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Summary

The work presented in this thesis is divided loosely into three main areas of inter-
est: development of a novel method of solid-state nanopore fabrication; applications
of this method to some of the open problems in the field; and analysis of nanopore
data.

The first of these occupies the majority of the research presented in this thesis, cov-
ering research dedicated to the development and characterization of a novel method
of solid-state nanopore fabrication which achieves nanometer scale control over mat-
ter using simple and low cost circuitry. Termed controlled breakdown (CBD), this
technique is in the process of revolutionizing the field of nanopore research, and in the
few short years I have been part of its development it has seen adoption in nanopore
labs across the globe, both academic and industrial.

Due to the simple nature of CBD, this technique also enables novel applications of
nanopores in device architectures that were inaccessible to the expensive and inflexible
methods used previously. The second part of this thesis takes advantage of the unique
opportunities presented by CBD to develop a device architecture comprising two
nanopores in series. This nanodevice tackles one of the main problems standing
between nanopores and the promise of cheap genomic analysis: control of the motion
and conformation of the polymer both prior to and during translocation through the
pore.

Finally, because the field of nanopore research is still relatively young, very few
tools are available which provide high-quality analysis of nanopore data. The last
part of this thesis is dedicated to a thorough discussion of the complexities involved in
analysing nanopore signals, as well as the development of several tools which directly

address this knowledge gap.
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Sommaire

Le travail présenté dans cette these se divise principalement en trois champs
d’intérét: le développement d’une nouvelle méthode de fabrication de nanopore a
I’état solide; 'application de cette méthode a certains problemes ouverts du domaine;
et I'analyse de données de nanopore.

La majorité de la recherche présentée dans cet ouvrage est consacrée au pre-
mier de ces trois points. Elle décrit le développement et la caractérisation d’une
nouvelle méthode de fabrication de nanopore a 1’état solide atteignant un controle
nanométrique de la matiére en ne nécessitant qu’'un simple circuit peu cotiteux.
Dénommée claquage diéléctrique controllé (Controlled breakdown - CBD), cette tech-
nique révolutionne présentement le domaine de recherche des nanopores a 1’échelle
internationale, aux niveaux académique et industriel.

Di a sa simplicité, le CBD rend possible de nouvelles applications dans des ar-
chitectures d’appareils qui auparavant étaient inaccessibles pour les autres méthodes
de fabrication cotiteuses et peu flexibles. La deuxiéme partie de cette these exploite
I'opportunité unique que présente le CBD en développant une architecture d’appareil
contenant deux nanopores en série. Ce nanodispositif aborde un des problemes ma-
jeurs qui fait obstacle a I’analyse génomique bon marché: le controle du mouvement
et de la conformation des polymeres lors de leur passage a travers le pore.

Finalement, puisque le domaine de recherche des nanopores est relativement je-
une, la disponibilité d’outils capables de produire une analyse de haute qualité des
données de nanopore se fait tres rare. La derniere partie de cette these est dédiée
a une discussion approfondie des complexités présentes lors de 'analyse de signaux
de nanopore et au développement de plusieurs outils adressant cette lacune dans nos

connaissances.
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Introduction:
Down the Tiniest Rabbit Hole
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1.1 Context

The exact origin of the idea behind using nanopores to study single biomolecules

depends on who you ask'3, but like most great ideas it probably began with a

crudely scribbled diagram on a bar napkin: if single-stranded DNA could be forced

through a tiny hole in a membrane that was passing electrical current, then the

blockage caused by each base could be used to directly read the sequence. While

the practical implementation of this idea turned out to be much more complicated

than initially envisioned, from these humble beginnings was born an entire field of

multidisciplinary research that today comprises thousands of researchers, hundreds

of laboratories worldwide, and the beginnings of commercial enterprise.
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Figure 1.1: An early conceptual diagram and explanation of a nanopore sensing

scheme, drawn by David Deamer in 19891



Despite the complexities involved in using nanopores for sequencing, the basic
premise of using them to interrogate individual biomolecules really is sufficiently
simple to be drawn on a napkin. An insulating membrane containing a nanometre-
scale pore is immersed between two fluidic reservoirs containing electrolyte solution,
such that the only connection between the two reservoirs is through the pore. When a
potential difference is applied across the membrane, ionic current is driven through the
pore. If charged biomolecules are also present in the solution, they are driven through
the pore as well, producing transient current blockades from which information about
the biomolecule can be extracted. Figure 1.1 shows an early conceptual diagram of
the nanopore sensing modality.

Once this idea was realized experimentally it became immediately apparent that
the naive idea of simple nanopore sequencing was not going to work, for several rea-
sons. While polymers were clearly being captured by the pore, they were moving
far too quickly to resolve the signal arising from individual bases. Typical residence
times for a single base in a nanopore were of the order of 1 us, faster even than the
sampling period of the electronics. Even with sufficient time-resolution, however, the
thickness of the pore meant that the signal being read was actually a convolution of
several bases, making it much more difficult to identify a particular current blockage
signal with a sequence of bases. Finally, even with accurate base-calling of the com-
binations of bases in the pore, polymers which are moving slow enough to provide
time-resolution of the nucleotides in the pore are subject to Brownian motion and
do not necessarily translocate smoothly and in a single direction, making it difficult
to relate temporal information in the signal to spatial information on the polymer.
These problems have provided fertile ground for three decades of research.

There are two major classes of nanopores. The first consists of biological protein

pores derived from cell membrane proteins. These pores exist in every cell in every
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Figure 1.2: Illustrations of the two more common biological nanopores, MspA (left)
and a-HL (right)!. The sensing region indicates the most narrow segment of the
pore, which is the part of the pore to which the measured electrical current is most
sensitive.

living thing on the planet, and are used in vivo for an astonishing variety of pur-
poses, including ion pumps for chemical energy generation; maintaining electrolyte
imbalances for nerve signalling; mediating selective biomolecular transport through
cell membranes; and much more. From among the near-infinite variety of wild-type
pores available, two in particular have come to be widely used for research pur-
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poses: a-Hemolysin (aHL)* ' a pore derived from the toxin Staphylococcus aureus,

and Mycobacterium smegmatis porin A (MspA)'® 2. The first DNA translocation

4. Currently, the MinION sequencer

experiments were performed using aHL pores
available from Oxford Nanopore uses a heavily engineered mutant of the CsgG pore,
an amyloid secretion channel found in Escherichia coli, to achieve long read sequenc-
ing??23. These pores have numerous desirable properties: they can be maintained in

the open state indefinitely; they can be engineered at the amino acid level to tweak

their physical properties for a particular application; the lipid bilayers into which they



insert themselves are well-behaved electrically and have very low capacitance, allow-
ing for incredibly sensitive measurement of current signals; and the sensing region
of the pore, corresponding to the narrowest restriction to which the electrical signal
is most sensitive, is only a few bases long, allowing for the sensitivity required for
sequencing. Schematic illustrations aHL and MspA are shown in Figure 1.2. These
biological nanopores achieved motion control for sequencing by pairing the pore with
a processive enzyme to slowly move the DNA through the pore one base at a time,
overcoming bandwidth limitations and extending the molecular passage time suffi-
ciently to resolve the underlying sequence > 192430 While this technique has enabled

2131534 "hiological nanopores are ill-suited to mass-manufacturing, where a

sequencing
fully solid-state solution provides a much more scalable approach.

Once it became apparent that biological pores could be used to study biomolecules
at the individual level, a second class of nanopore was developed. These biomimetic
synthetic pores are simply nanometre scale holes in thin solid-state membranes, most
commonly silicon nitride (SiN,). While these are generally less sensitive than their
biological counterparts due to the electrical properties of the membranes themselves,
they offer greater robustness and flexibility than biological pores. This arises from the
fact that they can be made in any suitable material and at almost any size, and the
resulting solid-state structures are more stable than lipid bilayers. The development
of techniques for fabricating these devices has provided for more than twenty years
of research alone, which is discussed in detail in Chapter 2.

While biological nanopore research is thriving to this day, these pores suffer from
having fixed size, being dependent on lipid or synthetic membranes for support, and
being highly sensitive to environmental conditions like salt concentration and pH.
By comparison, solid-state nanopores are robust, flexible, and can relatively easily

35

be integrated into other solid-state electronic devices®°, making them preferable as



a long-term solution over biological pores if the shortcomings of their comparatively
lower sensitivity can be addressed. On the other hand, solid-state nanopores have yet
to achieve the level of motion control required for reliable interpretation of translo-
cation signals of complex biopolymers for anything beyond gross molecular structure
(e.g. effective thickness and length) and conformation (e.g. the presence of hairpins).
In this thesis, we will outline and attempt to address many of the problems that stand
between synthetic nanopores and the enormous variety of potential applications in

which they could find utility.

1.2 Nanopore Measurements

1.2.1 Nanopore Instrumentation

]

Vi

5
&

.

Figure 1.3: A schematic diagram of the fluidic flow cell used for nanopore experiments.
a) The nanopore support chip. b) Gaskets used to pressure-seal around the nanopore.
c¢) Flow channels used to fluidically connect electrodes to the nanopore and to easily
introduce samples. d) Caps that hold the electrode and prevent evaporation of the
electrolyte. e) Ag/AgCl electrodes used to electrically connect to the nanopore.



Solid-state nanopores are fabricated in thin free-standing SiN,, membranes de-
posited on silicon support chips by one of several methods that are discussed in detail
in Chapter 2. These chips are sandwiched between two fluidic reservoirs, and an
Ag/AgCl electrode is connected to each reservoir to control the voltage and sense
the resulting current through the device. The electrode type must be ion-matched to
the electrolyte used for sensing, since this facilitates the transition between electronic
and ionic current at the interface between solution and electrode. The basic setup is
shown in Figure 1.3.

The current through the system is most commonly measured using one of two
commercial current amplifiers that are sensitive to picoampere currents: the Axopatch
200B, which has a maximum bandwidth of 100 kHz, or the Chimera VC100, which
has a maximum bandwidth of 1 MHz. In the former case, current is then digitized
using a National Instruments data acquisition (DAQ) card, while the latter has a
custom DAQ. Both DAQs interface with a standard desktop computer via USB. A

schematic diagram of the full system is shown in Figure 1.4.



Figure 1.4: A schematic diagram of experimental setup for nanopore experiments. a)
The custom device for fabricating and sensing with nanopores. The flow cell shown
in Figure 1.3 is housed here. b) The Axopatch 200B, used for low-bandwidth current
recording. ¢) A National Instruments DAQ card, used to digitize signals from the
Axopatch 200B. d) The Chimera VC100, used for high-bandwidth current recording.
e) A typical PC, which controls the entire equipment array. Which signal pathway is
chosen depends on bandwidth requirements for a given experiment.

1.2.2 Nanopore Geometry Characterization

While it is in principle possible to directly image pores using an electron micro-
scope, for example, this is a time-consuming process that yields less informaton than
it might seem at first glance. Nanopores are dynamic objects that are very sensitive
to a variety of stressors, not the least of which is the extensive cleaning and handling

required to transfer between the TEM and a fluidic measurement setup, with the



net result that the pore size measured visually does not necessarily reflect the pore
size once it is liquid and actually taking measurements. For the approach used to
fabricate pores in this thesis, the nanopore is formed at a random location on the
membrane, and takes up such a tiny fraction of the active area that finding it is
like searching a football field for a penny while only being able to see a few hun-

3637 it is preferable, and

dred square centimetres at a time. While this can be done
generally more informative, to measure the pore indirectly using the same electrical
signal from which DNA translocation data is extracted. This framework can provide
information about the pore diameter and, combined with translocation of a molecule
which produces a known blockage depth, the aspect ratio.

The conductance of a nanopore is divided into three terms. The first, given by 383

wd?
Gbulk :O'E, (11)

represents the contribution of bulk conductivity of a cylinder of length L, diameter d,
and conductivity o. The second term relates to the fact that the finite conductivity
of the solution means that there will be some electric field drop in the solution itself
outside the pore. The origin of this term lies in solving the resistance between a
conducting disk with the same diameter as the pore and a hemispherical electrode at
infinity*, which yields

Glaceess = od. (1.2)

The final term represents the contribution of electroosmotic flow to the current,
wherein the surface charge v of the pore walls causes an accumulation of oppositely
charged counterions that move coherently through electroosmotic flow under an ap-

plied voltage with electrophoretic mobility u. The origin of this term is explored in



l41

some detail by Stein et al*', and is given by

d
Ggor = TR (1.3)

Combining these three terms by considering the EOF and bulk contributions to be

in parallel, both in series with the access term, one obtains

—1

1 4], 1
G = -4+ — . 1.4
a<d+ﬁd2<1+?_2)> (1.4)

Most experimental work, including the work in this thesis, completely ignores

electroosmostic flow, setting v = 0. This is done for convenience, since the surface
charge of the pore is rarely known and difficult to extract??, as is the mobility of
the counterions. This approximation is reasonable as long as the concentration of
electrolyte is high®®, which suppresses surface effects.

With this in mind, the size of nanopores in solution is usually inferred using just

the bulk and access resistance terms*3,

1 4L\ !
G =0 (8 —l— ﬁ) . (15)

By assuming an effective membrane thickness L, which for CBD pores is generally
taken to simply be the nominal membrane thickness, one can use the pore conductance
GG, measured as slope of an I-V curve, to infer a pore diameter d. A schematic diagram
of the equivalent circuit represented by equation 1.5 is given in Figure 1.5.

The pore size estimate can be somewhat improved using an analyte of known size
to obtain an improved estimate of the effective length of the nanopore. Assuming
that an analyte only significantly blocks the bulk portion of the nanopore conductance

without affecting the access resistance, one can expect a blockage depth for double-

10
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Figure 1.5: The schematic circuit diagram representing a nanopore and the sensing
electronics required to use it. The passage of an analyte is represented by an in-
stantaneous switch between R, and Rpy4 while current through the whole circuit is
measured under constant voltage. C' refers to the membrane capacitance, while R,
refers to the electrical resistance of the electrolyte and the access resistance of the
nanopore. The current through the system is measured using a picoammeter denotes

A.

stranded DNA (dsDNA) of

d2
AG ~ 0—7T4D—LNA. (1.6)

Knowing dpy 4 ~ 2.2 nm allows extraction of L, which can then be used to refine the

5%, More complex models

pore diameter estimate by feeding back into Equation 1.
for solving both simultaneously also exist?3, but care must be taken when using them
as the range of pore geometries over which they apply is fairly limited. In general,
these formulas are rough approximations, since any deviation at all from a cylindrical
geometry introduces errors that make it difficult to actually assign a physical meaning
to the quantities generated, though work done using this formula to extract pore sizes
near the limit of being able to pass DNA molecules, as well as direct TEM images

of the fabricated nanopores, suggest that this is a reasonable approximation 364445,
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Nevertheless, in the absence of better models, these estimates provide a reasonably
quantitative estimate of pore geometry with minimal effort, and actually perform
surprisingly well as long as the salt concentration is very high (greater than 3 M) so
that the effects of surface charge are suppressed .

