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ABSTRACT

Nanopore sensing is a powerful tool for the detection of biomolecules. Solid-state nanopores act as single-molecule sensors that can function
in harsh conditions. Their resilient nature makes them attractive candidates for taking this technology into the field to measure environmental
samples for life detection in space and water quality monitoring. Here, we discuss the fabrication of silicon nitride pores from ~1.6 to 20 nm
in diameter in 20-nm-thick silicon nitride membranes suspended on glass chips and their performance. We detect pure laboratory sam-
ples containing a single analyte including DNA, BSA, microRNA, TAT, and poly-D-lys-hydrobromide. We also measured an environmental
(mixed-analyte) sample, containing Antarctic dirt provided by NASA Ames. For DNA measurements, in addition to using KCI and NaCl
solutions, we used the artificial (synthetic) seawater, which is a mixture of different salts mimicking the composition of natural seawater.
These samples were spiked with double-stranded DNA (dsDNA) fragments at different concentrations to establish the limits of nanopore
sensitivity in candidate environment conditions. Nanopore chips were cleaned and reused for successive measurements. A stand-alone,
1-MHz-bandwidth Chimera amplifier was used to determine the DNA concentration in artificial seawater that we can detect in a practical
time scale of a few minutes. We also designed and developed a new compact nanopore reader, a portable read-out device with miniaturized
fluidic cells, which can obtain translocation data at bandwidths up to 100 kHz. Using this new instrument, we record translocations of 400 bp,
1000 bp, and 15000 bp dsDNA fragments and show discrimination by analysis of current amplitude and event duration histograms.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138210

I. INTRODUCTION

Nanopore-based"” DNA and biomolecule analysis is a single-
molecule technique, promising a range of electrical-based analyses
orders of magnitude faster and more economical than many current
methods.” * The basic concept involves using an applied voltage to
electrophoretically drive DNA or other molecules through a nar-
row pore, which separates chambers of electrolyte solution. This
voltage also drives a flow of electrolyte ions through the nanopore,
measured as an ionic current. When molecules pass through the
pore, they modify the flow of ions, and structural information can

be extracted by the analysis of the fluctuations of the resulting
current.

Nanopores were first envisioned in the early 1990s in the
context of protein pores (alpha-hemolysin) by Kasianowicz et al.
who analyzed individual polynucleotide molecules."” Subsequently,
nanopores have also been used for the detection of a wide range of
organic and inorganic molecules and particles from anthrax toxin"’
and microRNA" to gold nanoparticles.”’ The general idea to detect
particles using holes as partitions between electrolyte solutions orig-
inated even earlier from a patent by Coulter” in the 1950s for
counting and sizing of particles by running them through single
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holes of desired sizes, separating two electrolyte solutions, used
today as a technology for blood cell counting. Both biological and
solid-state nanopore platform development resulted from efforts
searching for advanced technologies to improve the quality and effi-
ciency of DNA sequencing, specifically for high-quality longer reads
at low cost.

Beyond DNA sequencing as one of the highest profile applica-
tions of nanopores, for many applications from medicine to agricul-
ture and food safety, there is strong demand for advanced analysis
systems, in general, which are single molecule, massively parallel,
high throughput, and real time. Commercial technologies based on
biological nanopores have recently emerged and have been used
for nanopore-based DNA sequencing and assembly of a human
genome.” There are other opportunities for nanopores for low-
abundance biomarker sensing for the diagnosis of illnesses and other
important uses of nanopores for filtration, separation, and detec-
tion.” Benner"’ proposed nanopore-based instruments that could
be used to detect life in ocean worlds beyond the Earth,”*" and
biological nanopores for DNA sequencing have been tested on envi-
ronmental samples at field sites such as the Atacama Desert, Antarc-
tic Dry Valley, and Mars analog samples, and on the International
Space Station.” ”' Bywaters et al.”" recently identified solid-state
nanopores as attractive alternatives to biological pores for robust
nanopore platforms that could retain their functionality for long
duration space missions. The following has to be satisfied: first, the
nanopore sensor should have excellent signal-to-noise characteris-
tics to be able to detect and resolve small molecules quickly. In addi-
tion, and particularly for NASA space needs, the sensor has to be
robust: it has to be able to survive a space flight and satisfy the strin-
gent environmental and other requirements imposed for this specific
application, such as planetary protection. Other requirements, such
as autonomous operation, may also be required for space missions.

Nanopore readers could complement other technologies envi-
sioned for field and space missions, for example, optical, Raman, and
mass spectroscopies, to determine the sample’s physical and chem-
ical properties. Nanopores can characterize polymers in a sequen-
tial manner, reading out their charge and/or size variation. This
complements mass spectroscopy, which could give precise data of
the polymer constituent parts, yet may not maintain information
regarding the sequence of those parts along the polymer. Addition-
ally, nanopores could be used for precise sample filtration before
analyses by other means.

In this paper, we present results from silicon nitride nanopore-
based testing of two kinds of samples, pure and environmen-
tal samples, including DNA, BSA, microRNA, TAT, poly-D-lys-
hydrobromide in KCl solutions, particulates from Antarctic dirt
from the Linnaeus Terrace, Antarctic Dry Valleys, provided by
NASA Ames and DNA molecules in artificial (synthetic) seawater
samples. Synthetic seawater’ " is a mixture of many different salts
mimicking the composition of natural seawater. We use the term
“pure sample” here to indicate a laboratory sample with a single ana-
lyte so that we were only measuring one analyte at a time. This is in
contrast to the environmental sample presented by the Antarctic dirt
dissolved in distilled water, which contains a mixture of analytes.

