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ABSTRACT In the last two decades, new techniques that monitor ionic current modulations

as single molecules pass through a nanoscale pore have enabled numerous single-molecule

studies. While biological nanopores have recently shown the ability to resolve single nucleotides
within individual DNA molecules, similar developments with solid-state nanopores have lagged,
due to challenges both in fabricating stable nanopores of similar dimensions as biological
nanopores and in achieving sufficiently low-noise and high-bandwidth recordings. Here we show
that small silicon nitride nanopores (0.8- to 2-nm diameter in 5- to 8-nm-thick membranes) can

resolve differences between ionic current signals produced by short (30 base) ssDNA homo-

polymers (poly(dA), poly(dC), poly(dT)), when combined with measurement electronics that allow

a signal-to-noise ratio of better than 10 to be achieved at 1-MHz bandwidth. While identifying intramolecular DNA sequences with silicon nitride nanopores

will require further improvements in nanopore sensitivity and noise levels, homopolymer differentiation represents an important milestone in the

development of solid-state nanopores.
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anopores are a unique and powerful

tool for a variety of single-molecule

studies,’'® including detection of
miRNAs,'* discrimination between classes
of nucleic acids,'*"” detection of DNA bind-
ing,'® measurement of molecular forces,'”'®
and detection of anthrax toxin.'® One of the
highest profile potential applications of
nanopores is in the field of DNA sequencing.'®
Nanopores hold the potential to sequence
DNA faster and cheaper than current indus-
trial standards.'>'® Although biological
nanopore experiments have resolved many
details of DNA and RNA structure,'®'3?° the
remaining challenges for both biological
and solid-state nanopore-based sequen-
cing are in spatial and temporal resolution.
To identify random sequences, a nanopore
must have a geometry that is sensitive to
only a few bases at a time,?'*? and it also
must have sufficient temporal resolution to
resolve these bases as they pass through the
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nanopore. Spatial concerns are generally ad-
dressed by reducing the length of the active
detecting region of the nanopore,'*23726
while temporal requirements can be satisfied
either by slowing down the DNA%" 3% or by
speeding up signal acquisition.>” By combin-
ing ion channel proteins that have detect-
ing regions less than 0.5 nm long with
polymerase-based positional control, biolo-
gical nanopores have recently demonstrated
proof-of-principle DNA sequencing.?**® Proof-
of-principle nanopore-based DNA sequencing-
by-synthesis,** based on single-molecule
mass spectroscopy,*®*! has also been de-
monstrated recently. Interest remains high
to translate these successes to solid-state
nanopores that offer the potential for easier
manufacturability. The higher signal levels
of solid-state nanopores may also make se-
quencing possible without enzymatic techni-
ques to slow down translocation. This requires
scaling the nanopores to sizes comparable
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Figure 1. Comparison of the SiN, nanopores presented here to biological nanopores. All images are on the same scale. (a)
Biological nanopore o-hemolysin (aHL), which has a thickness of 5 nm and a diameter of 1.4 nm. (b) Representative
dimensions of a SiN, nanopore presented here. The nanopore shown is 1.2 nm in diameter and has an effective thickness (he¢)
of 1.7 nm in a 5-nm-thick membrane. The single-stranded DNA is shown to scale. (c) Biological nanopore MspA, which has a
thickness of 0.5 nm and a diameter of 1.2 nm.

TABLE 1. Comparison of Physical Properties and Experimental Results between the SiN, Nanopores Presented Here and
Published Results for Two of the Most Commonly Used Biological Nanopores: o-Hemolysin and MspA“

a-hemolysin (ot HL) MspA silicon nitride (SiN,)
constriction width (nm) 1477 12%° 12 (£10% or 0.5 nm)
constriction height (nm) 551 06°° 5—8 (43)
conductance (nS) 1213 1.8% 3-14
signal amplitude (A/) (nA) 0.1—0.105> 0.15—0.26%53 1-5
typical operating voltage (mV) 120 180 up to 1000
signal conductance (A)/V (nS) 0.83—0.88 0.83—14 1-5
percent of pore blocked (%) 83—952 488722663 30—80
difference in signal between nucleotides (pA) 5152 6—11%3 200—900