More sophisticated treatments exist that in principle allow determination of geo-
metric parameters for non-cylindrical pore models. These are based on observing the
conductance change of a pore as a function of time while growing or shrinking the

46749 While these have been validated experimentally®®, they

pore at a known rate
are generally not in use due to the difficulty involved in growing or shrinking a pore

while still having a useful pore at the end of the process.

1.2.3 Nanopore Noise Characterization

The dominant contributions to the power spectrum of a typical nanopore are of

the form
<i)2 kgT

o TR TR

where (i) is the DC current, R, + R, is the nanopore resistance including access

S f = Qo +a2kBTDC'f—|—a302 CQfQ, 1.7
Vv

resistance, which sets the thermal noise floor, D is the dielectric loss constant, 0%, is
the RMS voltage noise at the input in V2 Hz !, C'is the total capacitance of the device
and instrumentation, o = 1 is the low-frequency noise exponent, and the a; values
are fitting parameters which determine the relative strength of each contribution to
the noise®. Figure 1.6 shows a typical power spectrum for a solid-state nanopore.
The first term, % or pink noise, dominates the low frequency spectrum. This
type of noise is ubiquitous in almost any physical system, and the exact origins in
nanopores are the subject of debate, though there is evidence that the presence of

nanobubbles in the pore itself can be a factor if this term is particularly dominant®!.
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Figure 1.6: The power spectrum of a 5.4 nm nanopore painted with PDMS, showing
the characteristic shape given by Equation 1.7. The signal is low-pass filtered at
900 kHz using an 8 pole zero-phase Bessel filter. The high frequency spikes are a
consequence of the interaction between the digitizing electronics and noise generated
by the computer itself, and do not integrate for significant noise.

It is often possible to tell whether a particular pore will be useful or not simply by the
magnitude of the % noise, where a large value for ag generally renders a pore useless.
The second term is due to thermal effects and depends entirely on the electrical
resistance of the pore. Unless the pore is extremely large, this term is negligibly small
compared to the others, and is certainly negligible for all of the pores used in this
thesis.
At high frequencies we see two regimes of noise that increase with frequency, both

mediated by the capacitance of the device under test. Dielectric noise increases lin-
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early with frequency and is determined by the dieletric properties of the membrane
and support structure, while capacitive noise scales with the square of the frequency.
This capacitively coupled last noise term is inevitably the limiting factor in the us-
able bandwidth for nanopores, since even though amplifiers exist that can accurately
record current measurements up to 10 MHz bandwidth®2, the capacitive noise even-
tually reduces the signal-to-noise ratio below a usable value. In practice, state of the

art nanopore measurements typically work with up to 1 MHz bandwidth?3.

1.3 Polymer Physics

1.3.1 Polymer Capture

Due to the finite access resistance R, = (od)™!, there is a non-zero electric field
outside the nanopore that decays approximately radially away from the mouth of the
pore. The voltage in the vicinity of the pore mouth can be approximated as

d2

V(r) = 5 AV, (1.8)

where d is the pore diameter, L the membrane thickness, r the radial distance from the
pore mouth and AV the total voltage drop across the system®®. More sophisticated
treatments of the local field exist for specific pore geometries®, but this suffices for
a qualitative discussion. Far from the pore, where no electric field exists, DNA freely
diffuses. As DNA approaches the pore, there exists a characteristic length scale at
which DNA motion becomes dominated by electrophoretic drift, called the capture
radius r*. This is obtained by balancing diffusive motion against electrophoretic

drift by setting V(r*) = Du~" where D is the DNA diffusion coefficient and p the

14



electrophoretic mobility. This gives a capture radius of>*

_ &p
- 8LD

T*

AV (1.9)

If we treat the capture radius as an absorbing hemisphere we find a capture rate of

md?p
= A 1.1
Re = == cAV, (1.10)

where ¢ is the analyte concentration. This formalism predicts that capture by the
pore in this diffusion-limited regime is independent of polymer length, which appears
to be true for long polymers. For short polymers, Equation 1.10 breaks down, anthe
capture rate instead has power law dependence on length %, a prediction that has been
born out experimentally®. Rowghanian et al. provide a more thorough theoretical
treatment, in which they show that the crossover length between these two regimes
depends on the aspect ratio of the nanopore, with thicker membranes pushing the
crossover to larger and larger polymers for a given pore size®. Since the vast majority
of the experiments performed in this thesis are done in the diffusion-limited regime, we

will not concern ourselves with the barrier-limited regime beyond noting its existence.
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Figure 1.7: The capture radius of the nanopore, with the absolute voltage represented
as a color scale. On one side of the pore, polymers that enter the capture radius are
pulled toward the pore and captured. On the opposite side, a symmetric region exists
in which polymers are actively pushed away from the pore. Image is not to scale.

1.3.2 Translocation Dynamics

Once the polymer is close to the pore, the dynamics of the translocation process
are challenging to analyze theoretically. The driving force is usually too strong and the
translocation process too fast for any sort of quasistatic approximation to be valid "8,
In fact, the translocation occurs so quickly that it is reasonable to assume that except
for the leading end, the polymer is frozen in time during the translocation process.
Consequently, translocation dynamics are determined completely by the details of the
molecular conformation of the polymer at the moment of capture by the nanopore®.

The theoretical framework that so far best approximates translocation dynamics

is tension-propagation theory, which postulates that when a polymer is captured by
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a pore, the polymer is pulled through the pore at a rate so fast that the leading end
of the polymer experiences highly driven motion before the tail end of the polymer is
even aware it has been captured, resulting in a propagating tension front that moves
backwards along the chain. At any given time, only a portion of the polymer is
experiencing driven motion and directed fluid drag, whereas the tail is still unaware
that the front of the polymer is undergoing driven motion until near the end of the
process. By treating the fluid drag of the polymer as time-dependent in this manner,
this approach has yielded reasonable approximations for the polymer length scaling

of the translocation time, predicting a time 7 ~ N¢, with « varying depending on

14v+202 ~ 1 4560762

the details of the model. Various works have predicted a = = -

and o = 1+ v ~ 1.6%% where v is the Flory exponent for the polymer size. The
variation in a has been attributed to finite polymer length effects not accounted for
in earlier work%. These exponents are in reasonable if not exact agreement with the
handful of experimental studies that have attempted to extract this scaling law, which
typically show smaller exponents, ranging from o &~ 1.19—1.273%5770  with significant
deviations and even the appearance of new scaling regimes in very small pores where
polymer-pore interactions can no longer be ignored """, This formalism also implies
that the translocation speed of the portion of the polymer that is in the pore is not
constant, but rather starts out fast when the portion of the polymer under tension
is short and fluid drag is low, slows down toward the middle of the translocation as
the tension front propagates through the polymer, and speeds up at the end as the
tension front reaches the end of the polymer and the tail escapes through the pore.
This general pattern has been observed in experiment®”™ and simulation™.

To further confuse the issue, in addition to mediating the actual capture process,
due to the radial decay of the electric field near the pore mouth, there exists a strong

electric field gradient outside the pore that results in stretching of charged polymers
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as they approach the nanopore, which has important consequences for the conforma-

6 an effect which is generally

tion and subsequent translocation kinetics of polymers
not taken into account in theoretical work on translocation phenomena. This should
have minimal effect, if any, on the capture rate, since for the work done in this the-
sis, molecular capture is limited by the diffusion of molecules into this electric field
gradient, not what occurs inside it, but it does have important implications for the
translocation process itself. Because the translocation kinetics are governed entirely
by the molecular conformation at the moment of capture, any deviation from equi-
librium prior to this point has profound consequences for the resulting translocation
event. Finally, almost all of the theory relating to polymer translocation assume cap-
ture by an end, and makes no attempt to deal with folded passage, with one notable
exception%®.

What is clear from the available evidence is that translocation is a non-uniform,
non-equilibrium process that is strongly dictated by the conformation of the polymer

at the moment of capture by the pore?%6%7

. In addition to making this a theoret-
ically difficult problem, this presents enormous challenges in interpreting the time-
series data extracted during experimental nanopore measurements. In this highly
driven regime, most of the randomness in the translocation kinetics arises from con-
formational entropy rather than Brownian motion. In contrast, biological pores have
managed to control the speed of passage to the point that sequencing is possible, but
this reduced speed comes at the cost of making Brownian motion and backstepping a
major contributor to measurement errors. Solid-state and biological nanopores rep-

resent two ends of a spectrum, both of which have downsides. An approach that

balances deterministic motion against translocation speed has yet to be developed.
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1.4 Thesis Overview

The previous sections have alluded to three major categories of problems in the
nanopore field: development of simple nanopore fabrication methods; precise control
of the motion of DNA as it translocates a nanopore; and analysis and interpretation
of the resulting signals. This thesis presents significant contributions toward all three,
and is roughly divided into three corresponding themes.

The first part of the thesis is concerned with nanopore fabrication. First, Chapter
2 presents a thorough review of all of the major nanopore fabrication techniques that
are commonly in use today. Chapter 3 is the first of three chapters to begin a much
deeper look at one method in particular, termed controlled breakdown (CBD)%, in
which nanopores are made by harnessing the normally destructive process of dielectric
breakdown to easily sculpt matter on the nanoscale directly in electrolyte solution.
Research into this method began in my undergraduate years, and Chapter 3 rep-
resents the first work of my graduate research, taking the form of a detailed study
of the limits of the size of pores that can be reliably fabricated?®. Chapter 4 goes
deeper still, exploring the kinetics underlying the controlled breakdown process and
the various control parameters by which it can be affected ™. Finally, Chapter 5 stud-
ies the possibility of using pre-patterned membranes to precisely control the location
of nanopores formed using CBD?6. Because Chapter 2 covers nanopore fabrication
generally there is by necessity some redundancy with Chapters 3-5.

The central part of the thesis presents efforts toward control of the motion of
dsDNA as it translocates a nanopore. Chapter 6 presents a novel nanodevice that
realizes two nanopores in series using a nanoporous membrane separated from a sens-
ing pore by a nanoscale gap. In this work, we demonstrate that the presence of the

nanofilter causes dsDNA to stretch as it approaches the pore, removing conforma-
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tional entropy from the polymer and improving the consistency of translocation®,

9

an approach which not only simplifies experimental analysis of nanopore data, but

should also simplify the theoretical problem of accurately describing polymer motion

going forward.

Finally, Chapters 7 and 8 are concerned with digital signal processing and analysis

of nanopore data, presenting two open-source software suites suitable for high-quality

analysis of time-series data generated by nanopores” . Each chapter serves as a user

manual that provides sufficient detail to use the software, while also discussing the

theoretical framework on which each tool is based.
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2.1 Introduction

The tremendous research efforts in nanopore-based sequencing over the last two
decades have driven the emergence of a host of nanofabrication techniques geared
toward the production of nanopores in thin solid-state membranes. The early 2000s
saw the development of techniques with which to fabricate nanopores with dimensions
in the 1 to 10 nm range in synthetic materials, in an effort to make biomimetic
analogues of protein-based nanopores. In this chapter, the most used techniques will
be reviewed, with a focus on tools or methods for fabricating nanopores in solid-state
membranes that result in pores that can be used for single-molecule detection.

While there have been numerous worthy contributions to the growing list of
nanopore fabrication techniques, including track-etching of polymeric membranes®?,

3—

stretchable polymeric membranes with tuneable pore sizes®?®, and numerous wet-

1

etching techniques® '3, and more recent work using laser illumination to open single

1415 we are unable to reasonably summarize them all here. We will focus

nanopores
instead on the handful of techniques that are currently most widely used to make
sub-10 nm nanopores in inorganic, solid-state membranes or substrates. This restric-
tion on the physical dimensions of the nanopore is particularly challenging, largely
due to the fact that this size range is well below the limit of resolution of lithographic
techniques, which has necessitated the development of alternative approaches. Other
techniques also exist with which to fabricate arrays of nanopores'’'%19 although
these are generally are not capable of making very small or very thin pores, nor do
they have the same level of precision as single-pore techniques.

The first two techniques to be discussed involve direct drilling of materials with

tightly focused beams of ions or electrons. Prior to their development, it was known

that beams of charged particles could induce controllable material changes, including

28



drilling holes, in dielectric membranes and heterostructures, knowledge that until that
point had found application mainly in the production of metallic point contacts?’.
Early work with charged particle beams used a collimated Argon ion beam to
open a nanopore by sputtering away SiN, material leading to the tip of a cavity
on the opposite side of the membrane?!. It was then shown that one could use the
same Argon ion beam at lower energies to controllably shrink existing nanopores
by locally melting silicon dioxide membranes??, followed by a demonstration of direct
drilling of these nanopores using focused Argon beams prior to controlled shrinking?3.
Soon after, it was demonstrated that not only was an analogous controlled shrink-
ing effect accessible using the electron beam from a transmission electron microscope
(TEM), but that the electron beam could be used to directly drill nanopores below
10 nm in size?* before controllably shrinking them even further. Beam-based pore
fabrication was further refined to be able to directly drill small nanopores without
requiring a post-drilling shrinking step, achieving sub-10 nm nanopore sizes using
gallium ions?>2%, though the precision and reproducibility of such small pores is un-
clear. Sub-4 nm pores can be reliably achieved with Helium ions?’, while the current
state of the art TEM-based drilling technique can make pores on the order of a single

nanometer 28,

Various versions of both techniques are still used today, and despite
its complexity and cost, electron beam drilling has been the workhorse of solid-state
nanopore fabrication for the past 20 years, largely due to the fact that many nanopore
labs have ready access to existing EM infrastructure.

A second class of nanopore is based on pipette pulling to define nanometer scale
pipette tips. Nanopipettes were a natural extension of efforts to improve the spatial
resolution of scanning probe microscopy techniques that employed micron-scale orifice
pipettes to study ion activity in cells. By careful choice of pipette pulling parameters,

2930

it is possible to fabricate nanopipettes with openings on the order of 10 nm quite
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simply, which can applied to the detection of DNA and nanoparticle molecules®!. Tt
was later shown that like pores in flat membranes, nanopipette tip openings could be
controllably shrunk under electron beam radiation, enabling nanopipettes to approach
the single nm diameter limit3?, though in practice this shrinking technique is very
rarely used due to the added complexity in fabrication.

More recently, nanopore fabrication based on dielectric breakdown of insulating
membranes under high electric field stress was reported. It was first demonstrated
that high electric fields could be used to controllably enlarge existing nanopores drilled
by TEM?33, followed by the demonstration that this technique could be applied to
pristine membranes to drive the formation of a single pore when the value of the
sustained electric field approached that of the breakdown strength of the material.
Controlled breakdown (CBD) fabricates pores directly in an electrolyte solution by
applying high electric fields to an insulating membrane or membrane stack, resulting
in localized breakdown of the insulating properties of the membrane, and the highly

3435 at a random position on the membrane.

controllable formation of single nanopores
Sub-nm nanopores can be fabricated using this technique?®®, with high yield reported
for 2 nm nanopores®’. Due to the inherent resolution, precision, simplicity, and near-

zero cost of this technique, CBD is an attractive alternative to beam-based drilling

techniques as the method of choice for nanopore research.