Silicon nitride is an excellent nanopore material candidate
because it has NASA space flight heritage and it was exposed to
previous tests for required performance, durability, and resilience
to harsh conditions.” ** Nanopore materials and membranes must
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be capable of withstanding operation in space and planetary
environments, including the expected pressures, radiation levels,
launch and impact stresses, and range of survival and operational
temperatures. In addition, sensors must reduce mass, power, and
volume, and instrument components without loss of scientific capa-
bility. Nanopore readers are ideal candidates for these applications
because they can detect single molecules one by one and because
their spatial and temporal resolution and sensitivity can be tailored
by controlling the nanopore material, diameter, and thickness, as
well as tailoring the surrounding sensing electronics including the
amplifier bandwidth and its input-referred noise.

We measured samples using a stand-alone, higher-bandwidth,
1-MHz, Chimera amplifier setup™”’ and a new portable hand-held
“nanopore reader” that we have developed in this work toward field
use. The nanopore reader, fluidic cell, and nanopore chip are hand-
held. Purification of samples from environment would require fur-
ther miniaturization. The portable reader was integrated with opti-
mized SiNy-on-glass chips for microliter sample volumes and can
be of broad use, facilitating a wide range of nanopore-based appli-
cations. The nanopore reader is only a few centimeters in size (101
x 44 x 18 mm’ and 140 g), allowing easy testing of environmental
samples at maximum bandwidth up to 100 kHz, sufficient to detect
and analyze most small molecules. The setup features an integrated
fluidic cell housing noise-optimized, millimeter size nanopore chips.
Solid-state nanopores here act as single-molecule sensors that can
function in a variety of harsh conditions, such as pH and tem-
perature. The resilient nature of solid-state nanopores makes them
attractive for taking this technology into the field to measure envi-
ronmental samples for life detection applications and water quality
monitoring. The portable nanopore reader development here was
partly motivated by sensor development needs for space research,
such as in search for extraterrestrial life forms in recently discovered
distant ocean worlds on moons of Jupiter and Saturn (Europa, Titan,
Enceladus, and others).*

Motivated by these general goals, we show that 20-nm-thick
silicon nitride nanopores are robust enough for measurements of
simple analogs of the relevant environmental samples. Specifically,
we used artificial (synthetic) seawater samples containing double-
stranded DNA (dsDNA) fragments, presenting one of the simplest
analogs toward the follow-up studies of more complex environmen-
tal ocean water samples. We tested samples containing DNA frag-
ments of different lengths, 400 base pairs (bp), 1000 bp, 1500 bp,
and 15 000 bp at a range of concentrations (0-100 nM). We show
the discrimination of DNA fragments by the analysis of current
signal and event duration magnitudes using an open source anal-
ysis software. The excellent sensitivity of the portable platform is
also made possible by the characteristics of the SiNx pores and
chips made compatible with the nanopore reader’s fluidic cell.
Specifically, we use relatively thin yet robust SiNy pores, drilled in
20-nm-thick, free-standing, low-stress SiNx membranes, to lower
the nanopore resistance and maximize the ion current signal for
a fixed voltage applied across the pore (up to 1 V). Importantly,
we suspend the SiNy membranes on low-capacitance fused-silica
(glass) chips, thus minimizing the overall chip capacitance and the
capacitive noise, particularly at the higher frequencies. Ionic cur-
rent measurements were also performed with a larger, stand-alone,
1 MHz, Chimera amplifier setup. The smallest concentration of
DNA in synthetic seawater that we tested is 1 nM, corresponding
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to the detection of ~40 dsDNA molecules/min. The pores can also
be cleaned and reused.

Il. EXPERIMENTAL DETAILS

We first describe the properties of the glass chips with SiNy
nanopores, designed to fit the reader’s fluidic cell (Figs. 1 and
2), followed by a description of the measurement setups: the new
nanopore reader (fluidic cell and amplifier) in Fig. 3 and the 1-MHz-
bandwidth Chimera setup for higher-bandwidth measurements in
a laboratory setting (Fig. 4). Translocation measurement results on
positively and negatively charged molecules (BSA, microRNA, TAT,
and poly-D-lys-hydrobromide) are discussed in Fig. 5. These ana-
lytes were chosen to span a range of sizes and charges. Additionally,
we present nanopore detection of particulates from Antarctic dirt
in Fig. 6 and DNA fragments from 100 bp to 15000 bp long and
in artificial (synthetic) seawater samples and in 1 M KCl in Figs. 7
and 8.