“ We estimate 10% error in SiN, nanopore diameters from TEM images due to measurement error. For nanopores that were not imaged to avoid damaging them, we estimate
our error in nanopore diameter to be larger, 0.5 nm, due to the TEM user's reading error. Error in nanopore diameter may also come from a cleaning step in piranha solution
that may slightly change the nanopore size prior to ionic measurements. For the smallest SiN, nanopores, we find that the open-pore ionic current is the best measure of their
effective size. Because of similar sizes but larger operating voltages in SiN, nanopores, the signal amplitude is about 10 times larger and the signal conductance is up to 6 times

larger than in biological nanopores. All comparisons are made for 1 M KCl.

to biological nanopores, while significantly improving
detection electronics. For solid-state nanopores, pre-
vious work with sub-2-nm-diameter nanopores has
been largely limited to SiN, membranes with thick-
nesses > 10 nm.*?~* Only a few biomolecule translo-
cation experiments have been reported on SiN,
membranes with thicknesses < 10 nm,'****” but no
solid-state nanopores have been reported that com-
bine ultrathin membranes with nanopore diameters
smaller than 2 nm.

In this paper, we measure ionic current signals
through 0.8- to 2-nm-diameter nanopores in 5- to
8-nm-thick silicon nitride (SiN,) membranes. ssDNA
translocations through nanopores of these dimensions
transiently reduce the ionic conductance by up to
70—90%, similar to results from biological nanopores.?
The reduced thickness of these nanopores leads to
higher ionic conductances, increased bias current,’
and a reduction in the number of DNA bases present in
the nanopore constriction to approximately 15 bases
for a 5-nm-thick membrane (see Figure 1b). By combin-
ing these nanopores with thermoelectric temperature
regulation'**® and a low-noise amplifier that supports
signal bandwidths as high as 1 MHz, we demonstrate
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the ability to differentiate between homopolymer
sequences of ssDNA as short as 30 bases with solid-
state nanopores.

Since biological nanopores have been used to dif-
ferentiate individual DNA bases within a specific DNA
sequence or as part of homopolymers,%22294849
it is reasonable to expect that SiN, nanopores of
similar dimensions may produce comparable results.
Figure 1a—c show an illustrated cross-section of a 1.2-nm-
diameter nanopore in a 5-nm-thick SiN, membrane
(Figure 1b), alongside cross sections of a-hemolysin
(Figure 1a) and MspA (Figure 1c) proteins.’>>" All
three are comparable in size, with small differences in
diameter and thickness, as detailed in Table 1. The
diameters of the solid-state nanopores presented here
are comparable to both a-hemolysin (1.4 nm) and
MspA (1.2 nm), while the thickness is comparable to
o-hemolysin (5 nm) but thicker than MspA (0.5 nm).

The geometry of nanopores in solid-state mem-
branes drilled using a transmission electron micro-
scope (TEM) is governed by the interplay between
surface tension of the molten SiN, and its ablation
kinetics.>? This geometry can be modified by tuning the
electron beam fabrication process.>>~>* On the basis of
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Figure 2. Device fabrication, characterization, and measurement integration. (a) Schematic of the stacked silicon chips used to
fabricate nanopores. A silicon chip 500 um thick is covered with 5 um of silicon dioxide; 85 nm of SiN, is then deposited. The chips
are etched to create a suspended SiN, window. The window is locally thinned, and a nanopore is drilled in it. The nanopore's height
and diameter are defined as shown in the inset. (b) TEM image of a nanopore drilled in a 5-nm-thick membrane. The nanopore's
diameter is measured from the image to be 1.4 nm. (c) STEM mass contrast image of the thinned region of a membrane
with a nanopore in it. The red line is integrated over to give a profile of the thinned region (d). The mass contrast data are scaled
by the known thickness of the original membrane to give the thickness of the thinned region. (e) Experimental design.
The membrane is positioned to separate two chambers of 1 M KCl solution. A bias is applied between the chambers, up to 1V, and
the ionic conductance is monitored. As DNA passes through the nanopore, it blocks a considerable fraction of the nanopore

volume.