2.2 Electron Beam Drilling

2.2.1 Fabrication

Nanopore fabrication by electron beam is achieved by direct sputtering of mem-

brane material by a tightly focused beam in a standard commercial transmission
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Figure 2.1: A schematic illustration of the electron optics used in a TEM. Image
courtesy of Thermo Fisher Scientific.

electron microscope (TEM)°, which is illustrated schematically in Figure 2.1. By
focusing an electron beam down to a few nanometer spot size, it is possible to re-
move membrane material at the focus and thereby open a nanoscale hole in the

41

membrane®'. This method is generally applicable to a variety of materials, includ-

ing SiN,, SiO5%2, Al,03%3, HfOy**, graphene® 47, MoS,*®, WS, 1, and Zn0,*°. The

kinetics of material removal by the electron beam are complex, with different mem-
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Figure 2.2: Electron beams from a TEM typically have a Gaussian intensity profile
with hour-glass shaped contours, which leads to b) hour-glass shaped pores, as verified
using TEM tomography to reconstruct the 3-dimensional nanopore profile3®39,

brane elements being removed at different rates around the beam focus®®. When SiN,,
membranes are locally thinned using an electron beam down to their theoretical limit
of stability, all that remains is amorphous silicon®'. Only a handful of studies have
reported the nanoscopic details of changes to the membrane material at the point of
pore formation 495253,

Due to the inherent divergence of a tightly focused electron beam, the pores

that result from this technique are typically hourglass shaped, leading to a situation
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wherein the effective thickness of the actual nanopore constriction is thinner than

the nominal membrane thicknegs?38:39,50,54,55

, somewhat improving spatial resolution
and sensitivity. Some examples are show in Figure 2.2. In spite of this, electrical
characterization of TEM-drilled nanopores typically assumes a cylindrical geometry
with a reduced effective membrane thickness to account for the deviation from this
assumption instead of using a model that accounts for curvature in the nanopore
geometry. This is because the additional parameters needed for the fit are difficult
to accurately fit with information about the nanopore conductance alone without
somehow varying the pore size during measurement %%, Most work with TEM pores
models them as cylindrical pores with a reduced effective thickness of one third of

the nominal membrane thickness®®.

2.2.2 Size Control

Electron beams can be used to controllably grow or shrink existing nanopores in
solid-state membranes through local melting of the membrane material using a beam

61 This behavior can be

with a wider focus, depending on the initial nanopore size
understood with a simple energetic argument. The free energy difference between in
intact sheet with surface tension 7 of thickness h and one containing a pore of radius
T is

AF x yrh (1 - %) : (2.1)

which has a maximum at r = h, that indicates that the pore will grow if r > h,
and shrink otherwise, a condition that agrees well with experimental evidence?*. An
example of this effect is shown in Figure 2.3.

Nanopore drilling by TEM has the advantage of providing a direct visual measure-

ment of the resulting nanopore immediately after fabrication. However, care should
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Figure 2.3: Continuous shrinking of an initially 5 nm nanopore down to 1 nm using
200kV electron beam radiation from a TEM over the course of 1 hour®®.

be taken when correlating images obtained this way to conductance measurements of
the resulting nanopore in liquid, since imaging them for too long can also alter their
size. Moreover, pores formed in TEM are formed in vacuum and typically require
treatment in Piranha solution to make sufficiently hydrophilic for subsequent wetting
in the solution used for molecular sensing. These additional processing steps and
harsh etches can change the pore size from what was measured in the TEM, so the
pore that is eventually wetted in solution no longer necessarily in retains its initial

size.
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2.2.3 Outlook

Despite its many shortcomings, nanopore drilling by TEM has been the main
solid-state nanopore fabrication method used by a majority of nanopore research labs
since its initial development, largely due to the fact that most major universities
already have TEM infrastructure. It has been an enabling tool that took solid-state
nanopores from an idea to a mainstream research field and demonstrated numerous

62765 While the prohibitive equipment cost, extensive training

exciting applications
required and inherently serial and manual nature of the technique will most likely not
allow this technique to be used outside of research settings, TEM drilling of nanopores

will likely continue to be used in many labs for applications requiring precisely located

nanopores or visual feedback of the details of pore fabrication.

2.3 Ion Beam Drilling

2.3.1 Fabrication

Drilling of nanopores using ion beams is in principle identical to TEM drilling,
except that an ion beam is used instead of an electron beam. Most realizations of
this technique use noble gas ions, though other ions can be used and are discussed
below.

Fabrication of pores using heavy noble gas ions generally proceeds in one of two
ways. In the first method, a large tapered cavity is made in one side of the membrane,
followed by exposure of the opposite side to a collimated ion beam that sputters
material away until the very tip of the tapered cavity is broken through, producing a
single pore?!. This technique is shown schematically in Figure 2.4, and is generally

termed ion-beam sculpting.
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Figure 2.4: a) a collimated Ar™ beam removes material from the surface of a mem-
brane opposite a large cavity. The beam is terminated when ion transmission is
detected, resulting in a nanopore at the tip of the cavity. b) A schematic diagram of
the drilling setup?*.

Ion beam sculpting works with all noble gas ions up to xenon. While heavier ions
have been shown to be more efficient at controlling the nanopore size by shrinking
them, the mechanism of closure is a competition between mass flow of locally melted
membrane material and sputtering of existing material by incident ions. Indeed, these
competing effects can be tuned to either grow of shrink the pore through the choice
of ion and beam characteristics%°.

In addition to patterning of bulk dielectric membranes, focused ion beam (FIB)

67,68

techniques have been applied to metallized membranes and graphene . Depending

on the choice of drilling ion, metallization of the membrane may even be a requirement

36



for fabrication, since without a conductive layer, charge buildup due to implanted ions

can defocus the beam.
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Figure 2.5: A schematic diagram of helium ion microscope components. With a
sufficiently tight focus, such a system can drill sub-5 nm nanopores. Image used with
permission from ZEISS Microscopy.

The second, and currently more widely used method, involves essentially the same

process as TEM drilling and is achieved by direct focusing of the ion beam down to
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a sufficiently small spot size to drill sub 10-nm nanopores through direct sputtering.

272869 is preferred, for a number of reasons. Heavy ions

Generally helium ion drilling
do not penetrate very far into the material they are drilling, and tend to get embedded
in the bulk material, resulting in buildup of charges that in turn defocus the incoming
beam and reduce precision. While this effect can be mitigated by adding a conducting
layer to the membrane to neutralize implanted charges, this is undesirable due to the
added fabrication steps. Helium ions, being very light, have a large penetration
depth, on the order of 100 nm ™, which often exceeds the thickness of the material
being sputtered, limiting charge buildup and improving precision and simplifying the

7175 A schematic of a helium ion microscope is shown in

fabrication requirements
Figure 2.5.

The mechanism of material removal by ions is complex. At low ion flux, sim-
ulations indicate that direct sputtering dominates, while at high flux it is a more
thermally-driven process that involves local melting and even boiling of membrane
material®. Helium ions are particularly interesting, since depending on the mem-
brane thickness, helium ions with sufficient energy can actually penetrate deeply in
the membrane material and remove atoms on both sides of the membrane simulte-
neously”’, or create voids and nanobubbles inside the membrane bulk for membranes

thicker than the helium ion penetration depth 737578

2.3.2 Size Control

Control of the initial pore size can be improved even to below the FWHM of the
incident beam by monitoring the transmission intensity of ions through the mem-

79

brane”™. Of the various ion beams used for fabrication, helium has been shown to

be most consistently able to make small pores. Once a pore is formed, its size can
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be tuned using a technique similar to that used with TEM drilling, exposing the
existing pore to a lower-intensity ion beam, or an electron beam from a TEM 212266,
Pores can either grow or shrink using this method, depending on the beam intensity

21 Because of the focused nature of the ion beam, nanopores

and the temperature
fabricated with ion beams are typically hour-glass shaped as well, depending on the

desired aspect ratio.

2.3.3 Outlook

Because many FIB systems are usually dedicated pore fabrication systems, unlike
TEM, ion beam drilling is more amenable to automation, allowing programmable
fabrication of small nanopore arrays®’, or pre-patterning (for example, local thinning)
of membrane surfaces prior to nanopore fabrication by other methods™.

While helium ions in particular can achieve pore diameters in the 5-10 nm range,
ion beam drilling is generally less widely used than electron beam drilling as a
nanopore fabrication technique. This is mainly due to the fact that the equipment ei-

t81

ther needs to be home-built®', such as for ion beam sculpting, or is still relatively less

commonly found in nanofabrication facilities, such a helium ion microscope (ZEISS

ORION NanoFab).

2.4 Nanopipettes

2.4.1 Fabrication

Unlike most other methods of solid-state nanopore production, nanopipettes do
away with the membrane entirely in favor of a nanoscale opening at the end of a

glass or quartz pipette, produced using standard pipette pulling techniques and in-

39



strumentation. Nanopipettes are fabricated using commercially available benchtop
pipette pullers, which with careful choice of pulling parameters and starting pipette
can produce inner tip diameters in the range of tens of nanometers2? 318284 Be-
cause of the tapered nature of the top of the pipette after pulling, the sensing region
is potentially quite long compared to membrane-based nanopores, reducing spatial
resolution in exchange for easy benchtop fabrication.

Electrically and fluidically nanopipettes behave quite differently from solid-state
membrane-based nanopores, due to the differences in material used and form factor,
which presents some unique fabrication opportunities. The conical and inherently
asymmetric nature of the nanopipette opening leads to current rectification? and
significant electroosmotic flow. The excellent dielectric properties of the glass used
for nanopipettes leads to very low capacitance and reduced high-frequency noise com-
pared to more conventional membrane-based nanopores®.

Nanopipettes are amenable to functionalization with a variety of materials, in-
cluding gold®-#7. Unlike solid-state membranes wherein the entire membrane would
be coated with a planar gold layer, the sharp tip of the nanopipettes can be leveraged
to study effects such as dielectrophoresis, which require sharp electrodes and large
potential gradients®"8.

Nanopipettes can also serve as the substrate for various biomolecular layers, in-
cluding antibodies®?, lipid bilayers®® optionally containing biological pores® and syn-
thetic pores produced using DNA origami techniques®?.

Nanopipette fabrication in double-barrelled pipettes has also been recently demon-
strated using identical techniques to regular nanopipette pulling, allowing for the use

of two pores in series, mediated by a meniscus of liquid at the tip%2, or functionaliza-

tion into an electrically gated nanopore transistor?.
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2.4.2 Size Control

Figure 2.6: a) schematic diagram of the end of a nanopipette. b) A SEM micrograph
of a nanopipette tip prior to electron beam irradiation. ¢) The same nanopipette tip
after 14 minutes of electron beam exposure, showing partial shrinking and possible
carbon deposition32.

Without significant additional work to shrink pores, it is also not possible to
reliably produce nanopipettes with openings much smaller than 10 nm. Once a
nanopipette is formed, the size can be controllably reduced down to around 10 nm by
irradiation in an electron beam®, though having to do so mitigates the advantages of

being able to actually make them with a benchtop instrument. An example is shown
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in Figure 2.6. Since fabrication of a new nanopipette is fast and cheap, shrinking is
generally eschewed in favor of simply making a new one until the desired dimensions

are achieved.

2.4.3 Outlook

Compared to beam-based drilling techniques, nanopipettes offer significant ad-
vantages in terms of simplicity of fabrication, equipment cost, and noise properties,
at the cost of larger minimum pore size and asymmetric electrical characteristics.
Nanopipettes are versatile experimental tools that offer excellent noise performance

at the cost of ionic current rectification and limited size control.

2.5 Controlled Breakdown

2.5.1 Introduction

Dielectric breakdown is a ubiquitous process in solid-state electronics, and is one
of the most common causes of failure in most transistor-based electronics. It results
when the electric field applied across an electrically insulating material exceeds its
dielectric strength, making it conductive while causing physical damage to the ma-
terial. For most applications this is an uncontrolled and detrimental event, resulting
in failure of the device in question. In this context, it is a very well-studied prob-
lem, though most research efforts over the years have been applied toward ways to
understand and avoid it. A review of the physics underlying dielectric breakdown
phenomena in solid-state electronics is given by Lombardo et al®.

When an electric field on the order of the dielectric strength of the membrane

material is applied across a dielectric, it partially loses its insulating properties and
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a leakage current flows through it. This current in generally attributed to tunnelling
of electrons or holes, and causes localized damage to the bulk material (e.g. a broken
chemical bond), which is assumed to take the form of neutral charge traps between
which electrons can also tunnel if they are sufficiently close. The breakdown process
then proceeds via a percolation effect, mediated by the fact that as these traps build
up, they locally reinforce the tunnelling current at that location. Once a connected
path of these traps exists that spans the material, a conductive path through is
formed, and dielectric breakdown occurs, irreversibly damaging the material at that
location.

Nanopore fabrication by controlled breakdown of membranes in solution harnesses
this normally destructive and uncontrollable process to achieve precise nanofabrica-
tion of nanopores in solid-state membranes3496.

In the most basic realization of this approach, an insulating membrane or mul-
tilayered membrane stack is immersed between two fluidic reservoirs containing a
conductive solution, usually an aqueous electrolyte, such that the only path for cur-
rent flow between the reservoirs is through the nominally insulating membrane itself.
A voltage is applied between the two reservoirs such that the electric field is smaller
than, but on the order of the dielectric strength of the membrane material. Sustain-
ing this electric field then drives tunnelling current through most likely a number of
randomly distributed hot spots on the membrane. Eventually one such spot forms
a localized path of conductive defects that spans the membrane before the others
and breakdown occurs. The material at the damaged path is quickly washed away
in the solution, leaving behind a nanoscale hole through the membrane®®. The con-
ductive solution fills the resulting nanopore and contributes an ionic current through
the pore, which can be used as a feedback mechanism to terminate the voltage before

further damage is done. This process, termed controlled breakdown (CBD) is shown
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Figure 2.7: a) the mechanism of dielectric breakdown in solution, wherein an electric
field applied across an insulating material drives tunnelling current through the ma-
terial b) that in turn causes damage and reinforces the tunnelling current c¢). When
a connected path of defects forms, high current causes material removal d). e) The
charge density across the entire nanopore chip as a function of applied electric field,
showing exponential dependence. f) A typical realization of DC CBD, showing slowly
varying leakage current as damage accumulates, following by a spike indicating the
opening of a pore. g) If the transmembrane voltage is not terminated immediately
after pore fabrication, the pore will continue to grow as long as voltage is applied. h)
Typical I-V characteristics of nanopores post-fabrication®!

in Figure 2.7.

Because nanopores fabricated this way are made directly in the same solution
and setup that is later used for single molecule sensing, this method of nanopore
fabrication greatly increases the yield of precisely sized, low-noise nanopores compared
to ex situ fabrication methods such as TEM and FIB. This is due to the fact that pores
produced by CBD are immediately wetted as soon as they are fabricated, avoiding

additional handling steps to subsequently facilitate wetting.