The schematic of the experimental setup to measure molecular
translocation through nanopores is shown in Fig. 1(a). When a bias
voltage is applied across two electrolyte solution chambers separated
by a dielectric membrane containing a nanopore, charged molecules
are driven through the nanopore, blocking the baseline ionic cur-
rent. This current block can be measured by a sensitive amplifier. To
make small-diameter and thin pores within low-capacitance mem-
branes, we fabricate fused-silica (glass) substrates [Figs. 1(a)-1(d)]
instead of using a conventional silicon substrate to suspend the
silicon nitride membrane.”*"

A. Fused-silica (glass) chips with suspended SiNy
membranes

The fabricated fused-silica (glass) substrates are shown in
Figs. 1(b)-1(d). These chips are 300 ym thick and designed to reduce
the chip capacitance below ~2 pF, thus lowering measurement noise

ARTICLE scitation.orgljournal/rsi

at higher bandwidths as shown by Balan et al."”' The chips can
be circular or square and feature in their center a circular SiNy
membrane ~50 ym in diameter and 20 nm or 100 nm thick
[Figs. 1(b) and 1(c)]. The low-stress silicon nitride membranes were
grown and deposited by low-pressure chemical vapor deposition
(LPCVD) using the same procedure as shown in previous stud-
ies."”" Their stoichiometry was previously calibrated™ using elec-
tron energy loss spectroscopy (EELS) showing an approximate ratio
of Si:N ~ 3:4. Membrane thinning to below 10 nm can be further
performed by reactive ion etching* to reduce the pore resistance.
Replacing the typical silicon substrates by fused silica (glass) low-
ered the chip capacitance from the typical ~10-50 pF to the sub-pF
to single pF range.”””!

B. Silicon nitride nanopores from ~1.8 nhm to 20 nm
in diameter

Figure 2 shows TEM images of fabricated SiNx nanopores on
glass chips, in order of increasing diameters for membrane thick-
ness t = 20 nm [Figs. 2(a)-2(g)] and t = 100 nm [Fig. 2(h)]. White
circles in Figs. 2(a)-2(h) outline the area of the pore and are used
to determine the diameter prior to ionic measurements, together
with intensity profiles across the pore, shown for pores in Figs. 2(e)-
2(h). Figure 2(i) shows an array of nine pores with diameters from
d = 2.0-10.2 nm within an ~60 x 60 nm® membrane area, illus-
trating a high density of pores that can be made. Pores were drilled
with a 200 keV focused electron beam in a JEOL 2010F transmission
electron microscope”" within ~1 min., allowing a large number
of pores to be made on a single chip in a short time. The TEM
holder currently accommodates one chip at a time limiting the fab-
rication to about four to six nanopore chips/h. There are other
methods of pore fabrication, such as electroporation®” and laser
illumination,” °° which may possibly prove to be higher through-
put (see also, for example, a nanofabrication review’* by Danda,
Current Opinion in Biotechnology, 2019). Pores are drilled with
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FIG. 1. (a) Schematic of a solid-state
nanopore sensor composed of the mem-
brane chip with a nanopore through it,
connected to an amplifier with a fast data
acquisition card. A voltage applied to the
solution bath drives charged molecules
through the nanopore. Ag/AgCl elec-
trodes on both sides of the membrane
are immersed in solution and used to
record the ionic current signal over time.
(b) and (c) Optical images of square
5 mm by 5 mm glass chips (b) and circu-
lar 3-mm-diameter glass chips (c) as part
of the larger 4-in.-wafer during wafer-
scale processing. (d) Photograph of an
individual chip held by tweezers after
cleaving from the substrate and before
insertion into the fluidic cell. An optical
micrograph of the circular SiNx window
in the middle of this chip is shown in
Fig. 5(c). These chips are also compat-
ible with standard TEM holders and TEM
characterization and drilling.
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FIG. 2. Transmission electron microscope images of SiNx nanopores fabricated on glass chips, with diameters drgy = 1.8 nm=20.1 nm in 20-nm-thick [(a)—~(g) and (i)] and (h)
100-nm-thick SiNx membranes; (i) shows an array of nine pores from drgy = 2.0-10.2 nm within an ~60 x 60 nm? membrane area. White circles in (a)~(h) outline the area
of the pore and are used to determine the diameter, together with intensity profiles across the pore [as illustrated for pores in (e)—(h)]. Scale bars are 5 nm for (a)-(h) and

20 nm for (j).

diameter precision of about 0.3 nm for ~10-nm-diameter pores and
~0.1 nm for smaller diameter pores. The electron beam is focused to
cross sectional size of less than 0.1 nm. Translocation measurement
data in this work are reported from the 20-nm-thick membrane
chips.

e

R movable lid

(e) Fluidic cell

Nanopore diameter measurement error from TEM images and
TEM-signal profile in Fig. 2 is +£0.1 nm. Before translocation mea-
surements, we cleaned the pore to optimize pore wetting and per-
formance. First, we cleaned the pore in 80 °C piranha for 5 min,
followed by repeated rinsing in deionized (DI) water and drying it

(d o’
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Nanopore ="
chip
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NANOPORE READER ARCHITECTURE 1

PROCESSING

FIG. 3. (a) Photograph of the new
portable mini nanopore reader and
the nanopore fluidic cell we developed
specifically for field use with dimension of
101 x 44 x 18 mm?, integrating the low-
noise amplifier (open input noise: 250 fA
rms at 10 kHz; 2.3 pA rms at 100
kHz), digitizer, and Universal Serial
Bus (USB) data link. Input current
ranges are available from +200 pA
to +200 nA, the voltage stimulus is
between +2000 mV, max sampling rate
200 k sample/s. (b) Photograph of the
opened nanopore reader showing the
fluidic cell (white part) inserted with a
sliding connection into the reader. (c)
Parts of the microfluidic cell designed
to hold the 3-mm-diameter, low-noise
glass chips. The white parts are made by