TEM imaging, ion conductance measurements,>® and
annular dark field scanning TEM (ADF-STEM) studies,'*
SiN, nanopore shapes are known to deviate from a
perfect cylinder. Electron tomography shows that
7-nm-diameter SiN, nanopores in 50-nm-thick mem-
branes have a truncated double-cone or “hourglass”
structure.”® Nevertheless, a simplified geometric model
using an equivalent cylinder of reduced effective thick-
ness (hef) is sufficient to quantitatively explain the open
and blocked current values measured during DNA
translocations.'**® By fitting both the ionic open-pore
and blocked-pore current data for many same-diameter
nanopores with differing membrane thicknesses, hes
is estimated to be one-third of the actual membrane
thickness (h).'* This implies that TEM-drilled nanopores
in 5-nm-thick SiN, membranes have hes ~ 1.7 nm.
To make a SiN, effective constriction as thin as
the constriction in MspA, a nanopore would need
to be drilled through a 1.5-nm-thick SiN, membrane,
giving heg &~ 0.5 nm, which roughly spans four DNA
bases.??

RESULTS AND DISCUSSION

Figure 2a shows the details of the solid-state nano-
pore design employed in these studies. Our fabrication
begins with 10- to 20-um-square suspended windows
of 85-nm-thick low-stress SiN,. In order to reduce the
nanopore resistance and increase the nanopore sensi-
tivity, we previously developed a method to obtain
sub-10-nm-thick SiN, membranes' (see Supporting
Information for details). A small region (~200 x
200 nm?) of a freestanding SiN, membrane is thinned
from 85 nm down to the desired thickness. The mass
contrast image of one thinned square is shown in
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Figure 2¢; the average line intensity profile (in red)
gives the mass—thickness contrast shown in Figure 2d.
Nanopores are drilled in these thinned membranes
on a JEOL 2010F TEM>2 set at an accelerating voltage of
200 kV. Figure 2b shows an image of a typical nanopore
drilled in TEM mode in a 5-nm-thick membrane (see
the Supporting Information for additional discussion
and Figure S2 for additional nanopore images). We
estimate a 10% error in determining the nanopore
diameter from these images; this error takes into
account the fact that the shape of the nanopores is
more precisely described as an ellipse, rather than a
circle (the reported diameter is the average of the
major and minor diameters). Most nanopores pre-
sented here are not imaged in order to avoid altering
the nanopore size with further electron beam ex-
posure.®® Instead, we rely on guides on the TEM
phosphor screen and calculations from the open-pore
conductance®® to determine the nanopore diameter.
The ionic conductance has the advantage of incorpor-
ating any size changes that may occur during cleaning
procedures prior to measurement. We estimate the
error in the calculated diameters for the nanopores
that were notimaged to be £0.5 nm. Figure 2e shows a
schematic of the experimental setup for these studies.
In our experiments, we have translocated short
ssDNA molecules from 30 to 180 bases long. Figure 3a,b
show the resulting ionic currents through the nano-
pore for poly(dA)so, molecules translocating through a
2-nm-diameter nanopore in a 5-nm-thick membrane atan
applied bias of 1 V with data filtered to a 1-MHz band-
width. Observed events can be coarsely classified into two
groups. We observe shallow events with blocked currents
close to the open-pore current, which we attribute to
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Figure 3. Characterization of noise in the SiN, nanopores and the experimental setup using two amplifiers. (a) Raw current vs
time trace for 50-mer ssDNA translocating through a 2-nm-diameter nanopore in a 5-nm-thick membrane with an applied
bias of 1V.The trace is digitally low-pass-filtered to B =1 MHz. (b) Zoomed-in events from the trace in (a). Events have minimal
attenuation and high signal-to-noise ratios. (c) Current vs voltage trace for a 2-nm-diameter nanopore in an 8-nm-thick

membrane. The slope of this curve yields a conductance of

9.9 nS. (d) Input-referred noise power spectral density for a

nanopore measured with an Axopatch 200B (red trace) and a nanopore measured with a Chimera VC100 (black trace). See