2.5.2 Fabrication

There are numerous ways to achieve control of dielectric breakdown. The first

published realization of this scheme used active feedback and a DC bias voltage: by
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monitoring the current through the membrane, one can detect an abrupt increase in
the current when breakdown occurs that corresponds to the onset of ionic current
passing through the newly opened pore. This can be used as a signal to terminate
the voltage as soon as it is detected3! (Figure 2.7). Feedback speed requirement are
modest, needing only a response time on the order of 0.1s to reliably achieve pores
as small as 2 nm?".

Several other control approaches have been developed. In order to use a minimal
voltage to open the nanopore, one can employ a slowly increasing voltage until the

moment of breakdown’®.

More recently, a current clamp approach was employed,
varying the voltage®® to maintain a fixed tunnelling current, which naturally reduces
the applied voltage when a pore is opened and the membrane resistance in conse-
quently reduced. Alternatively, to avoid setting a feedback mechanism, others apply
short voltage pulses interleaved with low voltage monitoring to check if a pore formed
during the high voltage step'®. One of the simplest options, which obviates the need
for actives feedback entirely, is to use a resistor or otherwise passive resistive element
(such as a long fluidic channel, for example) with resistance on the same order as the
desired nanopore itself in series with the membrane. Immediately after pore fabrica-
tion, this resistive element would provide passive reduction in the voltage across the
pore immediately after fabrication, since the resistive element then forms a voltage
divider with the nanopore. As the pore grows, the voltage across it naturally drops
and it transferred to the resistive element, limiting its size. Hybrid schemes also exist,
wherein DC voltages are increased in steps until breakdown occurs®. While these
schemes differ in their implementation and have been assigned a variety of acronyms,
the mechanism by which the nanopore is formed appears to be the same in all cases.
Several examples are shown in Figure 2.8.

When using active feedback and a DC bias it is particularly important to limit
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Figure 2.8: a) A typical realization of a simple DC bias control scheme, in which
the voltage (red) terminates when the current (blue) spikes”. b) A realization of a
constant pulsed voltage control scheme, in which high voltage pulses are following
by low-voltage monitoring steps until the low-voltage current exceeds a threshold®”.
The high-voltage current response is not shown on this scale, since it is dominated
by capacitive contributions and is not a useful quantity. ¢) A realization of a current-
clamp fabrication scheme, in which the voltage is varied under fixed current until
the opening of a pore is heralded by a sudden decrease in the voltage®. d) Typical
voltage traces using the technique in c). e) A hybrid scheme in which the voltage
across a MoS; membrane is periodically increased until pore formation is heralded by
an increase in the current®.

the voltage to biases such that the time to pore fabrication is much longer than

the feedback time, since the time-to-breakdown is exponentially dependent on the
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applied voltage. Because of the highly concentrated electrolyte and the fact that the
membrane is not perfectly insulating at high voltage, the formation of the first pore
only perturbs the electric field in its immediate vicinity, meaning that the generation
of defects on the rest of the membrane continues unabated even after the pore is
opened as long as a sufficiently high electric field continues to be applied. Since
defects build up at different random locations over the membrane during electric field
application, the time to fabrication of a second pore is much shorter than the time
to the first pore, and using voltages too high for the feedback time of the system can
lead to the formation of multiple pores before the voltage can be terminated 78101,

Nanopore fabrication by CBD has been demonstrated on a variety of membrane
materials and architectures. In addition to the usual nanopore staple of thin SiN,,
SiO534, and HfO,1%? films, it has been used to make pores in 2D materials, including
graphene!® and transition metal dichalcogenides such as MoSs and WsE»?. In the
2D case the kinetics are qualitatively different, since there is no bulk materials in
which to build up charge traps; rather, the first atom damaged by tunnelling cur-
rent becomes the location of the pore. However, this is still a weakest-link problem
governed by the kinetics underlying dielectric breakdown in the limit of membrane
thickness approaching zero. To date, no studies have reported the details of time-to-
breakdown distributions on 2D membranes.

CBD has also been used to realize pores through composite structures involving
both dielectrics and metals (SiN,/Au, SiN,/Au/HfO,, shown in Figure 2.9), as well
as stacked layers of different dielectrics (SiN,/HfO5'%%). In the case of a membrane
consisting of a gold layer on top of SiN,, the breakdown process was shown to remove
a circular of gold concentric with the fabricated nanopore®’, hinting at the enticing
possibility of single-step and automated fabrication of a nanopore inside a zero-mode

waveguide. Depositing a few atomic layers of HfO5 on top of SiN, has been shown
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100s nm 15 nm Au

Figure 2.9: CBD can be used to fabricate pores through multilayers structures, even
ones that include conductive layers like gold. Above, fabrication of a nanopore in a
membrane stack consisting of SiN,, Au, Cr, and HfO, is shown to produce a single
nanopore concentric with a larger circular area in which the gold layer has been
removed.

(unpublished data!%?) to stabilize solid-state nanopores, limiting pore growth to less
than 0.1 nm over 6 days when stored in LiCl solution!®3. Moreover, CBD was used
to fabricate a pore through a SiN, membrane interfaced with a conductive gels'%.
As long as the membrane is in electrical contact with the voltage source, CBD can be
used to fabricate a nanopore in any geometry and in almost any device architecture.

It should be noted that care needs to be taken when fabricating nanopores in

membranes that have very low capacitance. While low capacitance is desirable as

a way to suppress high-frequency noise in the nanopore ionic current signal, it can
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also cause premature and unwanted breakdown if any small charge imbalance () exists

across the membrane prior to pore fabrication. Because the voltage across a capacitor

Q
ok

with capacitance C' is V = even a small charge imbalance can induce voltages
above the dielectric strength of the material in the low capacitance limit, causing
the formation of multiple defects in the membrane. For typical SiN, membranes
the capacitance is high enough (greater than 10 pF) to limit this effect, but this
can cause issues for capacitance-optimized membrane structures. Luckily this can
easily be avoided by briefly shorting both sides of the membrane, with for example
a Ag/AgCl electrode connecting the two opposing fluidic reservoirs, to balance any
charges during the membrane wetting step'°°.

Thus far, CBD has been able to fabricate a nanopore in every combination of
membranes and membrane stacks that have been attempted, and has provided no
reason to believe it will not continue to work as more complex structures are tested.
This opens the possibility for simple fabrication of pores with embedded electrodes

or plasmonic structures, which will likely find an important role in applications of

nanopores moving forward.

2.5.3 Size Control

Unlike beam-based drilling techniques that tune pore sizes by starting with a large
pore and shrinking it, CBD can be used to fabricate a small pore (typically around 2
nm when using 10 nm thick SiN,, see Figure 2.10) and then enlarge it to the desired
size with angstrom precision, or atomic precision in the case of 2D materials. Sub-1
nm openings have been fabricated, though the accuracy/precision in this size range
is difficult to verify, since most biological polymers (proteins, DNA) are above this

size.
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Figure 2.10: Nanopores fabricated by CBD can start out sub-nm in size, after which
they can be controllably enlarged to any desired size. The distribution shown above
represents the pore size for nanopores made in 10 nm thick SiN membranes fabricated
in 1M KCI pH 10, after aging in 3.6M LiCl pH 8 for up to 24 hours®7.

Once a pore is formed, it can be controllably enlarged using moderate electric
fields®3. By applying pulses of enlarging voltage alternating with low-voltage moni-
toring of the nanopore, sub-nm precision can be achieved. It is generally more difficult
to enlarge a pore reliably using continuous DC bias since the nanopore is past the

Ohmic regime and no model exists to related conductance to pore geometry for such

107,108

large voltages . Even so, some groups do use DC bias to controllably enlarge

199

pores as well””. Note that this scheme is similar to one of the presented alternatives
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Figure 2.11: a) 8 V pulses are used to enlarge a pore in a 30 nm SiN, membrane.
b) Nanopores show a variety of enlargement profiles under pulsed DC bias, with
most growing faster as they enlarge. ¢) 5 V pulses are used to enlarge a pore in
graphene after pulsed fabrication. d) The change in graphene nanopore size per pulse
indicates that the enlargement method can control pore size with atomic precision in
2D materials!®.

used for fabrication, but uses lower voltages to achieve more controllable pore growth
to avoid overshooting the size, typically at most one third to one half of the dielectric
strength of the membrane for bulk membrane materials.

Alternatively, a current clamp can be used to slowly reduce the voltage required
to maintain a set value of the current as the pore grows®. Initially when the pore is
small, this voltage is high enough to drive further enlargement of the pore, and as the
pore approaches the desired size, the voltage is reduced below the threshold required
for it to cause further growth (on the order of 0.1 Vnm™! for SiN,).

Moderate pulsed voltages have a variety of other positive side effects as well. As
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Figure 2.12: a) Power spectra for several nanopores, showing that a poorly wetted
nanopore can be properly wetted after application of pulsed voltage. b) As a nanopore
is enlarged, the noise characteristics can be improved significantly 3.

shown in Figure 2.12, low-frequency noise in solid-state nanopores can sometimes be
improved during the enlargement step, and poorly wetted or clogged pores can be

improved upon?3109,
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Figure 2.13: Time to breakdown follows a Weibull distribution for both a) a current
clamp applying 10 nA in 1M LiCl pH 8% and b) a voltage clamp applying 8V in 1M
KCI1 pH 10%. The Weibull scale is In(—In(1 — F(t))) where F(t) is the cumulative
fraction of membranes that have undergone CBD by time ¢. 1 and 3 are the Weibull
timescale and slope, respectively.

2.5.4 Kinetics

The kinetics of pore formation and growth are complex, having numerous de-
pendencies, not all of which are present in the case of breakdown in semiconductor
devices, including dependencies on the membrane material, the electric field, and
the composition of the electrolyte solution in which fabrication occurs. Addition-
ally, breakdown kinetics have even been shown to vary between batches of nominally
identical SiN, membranes, pointing to the effects of variations in thickness or stoi-
chiometry®>. Due to the complexity of the physics involved in dielectric breakdown
very few experimentally useful theoretical models exist, and so we instead discuss an
empirical characterization of these dependencies.

Since dielectric breakdown occurs at the first location on the membrane that
achieves a connected path of defects connecting the two membrane-electrolyte inter-

faces, the time required to open the first pore in the membrane is governed by the
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Figure 2.14: a) Time to breakdown is exponentially dependent on the applied voltage
(or equivalently, the applied electric field). b) For a given electric field, fabrication
times are highly sensitive to the pH of the electrolyte solution, while being insensitive
to the choice of cation, as seen in c)

kinetics of a weakest-link problem, which is described by a Weibull distribution of

time-to-breakdown

35,98

34

o4

, which indicates that the probability that a membrane has



not undergone breakdown after time ¢ is given by

F(t) =1 — exp (- (%>ﬂ> (2.2)

where 1 gives the breakdown timescale and /3 indicates the sharpness of the transition.
This property has been demonstrated for both voltage clamp and current clamp
fabrication schemes, as shown in Figure 2.13. It should be noted that the real quantity
of interest in determining at what point the membrane will undergo breakdown is the
total charge fluence that has passed the membrane®, but it is difficult to isolate the
contributions of current through the membrane from that which passes through the
supporting structure, time serves as a reasonable alternative that exhibits the same
statistics.

The mean time to breakdown depends exponentially on the applied electric field,
as shown in Figure 2.14. This extreme electric field dependence can be used to change
the mean time by many orders of magnitude for a given set of parameters using only
a small variation in voltage. For this reason, care must be taken when choosing a
voltage to ensure that the time it takes to fabricate the pore is much longer than the
feedback time at which the pore can be detected and the voltage terminated, since as
already notes, one otherwise risks opening several pores at the same time™!%!. On
the other hand, if the voltage is too low, the fabrication time will be prohibitively
long.

Breakdown kinetics also depend on the nature of the electrolyte used to carry
the current, a dependence that is obviously not present in the case of dry dielectric

breakdown3°

. In particular, the time to breakdown was found to be very sensitive
to pH for a given electric field strength, with time-to-breakdown being reduced by

orders of magnitude at both extremes of the pH scale, while being largely insensitive
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Figure 2.15: a) Time to breakdown is extremely sensitive to the local pH near the
membrane. By modifying the local concentrations of OH- and H+ near the membrane,
fabrication times can be modulated from seconds to days for a given electric field
strength. b) A schematic representation of the effect of the electric field on the local
charged species near the membrane?3’.

to the nature of the cation used to carry the current through solution?®*.

This sensitivity can be made even more extreme using different pH values on either
side of the membrane, indicating that unsurprisingly, hydrogen and hydroxide ions
likely both play a critical role in the redox reactions that generate tunnelling current

at the membrane-solution interface®, as shown in Figure 2.15. Simply changing the
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direction of the pH asymmetry in the most extreme case changes the fabrication
time from less than 1 second to more than 3 days. In principle nanopores could be
fabricated in pure water, though the added electrolyte is required for active feedback
control, since it is the ionic current signal that indicates that a pore has been formed.
Care should be taken when attempting to use extreme pH values to speed up nanopore
formation, since pore Ohmic behavior is often lost at both extremes, where pores
formed in conditions of extreme pH often exhibit rectification. As a means to reduce
fabrication time it is preferable to use a near-neutral pH and simply increase the
voltage instead, though extreme pH values can still be used if diode-like behavior is
desirable.

Membrane geometry is also important in breakdown kinetics. Membranes with
larger active area achieve breakdown faster due to the fact that there is more area for
defects to form?3®, though the area dependence is logarithmic and therefore quite mod-

95

estly affects time to breakdown”. Thinner membranes also have faster fabrication

for a given voltage due to the higher electric field applied 3119
Dielectric breakdown is a universal process, and can be controlled with a large
selection of possible conditions. The universality of the fabrication process, combined

with the wide range of parameters that have a significant effect, provides a very large

parameter space in which to optimize nanopore fabrication for a given application.

2.5.5 Localization

Since CBD is usually performed using purely electrical feedback, there is no a
priori to know where on the membrane the nanopore was formed without additional
monitoring steps. In the simplest form of CBD, because the electric field used to

fabricate the nanopore is applied uniformly across the entire membrane, the actual
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Figure 2.16: a) The locations of many nanopores fabricated on different membranes
and overlaid, showing a roughly uniform distribution of pore locations on the mem-
brane. Membrane locations are determined by Gaussian fitting of fluorescence spots
produced by calcium dye. Circled points correspond to the two nanopores shown in

b) 101,
location at which the pore is fabricated is random. Identifying the location of the
pore has been achieved optically using a calcium-activated indicator dye on one side
of the membrane, coupled with a calcium-based electrolyte on the other. Since the
only place where the dye and calcium are both present in significant concentrations
is the pore itself, the pore lights up and can be identified under a microscope!!! when
a voltage is applied to drive calcium ions into the region with the dye. The random
nature of pore formation has been confirmed with simultaneous electrical and calcium
dye-based optical measurements of nanopores formed by CBD ! as shown in Figure
2.16.

