (b) Data set when the nanopore formation was performed in a
0.5 M KCl + 0.5 M (NH,),SO, aqueous solution and the current blockade measurement was performed in a 1 M KCl aqueous solution. (c) Data
set when the nanopore formation was performed in a 1 M KCl aqueous solution and the current blockade measurement was performed in a 0.5 M
KCl + 0.5 M (NH,),SO, aqueous solution. (d) Data set when the nanopore formation and current blockade measurement were performed in a 1
M KCl aqueous solution. *Note that the statics that rely on many events with At of less than 0.5 ms are less reliable because the current was low-
pass filtered with a cutoff frequency of 2 kHz. Especially, the data in (c) and (d) are derived from many events with Af of less than 0.5 ms, and the
values of At and Al with asterisks in (c) and (d) are less accurate than the others.

current blockades when dCTPs passed through the nanopores.
The voltage applied was 0.2 V. Figure 4a shows the data when
the nanopore formation and current blockade measurement
were performed in the 0.5 M KCl + 0.5 M (NH,),SO,
aqueous solution. Figure 4b shows the data when the nanopore
formation was performed in the 0.5 M KCl + 0.5 M
(NH,),SO, aqueous solution and the current blockade
measurement was performed in the 1 M KCl aqueous solution.
Figure 4c shows the data when the nanopore formation was
performed in the 1 M KCI aqueous solution and the current
blockade measurement was performed in the 0.5 M KCI + 0.5
M (NH,),SO, aqueous solution. Figure 4d shows the data
when the nanopore formation and current blockade measure-
ment were performed in the 1 M KCl aqueous solution. Each
figure shows the time trace of the ionic current, the scatter plot
of AI and At, and the histograms of AI and At. The nanopore
diameters used in each experiment were estimated to be 1.06
(Figure 4a), 1.32 (Figure 4b), 0.95 (Figure 4c), and 1.37 nm
(Figure 4d).

A greater number of events with longer dwell times were
observed when the nanopore formation was performed in the
aqueous solution containing (NH,),SO, than in the aqueous

21288

solution without (NH,),SO,: the Atc shown in Figure 4a,b
was approximately 5—20 times larger than the Af: shown in
Figure 4c,d.

Goto and Matsui et al. reported that some types of cations
present in an aqueous solution during nanopore formation by
dielectric breakdown were well absorbed on the wall of a SiN
nanopore; those cations remained adsorbed even after
displacement of the aqueous solution.”>>” In addition, as
noted above, the dwell time of DNA passing through
nanopores was increased by the interactions between the
adsorbed cations and DNA.*® Considering these reports, it
could be assumed that for the data shown in Figure 4a,b, NH,"
adsorbed on the wall of the nanopore and interacted with
dCTP, prolonging its dwell time. On the other hand, for the
data shown in Figure 4c, the aqueous solution did not contain
NH," during nanopore formation, suggesting that less NH,"
was adsorbed on the wall of the nanopore, and thus the dwell
time of dCTP was not significantly increased. For the data
shown in Figure 4d, there was no NH," in the aqueous
solution during both nanopore formation and current blockade
measurement; thus, the dwell time of dCTP was not prolonged
by NH,". To summarize briefly, the above results suggested

https://doi.org/10.1021/acsomega.3c02703
ACS Omega 2023, 8, 21285-21292


https://pubs.acs.org/doi/10.1021/acsomega.3c02703?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02703?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02703?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02703?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

that NH," was well adsorbed on a nanopore wall especially
when the nanopore was fabricated by dielectric breakdown,
and the adsorbed NH," interacted with DNA to lengthen the
dwell time.

Regarding the ionic current blockade, more events with
smaller AI were observed for the data shown in Figure 4c,d
than for the data shown in Figure 4a,b. This could be because
our nanopores and sampling conditions were not sufficient to
adequately measure the current blockade events of short
durations without attenuations. In this study, the detected
currents were filtered with a relatively low cutoff frequency (2
kHz). This is because the nanopore membranes used in this
study had a high capacitance. (A poly-Si layer is not an
insulator and does not contribute to the capacitance
reduction.) Therefore, the noise in the current was large
when the current was measured using a filter with a high cutoff
frequency, and it was difficult to pick out the small amplitude
current blockade signals while distinguishing them from the
noise. Figure S2 shows the comparisons of the time traces of
ionic current blockades which were low-pass filtered with
cutoff frequencies of 2 and 10 kHz. The figures confirmed that
small amplitude signals were difficult to be picked out from the
noise when a low pass filter with a cutoft frequency of 10 kHz
was used. Especially, regarding the data for dATP (discussed
later in Figure S), there were almost no blockade signal visible
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Figure S. Ionic current blockades at 0.2 V when the four types of
dNTPs passed through the same nanopore. (a) Time trace of the
ionic current when each dNTP passed through the nanopores. (b)
Scatter plot of the ionic current blockade values (AI) and dwell times
(At) for each ANTP translocation. (c) Normalized histogram of ionic
current blockade values for each dNTP translocation. (d) Histograms
of dwell times for each dNTP translocation.