Delrin® [PolyOxyMethylene (POM)] and

the 15 x 25 mm? PCB board integrates
the Ag/AgCl electrodes [green rectan-
gle in (d)]. (d) and (e) Schematic 3D
drawings and illustration of the assem-
bly procedure for the parts in (b) and
(c). (f) Schematic of the nanopore reader
architecture discussed in the text.
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FIG. 4. Photographs of the 1 MHz bandwidth Chimera amplifier in (a) and the measurement setup in (b) and (c). Part (a) shows the stand-alone amplifier box. Parts (b)
and (c) are photographs of the measurement setup inside of a thick Faraday cage housing. Inside of this housing we mounted the fluidic cell and the electrodes for ionic
measurements on glass chips.
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Detection of particulates from Linnaeus Terrace Antarctic Dirt

Dirt + DI water: sonification and filtering
Ag/AgCl
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= FIG. 6. Translocation measurements
of Antarctic dirt particles through SiNy
TV nanopores measured at 1 MHz with the
Chimera amplifier setup and filtered by
. computer to 100 kHz (4-pole Bessel fil-
Depth vs. Duration Event Depth ter) (Fig. 4), with other parameters indi-
cated and discussed in the text. The
TEM image of the “pore 4” used is shown
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The linear current-voltage characteristics of individual pores
are measured at applied voltages up to 1 V and open pore con- where I is the measured ionic current and V is the applied voltage.
ductance is calculated. The open pore conductance, G, is well ~ Other parameters include the ionic solution conductivity (o ~ 11.8
described”’ by S/m for 1 M KCl at room temperature), nanopore diameter, d, and

Translocation of dsDNA in artificial seawater
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nanopore thickness, ¢ (t = 20 nm). From Eq. (1) and by assuming
that the pore thickness is equal to the membrane thickness, we can
estimate the pore diameter, dcyc, as in

G 160t
=Zl1+y/1+ 2= 2
dcalc 20( + + Gn ) ( )

and compare this calculated value from the ionic measurement with
the experimental diameter, drgm, from TEM imaging prior to ionic
measurements.

C. Nanopore setups: New portable nanopore reader
(100 kHz bandwidth) and Chimera ampilifier (1 MHz
bandwidth) setups

Figure 3 describes the new nanopore reader prototype
[Fig. 3(a)] and the nanopore fluidic cell [Fig. 3(e)], which we

designed and built here as a compact and hand-held instrument for
high sensitivity nanopore measurements for environmental samples.
The core technology is based on a custom CMOS microchip (Ele-
ments srl), which integrates in 10 mm? a low-noise current amplifier
[LNA in Fig. 3(f)] for signal amplification and conversion from cur-
rent to voltage, an Analog to Digital Converter [ADC in Fig. 3(f)]
for signal data sampling and a Digital to Analog Converter [DAC
in Fig. 3(f)] for voltage stimulus generation. The microchip is fully
controlled by an SPI digital data serial interface, which allows us
to set the current acquisition ranges, the sampling rate, the voltage
stimulus to be applied to the nanopore, and the voltage offset cor-
rection to compensate the Ag/AgCl voltage offset at the electrodes
of the fluidic cell. The nanopore reader integrates, inside a single
PCB board, the previously described custom CMOS microchip, a
spring-load connector to connect the fluidic cell when this is slid
into the reader, a data processing unit, and a USB controller for
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data link to a personal computer. The PCB board reader is encased
by aluminum housing for noise shielding [blue cover in Fig. 3(a)],
no additional Faraday cage is required even for low currents level
of detection (below 1 pA, depending on the sampling rate). A slid-
ing system allows easy mounting and connection of the fluidic cell
to the reader, minimizing the parasitic capacitances that contribute
to the current noise in ionic current measurements. The aluminum
removable lid [Fig. 3(a)] provides the shielding to the nanopore sen-
sor. The final dimensions of the reader make it a portable device,
useful for on-field analysis. The nanopore fluidic cell [Fig. 3(d)] is
composed of the two white parts made by Delrin [PolyOxyMethy-
lene (POM)], each one has channels and wells to host the electrolyte.
The white bottom part in Fig. 3(d) presents a rectangle housing
where the nanopore chip sits and is sealed by an O-ring to the
top white part. The two white parts are assembled together with
the nanopore chip in between, and this part is finally assembled
with the 15 x 25 mm* PCB board with integrated Ag/AgCl elec-
trodes [green rectangle in Fig. 3(d)] using a laser-cut silicon gasket
[yellow square in Fig. 3(d)] and four screws and bolts. Compared
with typical nanopore measurement setups (such as Axon, Sutter,
or HEKA amplifiers), where usually the amplifier and digitizer are
19 in.-rack instruments designed only for laboratory setups and not
for portable or on-field applications, this new instrument is suit-
able for the next generation of point-of-care devices facilitated by
the microchip-based technology, allowing a similar measurement
performances in terms of signal-to-noise levels and high sensitiv-
ity for single-molecule detection to the standard laboratory equip-
ment such as Axon amplifiers. Compared with other hand-held
USB instruments like Oxford Nanopore’s MinION,” the nanopore
reader offers only one input channel but with higher sampling rate
(200 k sample/s), more flexibility in selecting the input gain (vari-
able between four current ranges available from +200 pA to +200
nA), and a fully controllable voltage stimulus between +2000 mV,
for a range of different application needs. The two instruments
are designed for different applications: MinION was optimized and
dedicated to DNA sequencing and the nanopore reader is a more
general instrument for nanoparticle and single molecule detection.
For this reason, a detailed comparison between the two instruments
is not acutely relevant because of their different fields of potential
applications. Briefly, the MinION uses a fluidic cell with about a
thousand identical biological nanopores, while the nanopore reader
allows an easy replacement of different kinds of nanopores, from
biological to solid state, thanks to the fluidic cell design where
the nanopore chip can be easily and rapidly exchanged. Another
important aspect is that the nanopore reader’s fluidic cell allows the
access to both the fluidic compartments separated by the nanopore
chip, while the MinION fluidic cell allows the fluidic access only
to the top-fluidic side of the nanopore array while the bottom-
fluidic side is filled with the unchangeable electrolyte from the
factory.