Figure S4 in the Supporting Information for additional noise
both amplifiers, as a function of signal bandwidth.

DNA deflection events, which have been observed under
similar measurement conditions.>” The remaining deeper
events correspond to DNA translocations (Figure 3b).%

The open-pore current in our measurements typi-
cally drifts by ~3%, as seen in Figure 3a. Open-pore
ionic conductances (Figure 3¢) range from 3 to 14 nS
for nanopores with diameters between 0.8 and 2 nm
and membrane thicknesses between 5 and 8 nm,
matching theoretical predictions.'**>*> We did not
observe translocation events in pores smaller than
0.9 nm (see Supporting Information).

To support a 1-MHz signal bandwidth, experiments
are performed with a VC100 low-noise voltage-clamp
amplifier (Chimera Instruments, New York, NY, USA).
Direct comparison of the noise power spectral densi-
ties of measurements with these electronics and the
more conventional Axopatch 200B is possible below
100 kHz, as shown in Figure 3d, although there is
variance between experiments (see Figure S4 in the
Supporting Information). Our traces typically exhibit an
input-referred noise of 520 pA,ns at the full bandwidth
of 1 MHz and accordingly less noise at lower band-
widths (see Figure 3d inset). When data are filtered to
100 kHz, a bandwidth closer to many published nanopore
recordings,*'®"" the noise is 24 pAms. The primary source
of noise at these frequencies is the interaction between
the amplifier's voltage noise and the capacitance of the
solid-state membrane chip, which we estimate to be 50 pF.

For comparisons of ionic currents from different
homopolymers, we use short, 30-base ssDNA composed
of homopolymers of either adenine (poly(dA)s,), thymine
(poly(dT)sp), or cytosine (poly(dC)so) (Integrated DNA
Technologies). Guanine is not included in these experi-
ments due to G-tetrad formation in homopolymers lon-
ger than four bases. Longer ssDNA has previously been
measured in solid-state nanopores, but observed differ-
ences in ionic currents have been attributed to secondary
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spectra. Inset: Calculated root-mean-square current noise for

structure in the molecules (ie, base stacking).® While
ssDNA has a short persistence length (~0.3 nm)>® and will
coil at shorter lengths than dsDNA, the small diameters of
the nanopores prevent the passage of folded ssDNA. In
addition, the force on the DNA corresponding to the
applied bias (1000 mV) is sufficient to overcome both
the entropic and enthalpic barriers from any secondary
structure in the homopolymers.®” A 1 uL amount of
100 uM solution of one homopolymer is added to the
chamber at the lower potential to yield a final con-
centration of 2 uM. After adding the nucleotides,
transient current reductions appear in the ionic-current
trace. Between each homopolymer experiment, the
nanopore is rinsed thoroughly with deionized water,
and a baseline current trace is recorded for five min-
utes to ensure that no blockades are seen before the
next homopolymer is measured.