In spite of this randomness, it is possible to take advantage of the extreme electric-

field dependence of the time to breakdown to deliberately position pores with varying
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degrees of precision, either by locally increasing the electric field strength, or by limit-
ing the membrane area that is exposed to electrolyte. Precisely positioned nanopore
fabrication by controlled breakdown has been successfully demonstrated using various

embodiments of both of these approaches.
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Figure 2.17: a) A schematic representation of the thinned membrane before nanopore
fabrication (not to scale). b) A typical DC fabrication curve on thinned membranes,
with insets showing simulations of the relative electric field strength on the various
parts of the membrane at each step. ¢) A TEM image of the localized nanopore after
fabrication by CBD, showing the pore confined to the locally thinned region.

Locally thinning a membrane has the effect of amplifying the electric field in the

thinned regions for a given applied voltage ™11

, and can localize the nanopore to the
same precision with which the membrane can be thinned by other means. The most
precise localization by thinning demonstrated so far achieved accuracy on the order
of 100 nm, using a helium ion microscope to perform partial milling down to 10 nm
of 100 x 100 nm? regions in 100 nm thick membranes prior to CBD™. Of particular

note in this approach is that while the probability per unit area of forming the pore

at a given location is much higher on the thinned region, since the higher electric
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Figure 2.18: a) Schematic of the setup for nanopore localization by laser illumination
of a nanopore membrane. b) The location of field enhancement can be made even
more precise using plasmonic structures that locally enhance the field on a scale below
the diffraction limit. ¢) TEM image of a pore formed in the junction of plasmonic
structures with a precision on the order of 10 nm!*2,

field there generates more defects per unit area per unit time, the thicker region is
often orders of magnitude larger. While the area contribution breakdown in Weibull
statistics is fairly modest, care must be taken to tune the electric field such that the
time to breakdown on the thinned region is much faster than the time to breakdown
in the thick region in cases where the degree of thinning is modest .

Another way to achieve local electric field enhancements is to use the optical field
from a laser. This technique involves locally changing the electric field by shining a
focused laser on the desired location of the nanopore!*. The laser is hypothesized to

increase the local conductivity by interacting with the photosensitive material, reduc-
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Figure 2.19: a) A realization of CBD in 5 independent channels on a single mem-
brane'!3. b) 5 independent channels connect to the membrane using microvias in
which a single nanopore can be fabricated. c¢,d) Fluidic channels (blue) can be ac-
cessed and addressed independently one at a time by compressing air valves (red) to
cut off the electrical and fluidic contact to the unwanted channels.

ing the band gap for conduction in the membrane material near the laser focus and
promoting controlled breakdown at that spot, a method that achieves diffraction-
limited localization. The diffraction limit can be overcome for even more precise
localization when the laser field is further modulated by plasmonic structures, a tech-
nique that permits reliable fabrication of solid-state nanopores within nanometer dis-
tances of existing nanostructures on a membrane!!?, as shown in Figure 2.18, though
this comes at the cost of complexity in nanofabricating the plasmonic structures and
aligning the laser spot.

It is also possible to limit the area of application of the electric field using mi-
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crofluidics to confine the electrically active areas to pre-specified parts of an intact
membrane. One realization of this approach has been demonstrated by partitioning

the membrane into various microfluidic channelg!!3:115:116

, as shown in Figure 2.19.
Due to the exponential dependence of fabrication time on local electric field, care

must be taken to ensure that the applied electric field is uniform across the target

area.
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Figure 2.20: a) Schematic diagram of the nanopipette localization strategy. b) Mi-
croscopy images of the pipette tip during the positioning and approach steps. ¢) Flow
chart showing the operation sequence for serial fabrication of multiple nanopores in
a single membrane. d) A schematic diagram showing the maximal pore density for
the given pipette tip. e) accounting for membrane rotation limits the useful mem-
brane area of the scanner. f) Membrane contact is detected as an increase in the

capacitance, which can also be used to infer the size of the contact area”.

Localization of the pore has also been achieved by limiting the area over which
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liquid contacts the membrane using the meniscus at the tip of a micropipette®.
Using a micropositioner to scan the pipette tip across the membrane permits serial
fabrication of hundreds of nanopores on a single microscale membrane. Localization
is achievable with precision equal to the diameter of the liquid meniscus at the tip of
the pipette. While micrometer precision has been demonstrated, it could in principle

be improved with smaller pipette tips. The basic setup is shown in Figure 2.20.

2.5.6 Outlook

CBD is a simple, rapid, and cost-effective method for fabricating individual solid-
state nanopores directly in the buffer conditions and electronics setup later used for
single-molecule sensing. The fact that pores are formed wet translates into high yield
of usable nanopores, while the in situ pore size control using only low-bandwidth
electric field application allows for precise control of nanopore size using entirely
automated feedback control. Compared to beam-based drilling the cost of equipment
is essentially null, since a circuit capable of reliable nanopore fabrication can be
constructed using hobby store electrical, components, 9 V batteries, and a simplistic
feedback controller. This technique is also amenable to automation.

One of the major breakthroughs provided by CBD is that line-of-sight access to
the eventual location of the pore is no longer required, as long as there is a liquid
contact connecting the electrodes to either side of the membrane to be perforated.
This permits pores to be fabricated deep inside complex geometries after they are
fully assembled, greatly increasing yield and putting mass-manufacturing of devices
with embedded nanopores within reach. The first such integrated device was recently
demonstrated, which shows the possibility of fabricating a single nanopore through

an existing porous structure in order to produce two solid-state nanopores in series
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within nanoscale distances of one another!'7.

2.6 Outlook

With growing industry interest in the state of the art in solid-state nanopore
biosensing, the push for novel methods with which to realize precisely sized syn-
thetic single-molecule sensors with high-yield in a scalable, low-cost way continues
unabated. To that end, the ubiquitous carbon nanotube (CNT) has also found its
way into the solid-state nanopore space. Though much less widely used for biosensing
than membrane-based pores, CN'Ts have been employed as solid-state nanopores in
a variety of different ways. Early methods generally involved embedding a CNT in
a polymer matrix or epoxy block and slicing away thin sections to form the sensor
membrane containing a pore made up of a CNT that was used to detect nanoparti-

cleg 119,121

. Lui et alimproved on the resolution of this general approach by embedding
2 nm diameter single-walled CNTs (SWCNTs) in a PMMA coating and performing
e-beam lithography to open channels connecting to either end of SWCN'Ts deposited
at low density on a silicon wafer for the detection of single ssDNA molecules!!®.
Aside from embedding in solid supports, CNTs can also be inserted into the open-
ing of a glass nanopipette using a manipulator operating inside an SEM, such that
the CNT forms the new nanopipette tip, though single-molecule detection was not
demonstrated with this method?2.

Single-molecule detection with CNTs has been successfully demonstrated by em-
bedding CNTs in a lipid bilayer membrane. In this technique, the natural hydropho-
bicity of CNTs promotes perpendicular insertion of CN'Ts into existing lipid bilayers,

forming biomimetic nanotube channels through the lipid membrane that were shown

to be able to pass ssDNAY CNTs have also been successfully embedded in SiN,
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Figure 2.21: a) A CNT is embedded in spin-coated PMMA before channels are opened
to give access to both the inlet (IR) and outlet (QR) ends!®. b) A CNT is embedded
in the bulk of a block of epoxy and thin sections are sliced away with a diamond knife
to produce thin membranes containing a single CNT119. ¢) the natural hydrophobicity
of CNTs causes them to embed readily in lipid bilayers, producing biomimetic pores
in lipid substrates. d) Current traces showing incorporation of one or more CNTs in

the lipid bilayer. e) clearly quantized levels corresponds to incorporation of additional
CNTs!20,

membranes using a process of catalyzed growth, though this method produces large
arrays of nanotubes as opposed to single molecular sensors'?®. While CNTs have
yet to match more mature pore technologies in terms of sensing performance, their
tunable physical and electrical properties make them interesting candidates as highly
sensitive biomolecular sensors, and they certainly bear watching as an emerging class
of solid-state nanopore. Several examples of nanopore devices made from CNTs are
shown in Figure 2.21.

Since precise nanofabrication techniques exist, and viable industrial-scale nanopore

fabrication processes are within reach, the focus of future nanopore and single-molecule
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Figure 2.22: a) Simulation of ssDNA ratchetting through a system with 3 embedded
electrodes marked M separating dielectric regions marked D. b) The force profile
experienced by the ssDNA in such a system for stiff (grey) and weak (black) spring
forces exerted by the electrodes. Red denotes the time-average of the forces, showing
the ratchetting nature of the motion'?3. ¢) Fabrication steps required to realize this
structure experimentally on a wafer scale using standard lithographic techniques.
d) SEM images of the resulting structure showing 3 layered embedded electrodes
prior to pore formation. e,f) side views of slices of the structure showing the various
components 24,

nanosensor fabrication efforts is shifting toward the development of novel structures

with which to control the motion of biomolecules as they translocate the sensor!26.

Oxford Nanopore recently demonstrated that using a ratcheting enzyme to control
ssDNA motion through a biological nanopore enables direct-read sequencing*?” . This
has provided impetus for research into fabrication techniques with which to produce
heterostructure membranes incorporating multiple metallic and/or dielectric layers

with the purpose of either improving motion control during biomolecular translocation

23

through a solid-state nanopore!??, or increasing the speed of the temporal response of

the pore to resistive pulses'?®. In many proposed schemes, motion control is achieved

24

using precise electric fields in and around the pore!?*, with proof of concept simu-

lations demonstrating ratchet-like motion of ssDNA through a solid-state nanopore

123,129,130

comprising multiple internal gate electrodes While nanopores have been
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fabricated in composite membranes structures including embedded electrodes in a

1241317133 and nanopipettes?,

variety of configurations on both membrane-based pores
the requisite level of motion control for sequencing has not yet been demonstrated
experimentally. A few examples of embedded electrode schemes are shown in Figure
2.22.

There is also interest in proposed devices with nanoscale electrodes or graphene
ribbons that conduct transverse to the direction of molecular motion through the pore.
Such a structure could in principle identify bases as they pass the pore with better
spatial resolution than the full pore itself by measuring current tunnelling through the
bases as they pass between the transverse electrodes. Several attempts at fabricating
such structures have been made!3413%137140 " and while individual DNA bases can

be identified by their tunnelling current signature!36-14!

, single-base resolution and
continuous base-reading have not yet been achieved, again largely due to the low
residence time of each base in the recognition region and the difficulties in producing
a number of viable nanodevices to experimentally explore and optimize operation
conditions. Fabrication techniques that combine DNA motion control with base-
recognition tunnelling will be of great interest in the coming decade as solid-state
nanopores strive to catch up to their biological counterparts in the sequencing space.
A few examples are shown in Figure 2.23.

While nanopore fabrication techniques in general are rapidly maturing, there are
still segments of the parameter space of fabrication variables that have not yet been ex-
plored. Most nanopore research is conducted using SiN, membranes, which is largely
due to familiarity and convenience, since robust thin membrane fabrication proto-
cols exist for this material. There are a few groups exploring alternative membranes,

however. HfO, shows promise as a more stable and robust membrane material that

could be made much thinner than SiN, while retaining long term stability**. The
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Figure 2.23: a) Platinum nanoelectrodes can be interfaced with gold microelectrodes
near a nanopore to provide a transverse current signal as DNA passes between the
electrodes. b-f) Successive magnification of the experimental realization of this struc-
ture®!. g) A schematic of a nanopore in a graphene nanoribbon, which also allowed
measurement of transverse current at the same time as the usual nanopore signal.
Examples of the simultaneous signals are shown in h)!3%. i) Individual bases can be

recognized by functionalizing the transverse electrodes with molecules that interact
differently with each base!3¢.

unique and infinitely tunable electrical properties of transition metal dichalcogenides

make them attractive as membrane materials, especially as components of multilayer

68



devices for more precise control of local electric fields in and around the pore, but

so far only a few have been explored®®°%!42  In short, while considerable strides

have been made in fabrication techniques for solid-state nanopores over the past two

decades, there can be no doubt that the pace of discovery will continue unabated for

the foreseeable future.
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Abstract

We demonstrate the automated and reproducible fabrication of sub-2 nm
nanopores in 10 nm thick silicon nitride membranes, through controlled di-
electric breakdown in solution. Our results reveal that under the appropriate
conditions, nanopores can be fabricated with a size no larger than 2.0+ 0.5 nm
in diameter for a sample of N = 23 nanopores, with an average and standard
deviation of 1.3 & 0.6 nm. The dimensions of these nanopores are confi rmed
by using individual translocating DN A molecules as molecular rulers. We show
that a 2.0 nm and a 2.1 nm diameter nanopore are capable of distinguishing
single-stranded DNA versus double-stranded DNA, and that a 2.4 nm diame-
ter nanopore can be used to investigate the overstretching transition in short
dsDNA fragments. These results highlight the reliability and precision of the
automated fabrication of nanopores via controlled dielectric breakdown, show-

ing great promise for the manufacturing of future nanopore-based technologies.

3.1 Introduction

The utility of nanopores as single-molecule sensors is well-established, and relies

on electrokinetically driving a charged analyte through the nanopore in an electrolyte
solution while monitoring changes in the ionic current??®. For nucleic acid analysis,
it is often essential for the DNA molecule to pass through the pore in a single-file,
sequential, manner. For this reason, nanopores with diameter comparable to that of

DNA are crucial. At the same time, the sensitivity of the sensor also improves as its

size approaches that of the analyte of interest.

The atomically precise structure of biological pores, such as a-hemolysin and
MspA, has, in part, contributed to their success in sequencing DNA strands, and

at least in the short-term makes them more attractive for the commercialization of
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nanopore-based technologies®®. Yet, compared to their organic counterparts, solid-
state nanopore devices possess many attributes advantageous for the development of
clinical diagnostic tools for personalized medicine applications. Solid-state nanopores
offer: a tunable pore size; increased stability over a wide range of operating condi-
tions (pH, voltage, temperature); mechanical robustness; and a natural propensity
for integration with semiconductor and microfluidics technologies.

However, reliable fabrication of nanopores in thin solid-state membranes which
are small enough to ensure single-file passage of double stranded DNA (dsDNA) and
single-stranded DNA (ssDNA) has been challenging. While techniques for fabricating
nanopores in the sub-5 nm range exist, either based on transmission electron micro-
scope (TEM)%1% or ion-beam sculpting machine!!, they are time-consuming, labor
intensive, and have low yield. Typically, beams of high-energy particles cannot be
focused tightly enough to reliably achieve 2 nm nanopores. Larger pores must there-
fore be shrunk through localized melting of the membrane in order to achieve the
desired pore size?, though at the cost of locally modifying the membrane material
composition %13, In addition, for the case of the widely used TEM-based drilling, the
nanopore creation is detected by eye, monitoring flickering on a fluorescent screen,
confounding automation.