Figures 4(a)-4(c) show photographs of the higher-bandwidth
Chimera amplifier setup including the stand-alone amplifier
[Fig. 4(a)] and the Faraday cage with the fluidic cell and electrodes
[Figs. 4(b) and 4(c)] for ionic current measurements up to band-
width of 1 MHz, developed in 2013 as a stand-alone module and
first used with solid-state nanopores to differentiate short single-
stranded DNA homopolymers.”” The use of the Chimera amplifier
in this work was motivated by its higher bandwidth compared with
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the portable device, 1 MHz vs the portable reader’s bandwidth of
200 kHz, to push the limits of detection, particularly for measure-
ments of the environmental samples (Antarctic dirt). The 1 MHz
bandwidth is not reachable with older amplifier models (such as
Axon 200 or HEKA).

For data collection at 1 MHz and higher bandwidths,’>®' the
noise is dominated by the overall capacitance. At sufficiently high
bandwidths, the root-mean-square current noise of the baseline
ionic current’’ is oc B¥? C vy, where B is the bandwidth of mea-
surement, vy is the input-referred voltage noise of the amplifier, and
C is the total capacitance at the input of the amplifier and typi-
cally consists of the chip capacitance, Cpip, the wiring capacitance,
Cy, and the capacitance of the amplifier, Camp. Improvements in
signal-to-noise ratio are therefore obtained by decreasing this base-
line noise via new chip and amplifier designs and by increasing the
signal via fabrication of thinner pores. Nanopore chip capacitance is
made to be comparable or smaller than the amplifier capacitance”
by increasing the thickness of insulating layers on the chip’***** and
ultimately by replacing the typical silicon chips by glass chips™"°" as
presented here (Fig. 1).

lll. RESULTS AND DISCUSSION

In Table I, we list the calculated diameters, d,., and TEM-
measured diameters, drgm, of all nanopores for the following
Figs. 5-8.

In this work, we use and list both the TEM-measured diameters
and the calculated diameters from ionic measurements (assuming
thickness t = 20 nm). Both serve as good but not perfect estimates of
the nanopore diameter, and both have their corresponding sources
of errors. The TEM-measured diameter corresponds to the pore in
vacuum, right after drilling; the pore can be contaminated once it is
taken out of vacuum or it can change over time in ionic solutions.
The calculated diameter, on the other hand, represents a more rel-
evant estimate at the time of the ionic measurements, but its value
from Eq. (2) depends on the assumed value of the pore thickness
(t) that may be different than the membrane thickness, in this case
20 nm.

The pore diameter, dc,c, was estimated using Eq. (2) from the
main text. When different solutions were used in trans and cis sides,
we took the average ionic solution conductivity of both sides. For

TABLE I. List of calculated diameters, d.,c, and TEM diameters, drgy, of nanopores.
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Pore no. Figure no. dcale (nm) drem (nm)
Figure 5(d 6.0 3.8+0.1
PORE 1 Fizure 5E€; 7.2 3.8+£0.1
PORE 2 Figure 5(f) 4.7 3.7+0.1
PORE 3 Figure 5(g) 6.5 1.7 £0.1
Figure 6 14.1 10.6 £ 0.1
Figure 7(a) 9.3 10.6 £ 0.1
PORE 4 Figure 7(b) 9.3 10.6 +0.1
Figure 7(c) 9.3 10.6 £ 0.1
Figure 7(d) 9.3 10.6 £ 0.1
PORE 5 Figure 8 17.0 2.6+0.1
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example, in Fig. 7, the cis side of solution was artificial seawater
(0 ~ 6 S/m), while the trans side was 1M NaCl (o ~ 8.5 S/m). So, we
used an average conductivity value of ~7.2 S/m to estimate the pore
diameter, dc,c. Some nanopores have enlarged during the piranha
cleaning and/or subsequent cleaning and measurement steps. Their
calculated diameter, dc,, is similar or larger than drem (Table I);
drem was measured in vacuum right after TEM drilling. Pores 3 and
5 significantly expanded by the time we performed ionic measure-
ments in Figs. 5(g) and 8, about one month after the pores were
drilled in the TEM. Pores 3 and 5 were also additionally cleaned
with oxygen plasma for 30 s at 30-50 W RF power and then stored
in isopropyol alochol (IPA), followed by two sets of DNA transloca-
tion measurements, which all likely resulted in larger diameter pores
by the time the data sets in Figs. 5 and 8 were taken, hence likely
explaining the apparent discrepancy between d,ic and drem for these
pores.