Figure 4a shows concatenated current blockades
for each homopolymer, poly(dA)s,, poly(dC)se, and poly-
(dT)30, from a 1.4-nm-diameter nanopore in a 5-nm-
thick membrane taken at a 1V applied bias at a signal
bandwidth of 500 kHz (at which a signal-to-noise ratio
of better than 10 is achieved). The events are identified
using a threshold of 3 nA below the open-pore current
(green line in Figure 4), which excludes shallower
collision events. Figure 4a shows many short, ssDNA
translocation events densely packed in time, such
that each event in this figure appears as a narrow spike
(@ magnified view of these events for each homopoly-
mer is shown in Figure 4e—g). The current histograms
determined from these data for each homopolymer
are shown in Figure 4b—d. Using more than 700 events
for each homopolymer, poly(dA)s;o gives a mean event
depth of (Ala) = 5.1 & 04 nA, poly(dC)z, gives a mean
event depth of (Alc) =4.2 + 0.1 nA, and poly(dT)s, gives a
mean event depth of (Aly) = 4.8 + 0.2 nA. The mean and
error (standard deviation) values for event depth are
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Figure 4. Results for poly(dA)s,, poly(dC)sq, and poly(dT)s,. (a) Concatenated events from each homopolymer. The green line
is the threshold for defining events. (b) Normalized histogram of event depths for poly(dA)sz,. The mean value is 5.1 & 0.4 nA.
(c) Normalized histogram of event depths for poly(dC)s,. The mean value is 4.2 £ 0.1 nA. (d) Normalized histogram of event
depths for poly(dT)zo. The mean value is 4.8 + 0.2 nA. Mean values and errors are calculated from Gaussian fits to the
histograms. Insets in (b)—(d) are diagrams of the base corresponding to the histogram. (e—g) Sample events from the data set
shown in (a). The left trace (blue) shows events from poly(dA);,, the middle trace (red) shows events from poly(dC)so, and the
right trace (black) shows events from poly(dT)s,. These data are low-pass filtered to a bandwidth of 500 kHz.

calculated from Gaussian fits to the histograms. Welch's
t test is performed for the difference between the mean
depths for each pair of homopolymers, and the p-value is
found to be less than 0.0001 in all three cases, indicating
that while the distributions overlap, the difference be-
tween the means has strong statistical significance.

We find the ratios of mean event depths between
homopolymers (e.g., (Ala)/{Alc)) to be constant across
the range of nanopore dimensions considered. In
particular, in three experiments on different nanopores
with nanopore diameters between 1 and 2 nm and
membrane thicknesses between 5 and 8 nm, the ratio
of mean event depths of adenine to cytosine is
(AIpY/{AIc) = 1.25 £ 0.05, and the ratio of mean event
depths of thymine to cytosine is (Alf)AAlcy =1.16 + 0.02.
The current blocked by a homopolymer in the nanopore
is given by (Al) ~ S/h, where S is the cross-sectional area
of the homopolymer and h is the thickness of the nano-
pore. Therefore, the ratio of mean currents for two
homopolymers, e.g., poly(dA)so and poly(dC)s, is then
equal to the ratio of homopolymer cross-sectional
areas, Sp and S¢, and independent of nanopore thick-
ness, (Alp)/{Alcy = Sa/Sc. In contrast, other measure-
ments, such as the mean current difference (e.g.,
(Alpy — {Alc) ~ (Sa — So)/h), vary for different nano-
pores. It is promising that homopolymer differentiation
was achieved using a range of nanopore diameters
and membrane thicknesses, as this suggests that
some geometric variability in solid-state nanopores
may be tolerable in future nanopore DNA sequen-
cing systems.

Since all three homopolymers have the same length
(~10 nm), we would expect them to produce similar
blockade durations unless they have different interac-
tions with the nanopore surfaces. Event durations for
data in Figure 4 range from 4 to 200 us, with character-
istic durations of 18 us for poly(dA)so, 33 us for
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poly(dC)so, and 22 us for poly(dT)se. Histograms of
event durations for these homopolymers exhibit an
exponential form, exp(—t/t) (see Figure S5 in the
Supporting Information),*®*° which has also been
reported for thin SiN, nanopores'**” and graphene
nanopores.?® These time scales correspond to a typical
DNA velocity between 0.6 and 1.1 us per base. The
event durations measured are also of the same order
of magnitude as previous experimental results of
20 us for dsDNA of similar length (25 base pairs).'*
Event duration was not used as a basis for homo-
polymer differentiation.