In spite of these difficulties, small nanopores with dimensions ranging from 1.5 nm
to b nm are being fabricated and used by a few research groups. Sub-2 nm nanopores
are capable of directly affecting DNA structure and probing unzipping mechanics 4.
Another interesting observation was that the kinetics of DNA translocation were
found to be qualitatively different as the nanopore size decreases, revealing much
longer dwell times, highlighting the importance of DNA-pore interactions (e.g. fric-
tion) in the translocation dynamics'>!6. The ability of small nanopores to detect DNA

substructure also makes possible numerous medical diagnostic applications, includ-
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ing analytic drug screening through spatially resolved detection of DNA-biomolecule
bound complexes!”. More recently, it has been shown that small nanopores are ca-
pable of distinguishing short homopolymers from one another!'® and detecting DNA

substructure

, moving one step closer to the goal of solid-state nanopore-based tech-
nologies for health related applications. Another study has demonstrated the utility
of hafnium oxide as a robust membrane material for sub-2 nm nanopores which can be
used to slow DNA translocations through interactions with the substrate?’. Despite
these impressive demonstrations, the pace of scientific discoveries employing small
solid-state nanopores remains very limited by the low yield and complexity of the
fabrication methods, which require extensive manual control from a highly trained
user and numerous handling steps to prepare the nanopores, any part of which can
damage the membrane. Consequently, commercially available 50 x 50 pm?, 10 nm
thick membranes are rarely used as they are far more likely to break, thus limiting fab-
rication to thicker membranes at the expense of a lower signal-to-noise ratio. Some
groups overcome this difficulty by locally thinning part of a membrane?!, though
this adds multiple steps to the fabrication process, unavoidably affecting yield and
increasing the time invested in fabrication.

Here, we show that fabrication by controlled dielectric breakdown can be used
to reliably produce, in a simple and automated fashion, individual 2 nm nanopores
in a 10 nm thick silicon nitride (SiN,) membrane. We demonstrate a yield greater
than 95% by optimizing the fabrication conditions for the controlled breakdown of a

dielectric membrane in an electrolyte solution?2.

The method relies on application
of a sustained electric field across an insulating membrane in solution near its di-
electric breakdown strength, which induces a localized leakage current through the

membrane. By monitoring the resulting sustained tunneling current, the creation of

a single nanopore is detected as an abrupt increase in the leakage current, which we
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attribute to the onset of ionic current. Small nanopores in thin membranes are ob-
tained through feedback control at low to moderate voltages ( 5 — 10 V) to limit the
damage to the membrane after the dielectric breakdown event. The current-voltage
(I-V) characteristics of these nanopores over a +1 V range are measured in high salt
concentration in order to minimize surface effects, which can cause current rectifi-
cation, particularly for pores with diameters on the scale of the Debye length?24,
We employ the commonly used method of inferring nanopore size from conductance

measurements, following Wanunu et al.?!%.

G:a(£+1)_l, (3.1)

where o is the solution conductivity, L the membrane thickness, d the pore diam-
eter, and GG the nanopore conductance, the validity of which has previously been
demonstrated for nanopores fabricated by dielectric breakdown??. We demonstrate
that nanopores produced in this way are excellent single-molecule detectors, capable
of distinguishing ssDNA from dsDNA or probing tertiary structure in dsDNA. These
results also serve to validate the accuracy of the nanopore size extracted from the

conductance-based model.

3.2 Results and Discussion

3.2.1 Fabrication of sub-2 nm Nanopores

While our previous work with nanopores established the possibility of creating a
single sub-2 nm nanopore in a thin silicon nitride membrane, parameters were not
optimized for their reproducible and automated fabrication. To demonstrate that

nanofabrication by dielectric breakdown can consistently achieve nanopores smaller
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Figure 3.1: Time evolution of I-V characteristics for a nanopore immersed in 3.6
M LiCl pH 8 No other action was performed except for the periodic I-V curve
measurements ramped from =1V and +1V. a) After 1 hour, G, = 1.54 nS, G_ = 0.59
nS, rectification ratio of 2.6; b) after 5 hours, G4, = 4.4 nS, G_ = 1.57 nS, rectification
ratio of 2.8; c) after 21 hours, Gpore = 5.68 1S, pore is Ohmic. Estimated final size
from conductance model is 2.3 nm. Note that vertical scales differ on all three graphs.
d) Power spectrum density for the ionic current signal captured at +200 mV, showing
marginal improvement to noise despite increased current passage over the duration
of nanopore equilibration.

than 2 nm in diameter, we performed a systematic study under a specific set of
fabrication conditions.

Prior to pore fabrication, 10 nm thick SiN, membranes are cleaned in O, plasma
for 30 s at 30 W to ensure a uniformly clean surface and to facilitate wetting of

the membrane. We fabricate nanopores in 1M KCI or NaCl solution buffered at pH
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10 with a trans-membrane potential difference of —8 V. Once the leakage current,
Dicakage, €xceeds a preset threshold, Io,0f¢, defined as Ii:—:{f{i = 1.2+ 0.1 and updated
as needed during the fabrication process to maintain this ratio, the applied voltage
is terminated at a response rate of 10 Hz. These conditions are generally sufficient to
limit the time between pore creation and voltage termination to less than 0.5 s. The
typical time-to-pore creation in these conditions is approximately 10 minutes.
Immediately after creation, nanopores fabricated in this way typically exhibit
some degree of rectification, self-gating, or significant levels of low-frequency (%—type)
noise. As described in work by Beamish et al.?®, a moderate electric field strength
in the range of £0.2 — 0.3 V/m can be used rapidly mitigate these issues. However,
we have found that this approach generally results in significant enlargement of the
pore diameter. For this study, to ensure the fabrication of nanopores of the smallest
diameter with low %—type noise and Ohmic behavior, we simply switched the solution
to 3.6 M LiCl buffered at pH 8 and allowed the nanopore to equilibrate for a few hours
after fabrication. We have found this to be an effective way to improve electrical
characteristics of our nanopores. All -V curves improve steadily in these conditions,
showing an Ohmic response within a few hours. Figure 3.1 presents the time evolution
of the I-V characteristics of a nanopore as a function of immersion time in 3.6 M
LiCl pH 8, showing progressive improvement from a rectifying and self-gating pore
to a well-behaved, Ohmic nanopore. Nanopores left in 3.6 M LiCl pH 8 overnight
usually grow less than 1 nm. Note that nanopores drilled with a TEM also generally
show conductance increasing over time, at a rate which can be significantly higher
than observed here'?. Figure 3.2a shows I-V curves of 5 independent nanopores
fabricated via controlled dielectric breakdown once their I-V characteristics showed
an Ohmic response, within the first 4 hours after creation. We have found that all

pores fabricated for this study showed similar electrical behaviors. These nanopores
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are also relatively stable over time, showing on average a growth rate of 0.4 nm/day
(N =4, for a period of 4 days) at room temperature in 3.6 M LiCl pH 8, with most
of the growth concentrated in the first day. Remarkably, our results show that under
the conditions described above we can fabricate nanopores no larger than 2.0 & 0.5
nm in diameter for a sample of N = 23 nanopores (N = 19 in KCl, N = 4 in NaCl),
with an average and standard deviation of 1.3 + 0.6 nm. The distribution of initial
nanopore sizes is shown in Figure 3.2b.

To achieve these results, we have identified two key conditions to reproducibly
create small nanopores. First, the applied voltage must be rapidly reduced or turned
off upon detection of the first discrete breakdown event, to avoid significant nanopore
growth?. Secondly, the use of thinner membranes (e.g. 10 nm thick SiN,) should
be favored to minimize the variability in the damage size as a result of the dielectric
breakdown event. Indeed, we have observed that although the fabrication of sub-2
nm nanopores is possible on 30 nm thick SiN, membranes, the width of the distribu-
tion of fabricated size is larger. Once these conditions have been met, the choice of
electrolyte solution used for fabrication plays a secondary role in the overall nanopore
characteristics. We have found that using 1 M KCI pH 10 as the fabrication solution
gives reliable results, showing a clearer indication of a nanopore creation event and
less initial ionic current rectification than other experimental conditions.

Under these fabrication conditions, pore enlargement after the discrete breakdown
event is slow enough that a tighter cutoff or faster response time is not necessary to
achieve 2 nm diameter nanopores. In principle, more rapid (1072 vs. 10™! s) response
time and finer control could be achieved if it were necessary. The slightly extended
tail toward larger pore sizes in Figure 2b is a direct consequence of the loose cutoft
conditions used (I[“‘Lff = 1.2 £ 0.1 and 0.1 s response time), and the distribution

leakage

could be made even narrower if an application demanded it.
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Figure 3.2: a) I-V curves of fabricated nanopores ranging in size from 0.6 nm to 2.3
nm, after aging for up to 24 h in 3.6 M LiCl pH 8. Based on 3.1 1, a 1.5 nm nanopore
has a conductance of 2.54 nS, a 2 nm nanopore has a conductance of 4.4 nS, while a
2.5 nm pore has a conductance of 6.60 nS. b) A histogram of the initial size of the
fabricated nanopores, measured after allowing 1 hour of equilibration in 3.6 M LiCl
pH 8, as determined from a conductance-based model?®, which assumes a cylindrical

geometry. In the case of rectification, size is inferred from the polarity of highest
conductance.
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3.2.2 dsDNA and ssDNA as Molecular Rulers

In order to establish the accuracy of the effective nanopore size extracted from the
conductance-based model (Equation 3.1), we demonstrate the translocation of 50 nt
fragments of single-stranded DNA (ssDNA) and 50 bp fragments of double-stranded
DNA (dsDNA) through nanopores which were measured at only slightly larger than
the nominal diameter of the type of DNA in solution. In particular, we demonstrate
successful translocation of ssDNA (dss ~ 1.4 nm) through nanopores measured at
2.0+ 0.2 nm and 2.1 £ 0.2 nm, which should not be able to pass dsDNA (dys ~ 2.2
nm), and successful dsDNA translocation through a nanopore measured at 2.4 4+ 0.2
nm. All translocation experiments are carried out in 3.6 M LiCl pH 8 in order to
maximize passage times?” and to suppress surface effects. We first investigate the
translocation kinetics of DNA through a 2.0 nm nanopore as inferred from Equation
3.1. In order to avoid contamination or ambiguity between which species is being
translocated, dsDNA and ssDNA are added to opposite sides of the membrane, and
the fluid reservoirs are biased appropriately to drive negatively charged DNA though
the nanopore. Since the diameter of this particular nanopore should be too small to
allow dsDNA to pass, the attempt is first made to translocate dsDNA at —100 mV
and —200 mV. Figures 3.3a and 3.3b show current traces before and after addition
of both types of DNA on opposite sides of the membrane at a concentration of 50
nM. The baseline current is stable before addition of any DNA, showing no transient
fluctuations during a control lasting 180 seconds. Upon addition of 50 bp dsDNA,
very long (on the order of seconds) single-molecule events are observed, which fully
block the nanopore (greater than 95% blockage). In the reverse voltage polarity,
50 nt ssDNA is observed to translocate readily, with an average of 70% blockade

level, as shown in Figure 3.3c¢ and 3.3d. The scatter plot of the conductance block-
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Figure 3.3: Current traces of a 2.0 nm diameter nanopore in 3.6 M LiCl pH 8
(nanopore conductance, Gpore = 4.5 nS) with a) no DNA at —200 mV, showing a
clean baseline; b) 50 nM 50 bp dsDNA at —200 mV showing very long lasting events,
which fully blocks the pore (residual current is less than 30 pA, within the noise),
and c¢) 50 nM 50 nt ssDNA at +200 mV showing fast DNA translocation events with
deep nanopore conductance blockades (70% blockage); d) Scatter plot of conductance
blockades versus dwell times for ssDNA translocation events (N = 245 events). Data
was sampled at 500 kHz and low-pass filtered at 100 kHz.

ages as a function of the translocation times, shown in Figure 3.3d, shows a slightly
higher blockade than expected from a bulk excluded area argument in a solution of

conductivity o through a membrane of length L given by?%2:

d2
AG = 07T4D—LNA (3.2)
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which predicts a blockage of 2.5 nS, whereas the average blockage level observed is
3.1 nS for 245 single-molecule translocation events. We discuss this small discrepancy
below.

In the dsDNA experiment shown in Figure 3.3, while it is clear from the presence of
fully blocked events that dsDNA molecules are indeed interacting with the nanopore,
the events are so long (seconds to minutes, in some cases) that it is unlikely that they
represent full translocations. Moreover, if dSDNA translocated on that timescale, one
might expect that reversing the voltage polarity during an event would result in a
roughly comparable length of time before the nanopore returned to its open conduc-
tance state. This is not observed, and reversing the polarity immediately unblocks
the pore, suggesting that dsDNA intercalates at the entrance of the pore, but is most
probably not fully threaded at the voltages attempted (—100 mV and —200 mV). On
the other hand, ssDNA translocates readily once the voltage reaches +200 mV. The
dwell times in Figure 3.3d are nevertheless surprisingly long given the short length
of the ssDNA strands (25 nm), and corresponds to an exponential distribution with
a characteristic time of 170 pus. Whereas for unhindered translocations through a
nanopore one expects that the total amount of charge blocked by the biomolecule
during translocation, called the equivalent charge deficit (ECD), will be constant and
independent of the conformation in which the molecule translocates, this does not
apply to friction-dominated translocation. Instead, the general trend is for increasing
dwell time with increasing conductance blockade, which correspondingly increases the
ECD linearly with dwell time. This behaviour has been observed by several other
groups working with solid-state nanopores of similar diameter, and is generally at-

15,16 A control

tributed to friction and other short-range pore-analyte interactions
experiment (data not shown), translocating ssDNA through a nanopore fabricated

in the same conditions but enlarged to 4.5 nm in diameter, showed passage times
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which were much faster, nearing the resolution of our instrument, limited in band-
width with a maximum low-pass filter of 100 kHz, thus confirming that the reduced
translocation times in small nanopores is a size effect, as in previous studies!%-2930,

Analysis of ssDNA translocation data at +200 mV, presented in Figure 3.3d, reveals
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Figure 3.4: Current traces of ssDNA translocating a 2.1 nm nanopore (nanopore
conductance 4.88 nS) in 3.6M LiCl pH 8 at a) —200 mV, showing only single-level
blockages with approximately 73% blockage b) -400mV, showing two-level events with
around 80% blockage and single-level events with around 60% blockage. ¢) —600 mV,
showing two-level events with approximately 80% blockage and single-level events
with approximately 50% blockage and d)—800mV, showing mainly single-level events
with approximately 45% blockage. Current traces are multiplied by —1 for clarity.
Data was acquired at 500 kHz and low-pass filtered at 100 kHz.

no current levels associated with molecules threading in folded configurations, despite

the fact that the persistence length of ssDNA in high molarity electrolyte is less than
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1 nm3!. The absence of folded events is another strong indication that this particu-
lar nanopore, estimated at 2.0 nm by the conductance model, has a highly circular
opening, with axes ranging between 1.5 nm (to allow passage of ssDNA at all) and
2.2 nm (to disallow folded ssDNA), indicating a measurement error in the conduc-
tance model used to extract an effective size of #0.5 nm. This is further supported
by the fact that dsDNA can fully block the nanopore, which would not be possible
if the minor axis of the nanopore diameter was less than 2.0 nm. The conductance
blockade observed is on average slightly larger than the 2.5 nS predicted by the bulk
model. We attribute this small discrepancy to uncertainties in the actual membrane
thickness (nominally 10 + 1 nm) and in the conductivity of the electrolyte inside the
nanopore at this length scale. In addition, since electroosmotic flow opposes DNA
motion at this pH?32, any interaction of the DNA with the electric double layer, which
is unavoidable given the size of the nanopore, would tend to block more current than
the bulk prediction. In order to properly include the surface contribution to the ionic
current requires an accurate estimate of the surface charge of the nanopore, which
is as yet unknown for this fabrication process. However, accounting for the surface
charge contribution to equation 3.1 would only reduce the extracted pore size, and
the error incurred by ignoring it remains smaller than 0.5 nm?3 for these particular
conditions over the typical range of surface charge values for silicon nitride?*.