A. Translocation measurement data on pure samples
(clean analytes) through silicon nitride pores

In Fig. 5, we show translocation data of four pure analytes mea-
sured with a Chimera amplifier setup (Fig. 4). In this experiment, we
used two positively charged analytes (poly-D-lys-hydrobromide and
TAT) and two negatively charged analytes (miRNA and BSA). We
started this experiment by making 18 SiNx chips with pore diam-
eters from 1.6 nm to 11 nm, as determined from TEM images. The
pores were TEM drilled in 20-nm-thick SiNy circular membranes on
glass chips. Of the 18 chips, 13 chips gave a stable pore current, cor-
responding to a yield of 72% of working pores. This number can
be used for further experiments as estimated yield. For example,
to measure reliable data from 1000 working pores, we would need
to perform experiments on ~1400 pores. Beyond speculative inter-
pretations, we do not have direct and conclusive measurements on
what causes a particular pore to have unstable currents. For example,
Smeets et al. in 2007" speculated early on that the 1/f current-noise
in silicon nitride pores originates from hydrophobic regions within
the pore interior.

Figure 5 shows ionic current vs time traces for translocations
of miRNA, BSA, TAT, and poly-D-lys-hydrobromide in 1M KCl,
10 mM Tris buffer, pH 7.4, with voltage magnitudes and polarities
applied as indicated at measurement bandwidth of 1 MHz and dig-
itally filtered by computer to 100 kHz (4-pole Bessel filter). With
no analytes, we measure a flat control signal. As expected, when we
turn on the voltage, the negative analytes were detected only for a
positive applied voltage (miRNA and BSA) and the positive ana-
lytes were detected only for a negative applied voltage (poly-D-lys-
hydrobromide and TAT). Pore diameters were initially measured
from the TEM images. The TEM images of “pore 1” and “pore 2”
are shown for illustration—the white circle shows an approximate
circular fit to the pore 1 image, from which we measure the initial
diameter. We also estimate the diameter from the open pore con-
ductance, d,, and this number is given for each trace in Fig. 5. The
calculated diameter, d,, is similar or larger than the TEM diam-
eter, drem (Table ), which was measured in vacuum before ionic
measurements. This can indicate that some pores may be enlarging
during the cleaning and/or measurement steps; dcyic > drem may also
mean that the pore thickness is smaller than the membrane thick-
ness, which can be attributed to its hourglass shape. A more accurate
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estimate of the thickness of TEM-drilled pores was shown to be ~1/3
of the membrane thickness—this was established using transloca-
tions of DNA molecules of known size to calibrate the nanopore
size.”” In our case, one-third of the membrane thickness is ~7 nm.

In our measurements, the open pore current is used to recali-
brate the pore diameter assuming a constant thickness. For example,
“pore 1” was used for both miRNA and BSA measurements. First,
we measured miRNA, then rinsed the pore, and measured BSA. The
calculated diameter increased from d.,. = 6-7.2 nm over the course
of these experiments (assuming that the pore thickness is equal to
the membrane thickness t = 20 nm). We further estimate the size
of these analytes, D, based on the current blockade percentage rela-
tive to the open pore current, Al/Iopen pore ~ D?/dcyc%. The estimated
diameters of each analyte are shown, respectively: miRNA, 0.7 nm;
BSA, 3.9 nm; TAT, 1.0 nm; and poly-D-lys-hydrobromide, 1.2 nm.
The diameter of BSA matches the previously reported diameter
of 40 A.”

Data in Fig. 5 show how different pore diameters can be used
for particular analytes even with the same pores. To maximize the
signal-to-noise ratio, the pore diameter should be as small as possi-
ble but large enough to allow translocations without too much pore
clogging by the analyte. Additionally, the voltage sign that allows
translocations reveals the charge of the molecule passing through
(there are no detected translocations for the opposite polarity, as
expected). The open pore current (no analyte present) matches the
value from the simple calculation [Eq. (1)] and the average magni-
tude of the blocked current can be used to estimate the size of the
analyte as it passes through the pore. These data also illustrate two
clear advantages of silicon nitride nanopores over biological pores
for the detection of nanometer-sized particles. First, we can easily
make pores that are bigger than protein pores that are typically ~1-
2 nm in diameter. Second, the silicon nitride pore diameter can be
in principle adjusted in a large range over five orders of magnitude
in size, from sub-nanometer to micrometers, for the detection of
analytes in a wide range of sizes, from ions and molecules to larger
viruses.