These results qualitatively agree with a model of
blockade levels that depends predominantly on the
physical size of each base. Adenine, the largest base,
blocks the most ionic current, while the two smaller
bases (cytosine and thymine) block the least ionic
current. The inset of Figure 4b—d shows the atomic
structure of adenine, cytosine, and thymine. Addition-
ally, as observed in Figure 4b—d, the width of the
current distribution for poly(dA)s, is larger than the
width of the current distributions for poly(dC)so and
poly(dT)so. This may be due to the effects of base
orientation; the larger adenine base can have more
conformations, possibly leading to a wider spread of
current blockades compared to cytosine and thymine.
For a range of thin nanopores with 0.9- to 2-nm
diameters, similar blocked currents, 30—80% of the
open-pore current, are observed for various homopo-
lymers (see Figure S6 in the Supporting Information),
and current differences between pairs of homopoly-
mers are similar to those shown in Figure 4b—d.
Further studies should attempt to quantitatively ex-
plain the observed differences in the magnitudes of
blocked currents and optimize parameters to narrow
these distributions. This could be achieved by low-
ering the system noise and performing systematic
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studies of the effects of DNA length, nanopore
dimensions, applied voltage, and salt concentration.
We note that standard deviations in the blockade
histograms (Figure 4b—d) are comparable to the
baseline current noise amplitudes, which suggests
that further reduction of measurement noise may
reduce the overlap of current distributions between
homopolymers.

CONCLUSION

In this work, we fabricated solid-state nanopores
having diameters of approximately 1 to 2 nm in mem-
branes as thin as approximately 5 nm, comparable

METHODS

The SiN, is supported by a 5 x 5 mm? Si chip. Sandwiched
between the Si and the SiN, is a 5-um-thick, thermally
grown SiO; layer, which reduces the membrane capacitance
and electrical noise."*®%%" The nanopore device is cleaned
using hot piranha solution followed by repeated water rinsing.
The nanopore is then assembled in a fluoropolymer cell using a
homemade, quick-cure silicone gasket that divides the cell into
two chambers, containing a salt solution composed of 1 M
KCl + 1 mM EDTA buffered to pH 8 using 10 mM Tris-HCI. Our
fluoropolymer cell accommodates volumes of 10—50 uL and
features temperature regulation using a thermoelectric device
connected to a copper block that houses the cell. Data are
obtained with the copper block cooled to 2 °C. Bias potentials
between 600 mV and 1 V are applied across the nanopore
through Ag/AgCl electrodes, and ionic current is monitored as a
function of time. These high-voltage biases are used to increase
the signal and the resulting signal-to-noise ratio.

Experiments are carried out using the VC100 high-
bandwidth, low-noise voltage-clamp amplifier (Chimera Instru-
ments, New York, NY, USA) to apply a voltage bias and measure
the current through the nanopore. This amplifier extends a
traditional patch-clamp circuit topology®? to support higher
signal bandwidths. While its noise floor is not as low as a fully
integrated design,” the new instrument is largely interchange-
able with an Axopatch 200B (Molecular Devices), and it coexists
easily with the temperature-controlled fluid cell. The amplifier
includes a fourth-order Bessel low-pass filter at 1 MHz, and
signals are digitized at 4—6 MS/s. Acquired data are digitally
low-pass-filtered to the desired signal bandwidth before anal-
ysis in Matlab (MathWorks, Natick, MA, USA). Not all of the data
sets required the full amplifier bandwidth, but higher sample
rates ensure many data points per translocation event and
provide flexibility during data analysis. We have previously
shown that the limited bandwidth of popular patch-clamp
amplifiers can lead to attenuation by as much as ~20% of
solid-state nanopore blockades briefer than 16 us." In Figure 4,
we consider events that are unimodal, ie, events with no
obvious intraevent structure®” and whose blockade currents
have a standard deviation similar to that of the open-pore
current (300 pA;ms at a 500 kHz bandwidth).
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