at a cutoff frequency of 10 kHz. On the other hand, current
blockade signals were clearly visible with a 2 kHz low pass
filter. Consequently, we choose a 2 kHz low pass filter.
However, the short current blockades with dwell times of less
than 0.5 ms cannot be measured accurately at a cutoff
frequency of 2 kHz. To measure both shorter and smaller
signals accurately, it is necessary to measure the current using a
low capacitance nanopore and a filter with a high cutoff
frequency, which will be applied in a future work.

A comparison of the present study with previous literature
examining the dwell time prolongation depending on the type
of salt (electrolyte) is shown in Table 1. The dwell time ratio
(tp/tp(KCl)) indicates how much longer the dwell time was
compared to the case when KCI was used as an electrolyte.
The dwell time prolongations by using LiCl and NaCl** were
thought to be caused by the binding of Li* and Na* to DNA
more strongly than K*, which promoted neutralization of the
DNA charge and weakened its electrophoretic mobility. The
prolongations of the dwell times by using KGlu and NaGlu
(using glutamate instead of chloride)®® were attributed to the
increase in viscosity of the solutions. The dwell time
prolongations by using CaCl,* and (NH,),SO, (this work)
were attributed to the interaction between the cation (i.e., Ca>*
or NH,") adsorbed on the nanopore wall surface and DNA.

Figure S presents the data set of ionic current blockades
when the four types of dNTPs passed through the same
nanopore in the 0.5 M KCI + 0.5 M (NH,),SO, aqueous
solution. (The nanopore used in this experiment was the same
nanopore used to collect the experimental data shown in
Figure 4a). Between each measurement, the nanopore was
washed with 0.5 M KCl + 0.5 M (NH,),SO, aqueous solution
without dNTPs. Figure Sa shows the time trace of ionic
current through the nanopore for each measurement. Clear
ionic current blockades generated by the four types of dNTPs
were observed. Figure Sb—d shows the scatter plot and
histograms for each measurement. The kernel density scatter
plot for the measurement of each dNTP is shown in Figure S3
in the Supporting Information.

The histogram of ionic current blockade values (Figure Sc)
indicated that the four types of ANTPs could be statistically
identified according to their blockade currents. The order and
magnitude of Al was AI;(dATP) = 38.4 pA < AI-(dGTP) =
67.2 pA < AI.(dTTP) = 89.6 pA < AI.(dCTP) = 202 pA.
The comparison of this result with the previous research
reported by Yang et al.* is presented in Table 2. According to
their report, the order and magnitude of the current blockades
was AI(dCTP) = 110 pA < AI(dTTP) = 144 pA <
AI(dATP) = 146 pA < AI;(dGTP) = 179 pA. The order of
the magnitude of Al was different between the two results. In
addition, the ratios of Al between each dNTPs in this study
were higher than those reported by Yang et al.”® They also
used a SiN nanopore as we did. However, in their experiment,
dNTPs were drawn into nanopores by electroosmotic flow
rather than by electrophoretic force by setting the applied
voltage (Viquns(chamber without DNA) — V(chamber with
DNA)) at a negative value. In addition, they used a 1 M KCl
aqueous solution without (NH,),SO,. On the other hand, in
our experiment, dNTPs were drawn into nanopores by
electrophoretic force by setting the applied voltage at a
positive value in the 0.5 M KCl + 0.5 M (NH,),SO, aqueous
solution. These differences might be the reasons for the
differences in the order and magnitude of the current
blockades: their experiment and ours differed in terms of the
density, distribution, and types of ions in the nanopore during
each ANTP translocation.