B. Translocation measurement data of environmental
sample (Antarctic dirt) through silicon nitride pores

Figure 6 shows translocation data obtained from the Antarctic
dirt sample, provided by NASA Ames. Similar testing and evaluation
of signal-to-noise ratio can be utilized for other environmental sam-
ples, including more advanced data analysis approaches. The sample
was prepared in the following way: 0.13 g/ml of Linnaeus Terrace
Antarctic dirt sample (Antarctic Dry Valleys) was placed into 50 ml
of DI water and ultra-sonicated vigorously. The resulting solution
was filtered through a syringe [Whatman syringe filter, Anotop TM5
0.1 ym, General Electric Life Science (www.gelifesciences.com)] that
filters out particles greater than 100 nm. The listed specifications for
this filter include that Anotop is a hydrophilic membrane with excel-
lent organic solvent compatibility, suitable for use with both aqueous
and organic samples, and that the membrane has a tight pore-size
distribution. However, no specific numbers are given how sharp is
the cutoff for the distribution of the pore sizes in the membrane, so
it is possible that this filter also rejects some particles smaller than
100 nm. Opposite side solution was 1M KCl, 10 mM Tris buffer, pH
7.4. Figure 6 shows the TEM image of the nanopore used (“pore 4”),
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whose diameter was 14.1 nm, calculated from the open pore current
and equation for conductance, G, given by Eq. (1). The photograph
of the dirt sample prior to solution preparation and the schematic of
the measurement are also shown.

We have applied both voltage polarities to see if we can detect
any negatively or positively charged particles from the sample.
Here, we show two examples of ionic current vs time traces for
V = +300 mV applied to the bottom electrode, corresponding to
translocations of negative particles, as well as another trace for the
opposite polarity, at V.= -500 mV, corresponding to transloca-
tions of positive particles. Without the dirt introduced, the open
pore current signal is just flat and the Iy noise is about 0.1 nA
at measurement bandwidth of 1 MHz and filtered by computer
to 100 kHz (4-pole Bessel filter). When the dirt solution is intro-
duced and voltage is applied, we observe translocations spikes
occurring.

From nanopore measurements alone, we cannot determine
what molecules these translocation events correspond to, as the
nanopores are only giving us approximate information about the
size and sign of the charge of the molecules we are detecting. Such
nanopore sensors are envisioned to be used in combination with
other instruments to triangulate and narrow down their properties
and origin. However, it is interesting to speculate about the proper-
ties of the entities measured from the data. Even though the pore was
small, ~14.1 nm in diameter, and we filtered the sample only with
a 100-nm filter, the pore did not clog quickly and we were able to
observe many translocation events for both voltage polarities. From
the data set at V.= —500 V, it does look like there are some longer
duration events that could correspond to molecules clogging and
sticking to the pore.

In the data set at V = +300 mV, the open pore current is ~9 nA,
corresponding to conductance of ~30 nS. We see translocation
spikes that correspond to a current drop ~0.2-0.3 nA, correspond-
ing to ~2%-3% of the open pore signal. From this percentage, we
can estimate that the average diameter, D, of translocating nega-
tive particles estimated by D*/(14.1)* ~ 2%-3%, from which we get
D (cross sectional size of the translocating negative particles) ~1.1-
1.3 nm. For the case of opposite polarity at V = —500 mV, a similar
estimate gives us a size of translocating positive particles D*/(14.1)>
~ (0.2-0.4 nA)/14.6 nA — 1.4%-2.7% and we estimate the diame-
ter of the positive particles to be D ~ 1.7-2.3 nm. The fact that we
do not see more clogging, or deeper translocation events, means
that translocating molecules had a size in the pore of ~2 nm. Other-
wise, a pore of ~14 nm diameter would clog completely and quickly.
These results are encouraging for future studies as they show steady
translocations with a large number of translocation events from dirt
samples, relevant for field use.

C. Translocation measurement data using synthetic
seawater with and without DNA molecules through
silicon nitride pores

We show ionic current vs time data obtained from “pore 4.”
This is the same pore used in the Antarctic dirt tests (Fig. 6). It
is important to note that these pores can be rinsed and reused,
thus increasing their lifetime and usefulness. In these experi-
ments, pores were rinsed thoroughly in DI water and then iso-
propanol, and they were stored in isopropanol. We used synthetic
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seawater (RICCA, synthetic seawater ASTM D 1141, pH at 25°C:
8.20-8.25), a laboratory sample that mimics seawater, to deter-
mine if the solution alone would act as an electrolyte for nanopore
sensing. The salt constituents of the RICCA Synthetic Seawater
(www.syntheticseawater.com) used here are listed in the caption of
Fig. 7. We measured the conductivity of synthetic seawater to be
5 S/m and at room temperature with the Accumet XL-20 pH con-
ductivity meter, which is equivalent to 40.09%o of salinity,” similar
to the reported value of 35.00% in previous measurement carried
by Kester et al.”* Artificial seawater recipes have been improved in
the 1960s to closely mimic the natural seawater composition and to
provide a reproducible and stable solution of known composition
and pH.”*

The open pore conductance of the pore was ~15 nS in artificial
seawater in Fig. 7(a), compared with 29.2 nS in 1 M KCl in Fig. 6, in
good agreement with the measured conductivity, 6 S/m vs 11.8 S/m,
respectively. We check that the pore was cleaned well from the pre-
vious analyte by measuring its open pore current again and seeing
that there are no translocation signals from any contamination and
that the background current noise level is the same as for the freshly
made pore. We then proceed to put the next analyte.