Next, we performed another set of experiments, under identical condition, on a
different nanopore estimated at 2.1 nm in diameter by Equation 3.1. Figure 3.4
displays ionic current traces showing individual 50 nt ssDNA translocation events for
voltages between —200 mV and —800 mV. We observed thousands of single-molecule
translocation events at each voltage. Note that, contrary to the previous study, no
dsDNA translocations were observed at +200 mV. At +600 mV, some transient, very

small conductance blockages were observed, showing ca. 10% blockage, suggesting
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dsDNA collisions with the nanopore, but no threading.
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Figure 3.5: Semi-log event density plots of 50 nt ssDNA translocation events through
a nanopore with an area equivalent to a 2.1 nm nanopore, with open pore conduc-
tance of 4.9 nS. a) Data acquired at —200 mV showing only one conductance blockade
level (IV = 877 events); b) Data acquired at —400 mV showing a second conductance
blockade levels (N = 1290 events); c¢) Data acquired at —600 mV showing two con-
ductance blockade levels (N = 1823 events); d) Data acquired at —800 mV showing
two conductance blockade levels (N = 1685 events). Color scale indicates number of
events. Data was digitized at 500 kHz and low-pass filtered at 100 kHz.

Figure 3.5 presents analysis of the data acquired at various voltages in the form of
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semi-log density plots of conductance blockade versus dwell times for ssDNA translo-
cation events. Similarly to the data acquired on the 2.0 nm nanopore, the relationship
between dwell time and conductance blockage is not what one would expect for elec-
trophoretically dominated translocation (the e.c.d is not conserved), showing weaker
voltage dependence on the translocation time than the ¢ oc V=1 observed for larger
nanopores created in solution??, strong friction effects, and significantly weaker dwell
time dependence than the exponential dependence of dsDNA dwell time on voltage
observed in small nanopores%2°. We attribute this difference to increased interactions
between ssDNA and the nanopore than would be observed for dsDNA, which would
lead to increased dwell times with a weaker voltage dependence. At —200 mV, we only
observe single-level events with a distribution of blockade amplitudes and dwell times
equivalent to the data shown in Figure 3.3d. Recall that the predicted blockage is 2.5
nS, whereas the average blockage level observed for this pore is 3.5 nS for N = 877
single-molecule translocation events. This compares well with the previous 2.0 nm
nanopore studied. However, at higher voltages, another type of event is present, ex-
hibiting a second deeper blockage level. These events, for which the ionic current
trace resembles folded events, take much longer to translocate than their single-level
counterparts. This is consistent with the notion of friction-dominated translocations,
since folded events in such a small pore would force ssDNA to be squeezed inside
the nanopore and cause much stronger interactions with the nanopore. These folded
events could indicate the possibility of a slightly more elliptically shaped opening for
this particular pore, which could be as much as much as 1.4 x 2.8 nm? while presenting
the same cross-sectional area, and still preventing dsDNA passage. However, data at
—200 mV suggests that the cylindrical model is valid and some previous TEM im-
ages of nanopores created via dielectric breakdown showed circular cross-sections??.

Therefore, it may be more likely that we are simply able to force ssDNA though an

96



opening smaller than its nominal diameter in solution by applying such high volt-
age. From Figure 3.5, it is clear that despite having a sub-linear voltage dependence,
the dwell time of both the low and high conductance blockage states decreases with
increasing voltage, consistent with full translocation events as opposed to intercala-
tion. Also of note is the fact that the single level conductance blockage is voltage
dependent, showing lower blockages with increasing voltage, consistent with previous
studies showing ssDNA stretching with increasing voltages®.

Finally, we investigate the translocations of dsDNA (dgs &~ 2.2 nm) molecules
through a nanopore measured at 2.4 nm in diameter to further ascertain the accu-
racy of the nanopore size extracted from the conductance-based model. At this size,
dsDNA should barely thread through the nanopore, while maintaining its hybridized
form. The experimental conditions are identical as those used for the ssDNA exper-
iments described above. Ionic current traces exhibiting transient current blockades
from individual translocating dsDNA molecules are presented in Figure 3.6. At all
voltages we observe two types of events. Most events display a single deep conduc-
tance blockade level (ca. 98% blocked), while some exhibit two conductance levels,
having first the same deep conductance level followed by a lower and longer blockage
level, as shown in Figure 3.6e.

At —200 mV, the observed conductance blockage of the single-level events is 5.6 +
0.4 nS, which is roughly consistent with the expected value of AG = 6.1 nS for single
file translocations of dsDNA, according to Equation 3.2. As the voltage is increased to
—800 mV in 200 mV increments, the conductance blockage of the single-level events
is gradually reduced. This is clearly observed in Figure 3.7, which shows a density
plot of the observed conductance blockages versus dwell times at various voltages.
Again, we observe the departure of translocation events from the line of conserved

e.c.d and a dramatic increase in the translocation time for nanopores larger than 5
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Figure 3.6: Current traces for dsDNA translocating a 2.4 nm nanopore at a) —200
mV, showing mainly single-level events with complete pore blockage (residual current
less than noise level) b) —400 mV, where stretched events begin to appear ¢) —600
mV, with the highest population of stretched events, and d) —800 mV, with a re-
duced stretched population. e) Examples of typical overstretched (two-level events)
and unstretched (single-level events) dsDNA translocation events at —600 mV. Data
was acquired at 500 kHz and low-pass filtered at 100 kHz. The recorded current is
multiplied by —1 for clarity.

nm diameter made in similar conditions??. As seen in figure 3.7e, the dwell time
of dsDNA molecules follows an exponential dependence on voltage, consistent with
previous work %2, Dwell times are roughly log-normally distributed at each voltage,
shown in Figure 3.7f, though there is a slightly heavy tail toward longer translocation

times, indicative of DNA-nanopore interactions.
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Figure 3.7: Scatter plot of 50 bp dsDNA translocation events through a 2.4 nm pore,
with open pore conductance 6.3 nS. The expected conductance blockage for dsDNA is
6.1 nS, which is approached at low voltage. Reduced blockage levels with long dwell
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times are attributed to overstretched dsDNA. a) Data acquired at —200 mV (N =
1370 events, less than 1% show two-level events; b) Data acquired —400 mV (N =
2565 events, 5% show two-level events); ¢) Data acquired —600 mV (N = 2834 events,
14% show two-level events) Inset shows typical events from each population; d) Data
acquired —800 mV (N = 5055 events, 2% show two-level events). Note the scale
chance change between plots a) and b). Color scale indicates number of events. The
dwell time dependence on voltage is shown in e), and the log-normal distribution of
dwell time for each voltage is shown in f). Data was sampled at 500 kHz and low-pass
filtered at 100 kHz.

Although events consisting of two discrete conductance levels are reminiscent of
folded DNA translocations, these cannot be folded events. Considering that the
initial level is the expected conductance blockage for dsDNA entering the pore in
a single file manner, the second blockage level, which is significantly smaller, must
therefore be indicative of a narrower molecular state. Moreover, since the persistence
length of 50 bp dsDNA is longer than the fragment size (50 nm vs. 18 nm), the
molecule should essentially be rod-like, thus avoiding folded molecular conformations.
Consequently, to explain our results, we propose that the nanopore is accessing the
B-S stretching transition in dsDNA, in which a stretching force of 65 pN is sufficient
to uncoil the double helix, resulting in a factor of 1.7x increase in DNA strand
length3%3% 'We argue that since the force is applied to both strands, the unzipping
of the double helix is unlikely. First-order constant volume estimates suggest that
an increase in DNA length should result in an equal decrease in cross-sectional area,
and therefore conductance blockage, and predicts a conductance blockage of 3.6 nS
for overstretched DNA. This is consistent with the most probable conductance level
of these events, measured at 3.3 £ 0.4 nS at —600 mV (Figure 3.7c). We propose
the following mechanism for the observed electrical signals: one end of the short
dsDNA fragment is fully threaded inside the 2.4 nm nanopore but does not completely

translocate, resulting in the deep blockade seen at the beginning of the two-level
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events. The dsDNA molecule is then temporarily trapped by the nanopore, resulting
in the exceptionally long translocation time observed in all of the stretched DNA
events. To first order, considering the nanopore is cylindrical, we expect a uniform
electric field across its length. At 400 mV, we estimate the stall force experienced by

a 10 nm segment of dsDNA, using
n
f(v)= zeZV, (3.3)

where ze = —0.49¢ (inferred from figure 3.4a in*’) is the DNA effective charge in
the nanopore per base pair, nL~! is the inverse of the base-pair spacing of 0.34 nm
for the B form of dsDNA. The calculated force is 92 pN, slightly above the range
required to access the full extent of the B-S stretching transition, which is expected
to occur above 65 pN®%. However, note that not all the electrostatic pulling force is
necessarily translated to a stretching force. For a translocating molecule the opposing
force is provided by friction in the nanopore, which will always be less than the pulling
force, unless the molecule is completely stalled. Moreover, there is a certain level of
uncertainty with the value of the effective charge of DNA inside a nanopore**2, which
will affect the accuracy of the calculated pulling force, and as DNA is stretched, the
linear charge density is reduced proportionately, reducing the stretching force. Thus,
we would expect that the pulling force experienced by the DNA molecule must be
somewhat higher than the required stretching force to access the stretching transition.
The fact that the nanopore frequently shows deep and long lasting blockages which
need to be cleared by reversing the voltage polarity attests to the strong likelihood
that DNA can be temporarily trapped and stretched during translocation.

Of particular interest is the voltage dependence of the blockade events, which

decreases with increasing applied voltage. The single-level conductance blockages
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approach the predicted 6.1 nS at low voltage as seen in Figure 3.7. We attribute this
voltage-dependent behavior to stretching of the dsDNA segment inside the pore, but
below the B-S overstretching transitio®*n. We argue that considering the increased
translocation times, the significant DNA-pore interactions present will contribute
to generate a substantial stretching force on the molecule, which can result in its
elongation even if it does not reach the full stretching transition. The decreasing
conductance blockage at higher voltages for the stretched events indicates stretching
past the B-S plateau. We propose a similar explanation for the decreased conductance
blockage with higher voltage observed for ssDNA as well (Figure 3.5). One would
only expect to be able to see this behavior in pores small enough to cause appreciable
friction to provide the opposing force for stretching to occur. Such behavior has also
been indirectly observed in nanopores slightly smaller than the diameter of dsDNA
under higher voltage, consistent with this interpretation?C.

In the absence of TEM images of every fabricated nanopore, the accuracy of the
nanopore size inferred from the measured conductance can be questioned. The model
relies on the assumption of no appreciable thinning of the membrane in the vicinity of
the pore and a cylindrical geometry?®. While in previous work we were able to confirm
the first condition using simple excluded area arguments for DNA translocation, and
the second condition through TEM images in the case of slightly larger nanopores??, it
is not necessarily obvious that this conductance model of the nanopore would extend
to such a small size regime, while maintaining its accuracy. Remarkably, the results
presented here strongly support these assumptions and the validity of the model.
Using —200mV, we are able to pass dsDNA through nanopores, which we measured
to be 2.4 + 0.2 nm in diameter, but not through pores we measured to be 2.0 4+ 0.2
nm and 2.1 £ 0.2 nm, showing that the accuracy of our extracted pore size can be

in the angstrom range for the small nanopores fabricated for this work. However, we
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note one caveat. Due to the importance of electric double layer effects in sub-5 nm
nanopores, the model is only accurate in the limit of high electrolyte concentration.
For pores on the order of 2 nm, we have observed a systematic increase in measured
nanopore size by as much as 30% when measured in 1 M KCI as opposed to 3.6 M
LiCl (data not shown). Given the close match between the measured pore diameters
and the range of possible diameters predicted for passage of ss- and dsDNA, it is clear

that the more accurate estimate comes from the higher salt concentration 233

3.3 Conclusion

We have demonstrated that systematic fabrication of solid-state nanopores in 10
nm thick silicon nitride membranes is possible using controlled dielectric breakdown
in solution, achieving an average diameter of 1.3 4+ 0.6 nm for a sample of N = 23
nanopores through careful feedback control and automation of the fabrication process.
Given that the fabrication conditions required are very general and non-specific to
SiN,, we expect this method to be readily applicable to other dielectric substrates,
such as Al,O3 or HfO,. The small nanopores created in this manner are excellent
single-molecule sensors, showing clear, high signal-to-noise electrical signals and long,
friction-dominated DNA translocation times. These translocation characteristics are
consistent with that observed for nanopores of similar size fabricated with traditional
TEM-drilling approach, though with a fraction of the effort and cost.

Given the intriguing dynamics accessible to sub-2 nm nanopores, we hope this
work will spark further investigations of the transport of nucleic acids and proteins
through small solid-state nanopores by a wider range of researchers. We envision that
the low-cost automated fabrication by dielectric breakdown of sub-2 nm nanopores

with sub-nm precision will enable a more rapid development of solid-state nanopore-
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based technologies for personalized genomics.

3.4 Materials and Methods

We fabricate nanopores in 10 nm low-stress SiN, transmission electron micro-
scope (TEM) windows purchased commercially from Norcada Inc. Membranes con-
sist of SiN, desposited on a Si substrate by low-pressure chemical vapor deposi-
tion (LPCVD). A 50 x 50 ym? window is opened through the Si substrate with an
anisotropic KOH etch to expose a free-standing area of SiN,. To ensure the struc-
tural integrity of the membrane, voltage below 1 V is applied to the membrane prior
to nanopore creation to ensure no ionic current can pass. Fabrication is carried out
following the method outlined in our previous work??. The salt used for fabrication is
1 M KCl or NaCl pH 10 buffered with 10 mM NaHCOj3, while the salt used in translo-
cation experiments and for measuring nanopore size is 3.6 M LiCl pH 8 buffered with
10 mM HEPES. The etch pit side of the membrane is grounded and all voltages in
this paper are referred from this ground.

Data is acquired using custom LabVIEW software interfacing with a National
Instruments USB-6351 DAQ card. During nanopore fabrication, data is acquired at
250kHz and software-averaged to 10 Hz. During DNA translocation experiments,
data is acquired at 500 kHz using an Axopatch 200B and hardware low-pass filtered
at 100 kHz using a 4 pole Bessel filter. All data analysis was done using custom
LabVIEW software and Origin.