As for the dwell time, the order of the dwell time of each
dNTP was At;(dGTP) = 0.76 ms < At;(dATP) = 3.33 ms <
Ato(dTTP) = 4.93 ms < Atc(dCTP) = 11.9 ms (Figure 5d).
The reason for the difference in the dwell time of each ANTP
could be the differences in the interaction forces between each
dNTP and NH," adsorbed on the silanol groups of the
nanopore wall surface: the dwell time was thought to become
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Table 1. Dwell Time Prolongation when Using Salts Other than KCI?

nanopore diameter

reference type of salt SiN membrane thickness (nm) (nm) DNA dwell time ratio (¢,/t(KCl))
Kowalczyk et al>>  LiCl 20 15-20 ds(48.5 kbp), ss(7249 b) 5-10
Kowalczyk et al.*>  NaCl 20 15-20 ds(48.5 kbp), ss(7249 b) 1.5-2
Dlesa et al.** KGlu 20 10-20 ds(20.7 kbp) 3-6
Plesa et al.>* NaGlu 20 10-20 ds(20.7 kbp) 10-11
Goto et al.”® CaCl, 5 0.8—1.3 ssDNA(82 b) 10-100
this work (NH,),S0, + KCl S 1.68—1.97 ss(60 b) 3-10 (ave. S.8)
this work (NH,),S0, + KCl 5 0.95—1.37 dcTP 5-20

“The dwell time ratio (t,/tp(KCl)) indicates how many times the dwell time increased compared to that when using KCl as an electrolyte. ds:
double stranded, ss: single stranded.

Table 2. Ionic Current Blockade when each NTP Passed through a Nanopore”

SiN nanopore thickness/diameter  applied voltage driving force for AIC(dCTP) AIC(dTTP) AIC(dATP) AIC(dGTP)
reference (nm) (mV) DNA (pA) (pA) (pA) (pA)
Yang et al*® 10/1.8 —-500 electroosmotic 110 144 146 179
force
this work 5/1.06 200 electrophoretic 202 89.6 384 67.2
force

“The applied voltage is determined as V,,,(chamber without DNA) — V(chamber with DNA).

longer as the interaction force between each ANTP and NH,"
became stronger.

The dwell times of dTTP and poly(dT)s were not
significantly different. (The At of poly(dT)s was approx-
imately 1—S5 ms, as shown in Figure 3.) One possible reason
for this is considered as follows. Poly(dT)4, has more areas
that can interact with the nanopore wall surface than dTTP
because of its longer length compared to dTTP. In addition,
Poly(dT )4, has more negative charges than dTTP. Therefore,
the total adsorption force between Poly(dT)s, and the
nanopore wall surface was thought to be larger than that
between dTTP and the nanopore wall surface due to the long
length of Poly(dT)¢, compared to dTTP. On the other hand,
the total force that poly(dT)e, received from the electric field
(i.e., electrophoretic force which drives DNA) was also larger
than that dTTP received because Poly(dT)s has more
negative charges than dTTP. As a result, the net forces on
poly(dT)¢ and dTTP were thought to be not so different,
leading to the similar dwell times.

4. CONCLUSIONS

We investigated the ionic current blockades when poly(dT ),
or dNTPs passed through nanopores in an aqueous solution
containing (NH,),SO,. Regarding the dwell time of poly-
(dT)g, the mean value of At: measured in a 0.5 M KCI + 0.5
M (NH,),SO, aqueous solution was significantly larger than
that measured in a 1 M KCI aqueous solution without
(NH,),SO,. This dwell time prolongation effect due to the
aqueous solution containing (NH,),SO, was also observed
when dCTP passed through the nanopores.

In addition, when the nanopores were fabricated in an
aqueous solution containing (NH,),SO,, the dwell time
prolongation effect for dCTP still occurred even after the
aqueous solution was displaced with the aqueous solution
without (NH,),SO,. This result suggested one possible model
for explaining the dwell time prolongation effect: NH," present
in the aqueous solution during nanopore formation by
dielectric breakdown was well absorbed on the nanopore
surface, and NH," remained adsorbed even after displacement

of the aqueous solution and interacted with dCTP to prolong
its dwell time.

Furthermore, the ionic current blockades when the four
types of dNTPs passed through the same nanopore were
measured. The AI. values for each dANTP were clearly
separated, and the four types of ANTPs could be statistically
identified according to their current blockade values.

In summary, the utilization of an aqueous solution
containing (NH,),SO, for SSN measurements prolonged the
dwell time of DNA passing through nanopores and enabled the
statistical identification of single nucleotides. Therefore, we
believe that an aqueous solution containing (NH,),SO, could
be a promising solution for the realization of DNA sequencing
with SSNs.
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