The four panels in Fig. 7 show current vs time at applied
voltage of V = +1 V for synthetic seawater [Fig. 7(a)] and spiked
with 1 nM, 10 nM, and 100 nM of 1500 bp double-stranded DNA
(ThermoScientific®) [Figs. 7(b)-7(d)]. The choice of DNA here as
the analyte is motivated by ideas that life may require long charged
polymers” to evolve. DNA is the information storage molecule
here on Earth, and therefore, DNA seems like a good test case
for other informational polymers. With no DNA, the current vs
time trace is flat with no noticeable spikes. As the DNA is added,
we immediately observe clear translocation events that increase in
frequency as the DNA concentration is increased from Figs. 7(b)-
7(d), in steps of one order of magnitude in concentration. The
rates for dsDNA translocation events measured in the artificial sea-
water were 0.6 events/s, 2.6 events/s, and 22 events/s for 1 nM,
10 nM, and 100 nM concentrations, respectively. Extracting the
translocation rate from these samples and assuming linear scaling
of translocation with concentration of DNA,” we come to a lim-
iting rate of 1 translocation/10 min at a concentration of ~10 pM
dsDNA. It is important to note that this rate is dependent on
several factors that could readily be modified to change the cap-
ture rate. Factors that can influence capture rate include the
applied voltage and electrostatic focusing using asymmetric salt
gradients.”

We can perform further analysis of these data. For example,
we see shallower and deeper events. We also know that the pore is
wide enough to allow dsDNA folding. For example, the maximum
percentage blocked is ~30%. In Fig. 7(d), for example, the current
blocked is ~4.5 nA (signal conductance is 4.5 nS since the voltage
is 1 V), and the open pore current is ~16.5 nA. For a cross sec-
tional dimension D of the analyte, we can estimate from D?/(9.3)*-
30%, D ~ 5 nm. This likely corresponds to folded dsDNA (dsDNA
is about 2.2 nm in diameter) for the deeper events and single-file
translocations for the shallower events. Further measurements will
be pursued in the future with synthetic seawater to and address limits
of sensitivity and specificity of detection, which may require fur-
ther improvements of the experimental setup and nanopore chips.
Additional work should be focused on modeling data from synthetic
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seawater for various analytes. Data in Fig. 7 confirm the use of syn-
thetic seawater as a good electrolyte for nanopore measurements and
to detect DNA. The artificial synthetic seawater itself does not intro-
duce more noise compared with pure salt solution such as 1 M KCl,
typically used in a laboratory setting.

While the best stand-alone amplifier setups are currently supe-
rior due to their high bandwidth and low-noise operation such as the
Chimera amplifier used here or the recently developed CNP2 ampli-
fier operating at 10 MHz,”**' for environmental and field use, it is
also important to have a hand-held, light, and practical setup. For
that purpose, we also developed the nanopore reader that operates
up to 100 kHz bandwidth, which is sufficient to detect analytes pre-
sented in this work and should facilitate further uses of solid-state
pores for environmental testing.

Figure 8 shows examples of data collected on dsDNA frag-
ment translocations obtained with a 17-nm-diameter SiNy pore at
applied voltage V = +200 mV using 1M KCI (10 mM Tris buffer,
1 mM EDTA and pH 8.0) for 15 kbp [Fig. 8(a)], 1000 bp [Fig. 8(b)],
and 400 bp [Fig. 8(c)] dsDNA, and corresponding event duration
histograms measured at 200 kHz sampling rate, with an equiva-
lent bandwidth of 100 kHz. The nanopore chip was flushed with
IPA and DI water between introduction of new analytes to ensure
that the nanopore is clean before the next measurement. DNA con-
centration for the data in Fig. 8 was 200 nM for all three DNA
types.

Event duration histograms are fitted by exponential decay func-
tions to obtain the characteristic dwell times of 94 + 7 s, 29 + 9 s,
and 9 + 6 ps [red fit lines in Figs. 8(a)-8(c)], showing that the
15000 bp dsDNA produces the longest translocation events. Cor-
responding scatterplots of dsSDNA event durations vs event current
amplitudes (or event depths) for these dSDNA fragments are shown
in Fig. 8(d). The three datasets can be distinguished with the aver-
age event amplitudes and average events durations increasing from
400 bp [black points in Fig. 8(d)] to 15000 bp data [blue points in
Fig. 8(d)].

IV. CONCLUSIONS

In summary, here, we demonstrated the use of silicon nitride
pores with yield (pores that gave stable currents) ~70% in 20-nm-
thick silicon nitride membranes on fused-silica chips to translocate
positively and negatively charged pure laboratory samples contain-
ing a single analyte, including DNA in artificial seawater toward
mimicking natural seawater conditions. We also used these pores to
detect ~1-nm-size particulates present in the pre-filtered Antarctic
dirt that was mixed with distilled water and prefiltered. The 20-nm-
membrane thickness allows the pores to be robust enough, yet still
highly sensitive to nanometer-scale molecules. We have combined
low-noise glass nanopore chips with a new nanopore reader that
we have designed and built on a centimeter scale that is portable,
easy to use, and facilitates low-noise measurements up to 100 kHz
bandwidth. The combined chips and the nanopore reader are ideally
suited for field applications where size, portability, and robustness
are important factors. Future applications include the detection and
analysis of other pre-filtered environmental samples such as in ocean
water or soil and for general field use. In addition, given the previ-
ous successful flight heritage of silicon nitride as a suitable mate-
rial for space applications, these pores are particularly interesting
candidates for the detection of extraterrestrial life in outer space,
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in concert with many other instruments that can be used to narrow
down the properties and origin of molecules being detected. The use
of these nanopore chips presented can be in the future extended to
a broad range of environmental samples and pores can be cleaned,
reused, and also stored for a long time.
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