50 bp dsDNA samples were purchased from Fermentas (NoLimits Thermo Scien-
tific product # SM1421), and 50 nt ssDNA samples were purchased from Integrated

DNA Technologies, Inc. The sequence of the ssDNA strands was (AgC)s.
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Abstract

Nanopore fabrication by controlled breakdown (CBD) overcomes many of
the challenges of traditional nanofabrication techniques, by reliably forming
solid-state nanopores sub-2 nm in size in a low-cost and scalable way for nu-
cleic acid analysis applications. Herein, the breakdown kinetics of thin dielec-
tric membranes immersed in a liquid environment are investigated in order to
gain deeper insights into the mechanism of solid-state nanopore formation by
high electric fields. For various fabrication conditions, we demonstrate that
nanopore fabrication time is Weibull-distributed, in support of the hypoth-
esis that the fabrication mechanism is a stochastic process governed by the
probability of forming a connected path across the membrane (i.e. a weakest-
link problem). Additionally, we explore the roles that various ions and solvents
play in breakdown kinetics, revealing that asymmetric pH conditions across the
membrane can significantly affect nanopore fabrication time for a given volt-
age polarity. These results, characterizing the stochasticity of the nanopore
fabrication process and highlighting the parameters affecting it, should assist
researchers interested in exploiting the potential of CBD for nanofluidic channel
fabrication, while also offering guidance towards the conceivable manufacturing

of solid-state nanopore-based technologies for DNA sequencing applications.

4.1 Introduction

Biological and solid-state nanopores have now established themselves as versatile

single-molecule detectors of biomolecules in aqueous environments, and are consid-
ered leading candidates for the next generation of low-cost, rapid DNA sequencing
technologies®. Since the initial discovery that a beam of energetic particles can cre-

ate nanometer-sized holes in dielectric materials®*, solid-state nanopores have been
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at the forefront of single-molecule research, although their use has been limited to
well-equipped research settings. Current state-of-the-art fabrication methods involve
the use of a focused beam of electrons or ions to create a nanopore, but these methods
are costly, both in terms of the infrastructure required and time invested by qualified
personnel in producing each nanopore. Moreover, while nanopores sub-5 nm in di-
ameter can be fabricated, it is very difficult and time consuming to precisely control
their size below these dimensions. Techniques to achieve these nanopore sizes, using
diffused beams of energetic particles to locally melt the membrane around the pore?,
are slow, typically have poor yield, and modify the membrane composition in the
vicinity of the pore®S.

Recently, we reported an alternative nanopore fabrication technique that per-
mits low-cost, scalable fabrication of precisely sized solid-state nanopores by con-
trolled breakdown (CBD) of a dielectric membrane in aqueous solution. This in-
novative nanofabrication strategy significantly reduces the complexity and cost of
nanopore fabrication and provides a clear path towards the manufacturing of solid-
state nanopore devices”. The method achieves near perfect yield with minimal user
intervention and can be used to reliably fabricate nanopores 1 nm in diameter or

greater, with sub nm precision®. While the effectiveness of the method has been

thoroughly demonstrated” '°

, some details of the kinetics of nanopore formation by
CBD remain unclear. In particular, the relative importance of the various electrolytic
species in solution, and the role of the solvent itself, needs to be further investigated.

Dielectric breakdown of solid-state devices in the dry state has been extensively
studied both theoretically and experimentally, with Lombardo et al. providing a
particularly thorough review!'. Studies also exist on breakdown in cases where liquid

is present on one side of the membrane, an area of importance for electrolytic capacitor

systems 2715, However, to the best of our knowledge, breakdown of thin membranes in
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a wet environment remains largely unexplored, particularly for insulating materials
in contact with liquids on both sides!®. There are a number of theories behind
dry dielectric breakdown, along with an ongoing debate about the precise physical
mechanisms which underlie the process. Fortunately, most models follow a similar
basic outline: (i) a large electric field leads, directly or indirectly, to probabilistic
production of charge traps (defects) in the material between which electrons can
tunnel if they are within a tunneling cross-section of one another, typically on the
order of a few nanometers'®!7; (ii) if a connected path of such traps exists which
spans the insulating material, increased localized current can flow through it!'*. As
current leaks through the material, it leads to a runaway process that very rapidly
results in the damage of the material around the breakdown path, possibly through
Joule heating!®. The precise origin of trap generation remains the subject of debate,
as does the nature of the traps which are responsible for the eventual breakdown!?;
impact ionization, hole injection, and trap creation involving atomic hydrogen are all
possibilities?°.

Because dielectric breakdown is caused by random trap generation in the ma-
terial', the time-to-breakdown is a stochastic process governed by the probability
of forming a connected path across the membrane. Such a weakest-link problem is

11,21

defined in semiconductor physics as a Weibull-distributed process , following a

distribution of the form

F(t) =1 — exp (- G)ﬁ) (4.1)

where F(t) is the cumulative breakdown probability after the electric field has been
applied for a time t, A is the time at which 63% of membranes have experienced

breakdown, and [ is the Weibull slope, a parameter which characterizes the steepness
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of the breakdown transition. This parameter relates to process memory. Note that for
£ =1 one recovers a simple exponential distribution, which is what is expected for a
process with no memory. Physically, this corresponds to the limit of thin membranes,
where all that is required for breakdown to occur is a single defect. For thicker
membranes, where many defects must coincide spatially, the process has memory
and the probability of breakdown at any particular spot builds over time as more
defects are introduced, which can be interpreted as a memory effect. Processes with
large 8 show much steeper breakdown transitions, since the breakdown event must
thoroughly sample the distribution of defect placements, as compared to the thin
membrane case where outliers are more likely since a single defect is sufficient. Note
that the average value of a Weibull distribution takes the form AI' (1 + $71), which
is equal to A\ within £10% for values of 8 typically seen in dielectric breakdown

experiments. We calculate F'(t) as
n(t)
F(t) = 4.2
0="4 (4.2)

where n(t) denotes the number of devices that have undergone pore formation by
time ¢, and N is the total number of devices tested.

From our previous work we know that the average time to breakdown is an expo-
nential function of the applied voltage or electric field used to fabricate the nanopore”,
which corresponds within £10% to A in the case of the Weibull distribution. In the
case of dry breakdown, (8 is an increasing function of dielectric thickness, while A
depends on the thickness and area of the material, and the applied voltage®!. A large
value of [ represents a very sharp breakdown transition, with only a small range

of times separating the extremes of F(t), whereas a small value of § (near unity)

is obtained when the defect tunneling cross-section approaches the thickness of the
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membrane.
In the case of wet breakdown, the underlying details of the process are qualita-

7121322 p

tively similar, with additional dependencies not present in the dry state
this work, we will compare and contrast the kinetics of dielectric breakdown in aque-
ous environments of 10 nm and 30 nm thick low-stress silicon nitride membranes to
the case of oxide breakdown in semiconductor devices in integrated circuits in order
to gain some further understanding of the underlying mechanisms of nanopore forma-
tion. In particular, in our previous work” we found that the nature of the solution (e.g.
pH) played an active role in the breakdown kinetics, particularly in the distribution
of time-to-nanopore fabrication. In this work, we demonstrate that nanopore fabri-
cation time is Weibull-distributed for a variety of fabrication conditions, supporting
the notion that the nanopore formation process is primarily governed by dielectric
breakdown as opposed to chemical etching. Additionally, we investigate the roles
that various species in solution play in breakdown kinetics, demonstrating that while
a judicious choice of pH on each side of the membrane can have an enormous effect on

the fabrication time distribution parameters discussed above, the presence of water

as a solvent is not essential for a nanopore to form.

4.2 Results and Discussion

4.2.1 Dielectric Breakdown Statistics

To study the distribution of fabrication times of nanopores by dielectric break-
down in an aqueous environment, we fabricated at least 10 nanopores in 10 nm and
30 nm thick SiN, membranes under a given set of pH and voltage conditions. A

typical nanopore fabrication experiment is shown in Figure 4.1. The fabrication time
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Figure 4.1: A typical nanopore fabrication experiment by CBD, showing leakage
current for —8 V applied across a 10 nm thick SiN, membrane in 1 M KCI pH 8. The
time to nanopore fabrication is determined by detection of a current spike passing
the preset cutoff current, signaling a breakdown event and the onset of ionic current.
The measured leakage current during fabrication contains contributions from both
the SiN, membrane and the silicon support chip, to which ionic current is added once
breakdown occurs. The data are multiplied by —1 for display clarity.

distribution parameters A and 3 of the cumulative distribution function for dielectric
breakdown F'(t) can be extracted by fitting In (—In (1 — F(t))) as a function of In (),
which yields a linear relationship with slope g and intercept Sln A. Such a scale is
called a Weibull plot!!. A distinguishing characteristic of the Weibull distribution is

that it retains linearity at the extremes of low and high total failure probability when

plotted on this scale.
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Figure 4.2: a) Distribution of fabrication times for 56 nanopores formed in 10 nm
membranes in pH 10 at —8 V. b-d) Weibull plots of fabrication statistics show that
nanopore fabrication is caused by dielectric breakdown in the membrane material.
The vertical axis reflects cumulative breakdown probability as calculated according
to Equation 4.2. Dashed lines are a fit to Equation 4.1, from which the Weibull
parameters are extracted. b) 56 nanopores are formed in 10 nm membranes in pH 10
and —8 V. ¢) 19 nanopores are formed in 30 nm membranes in pH 4, and 11 nanopores
are formed in each of two different batches of 30 nm membranes at pH 10 at —15 V,
highlighting batch differences. d) 17 nanopores are formed in 10 nm membranes in
pH 8 at —8 V and 18 nanopores are formed in 10 nm membranes in pH 4 and —8 V.
Note that the final data point in each case is not plotted since a probability of 1 is
undefined in a Weibull scale.

When describing dielectric breakdown, it is common in the semiconductor field
to use the total charge passed through the dielectric or the charge fluence, i.e. the

amount of charge passed per unit area, during the experiment instead of the time-to-
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pore formation!'. However, leakage current measured from our devices also includes
the leakage current through the SiN, film over the Si support chip, as the area of SiN,,
exposed to liquid is larger than the free-standing membrane and extends to the edge of
the silicone elastomer gasket. For this reason, for most of the data presented herein,
we cannot extract a value for charge fluence through solely the SiN, membrane,
making time a more reliable metric. Results for such fittings are shown in Figure
4.2. Each plot is generated from at least 11, and up to 56, independent nanopore
fabrication experiments at a given combination of pH and voltage, and as such, we
will limit our discussion to a few sets of fabrication conditions.

In our previous work’, we found that the average time-to-pore formation was
exponentially related to applied voltage for a given value of pH. The fabrication time
for 30 nm thick SiN, membranes was also observed to have a maximum somewhere
between pH 7 and 10, with faster fabrication in both highly acidic and highly alkaline
conditions. pH was shown to play a much less prominent role in reducing fabrication
time in thinner 10 nm thick membranes. By contrast, in this work we will use the
Weibull parameter A as our measure of fabrication time as opposed to the average
time, but the scaling will remain unchanged. The data displayed as Weibull plots in
Figure 4.2 collapse to a linear form. Because of the time and cost associated with
getting a high-resolution fit in this case, we have performed detailed statistics (56
pores, Figure 4.2a) only for one pH and voltage combination (i.e. 8V, pH 10, 10 nm
SiN,) in order to demonstrate that the relationship retains its Weibull-linear form
at low values of cumulative breakdown probability, shown in Figure 4.2b. We fitted
from 11 to 19 pores for the extraction of Weibull parameters under other experimental
conditions. Analysis of the data plotted in Figure 4.2c, on 30 nm thick membranes,
reveals a breakdown time of 4500 + 150 s and a slope 8 of 3.4 4 0.4 for the first batch

of membranes at pH 10 versus 560+8 s and a slope of 2.14+0.06 at pH 4. Comparing
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the values of the slope indicates that pH has a large effect on both fabrication time
and the breakdown kinetics, with a tighter time distribution (larger slope) at higher
pH values. In contrast, Figure 4.2b and 4.2d show that the effect of pH is reduced on
10 nm thick membranes, for which at both extremes of pH 4 and 10 the breakdown
distributions are very similar, with values of the intercept of 530 4+ 30 s and 450 + 10
s and slopes 0.99 4 0.05 and 0.89 £ 0.02 respectively. These results indicate that
thinner membranes have a wider distribution of breakdown times and that pH has
less of an impact on the time-to-pore formation for the set of voltages studied here.
The wider distribution for thin membranes lies in the fact that it is more likely to have
fast fabrication outliers by getting lucky and lining up the smaller number of defects
needed to span a thinner membrane. There is a maximum in creation time near pH
8, with a breakdown time of 930 £ 20 s and a tighter breakdown distribution with a
slope of 2.3 + 0.1, as summarized in tables 1 and 2. Note that as in the dry dielectric

2L our data from” suggest that the Weibull slope is independent of

breakdown case
electric field.
This new data is in agreement with our previous work?, demonstrating that pH
has a larger effect on the time distribution for pore formation on thicker membranes,
with A changing by a full order of magnitude when going from pH 10 to 4 on 30 nm
membranes, and, within our measurement uncertainty, only changing by about 10%
on 10 nm membranes. Similarly to what is observed in the case of dry breakdown?!,
we see an increase in § for thicker membranes and an electric field dependence in
A, indicating that the distribution of fabrication times becomes tighter for thicker
membranes, as would be expected for a model based on a partially randomly gener-
ated path of defects. A larger value of 3 is of practical value to any manufacturing

process based on this technique, since it means a more consistent time to breakdown

(i.e. predictable fabrication time). It should be noted that we have seen significant
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variation in Weibull parameters between batches of membranes. This is likely due to
systematic differences in membrane thickness, which can be as large as 10% accord-
ing to the manufacturer, or to differences in stoichiometry of the low-stress silicon
nitride films. Pretreatment of the membrane, for example by plasma cleaning, has
also been observed to affect kinetics to some extent, highlighting the importance of
the nature of the membrane-liquid interface. In spite of this, the effect of pH on the
Weibull parameters is clearly greater in the case of thicker membranes. This fits the
understanding in the dry breakdown case: in thin membranes, where the defect cross-
section approaches the membrane thickness, the breakdown process can happen with
only a few defects lined up, leading to a large variance in breakdown times (8 ~ 1)
but much less sensitivity to the efficiency of defect formation. This observation may
have significant importance for the fabrication of nanopores in increasingly thinner
membranes 2324,

The fact that the Weibull distribution fits the cumulative distribution of fabri-
cation times well for a given set of experimental parameters suggests that material
removal during nanopore formation by CBD is not rate-limiting. In support of this,
we occasionally observe a sudden sharp increase in leakage current, without actual
nanopore formation (i.e. complete fluidic path), as verified by low-voltage impedance
measurements. Restarting the voltage immediately results in proper nanopore fab-
rication soon after. We attribute these events to cases where a conductive path is
formed but the material is not yet fully removed (termed soft breakdown in the semi-

1L18) © Considering that the LabView software used to control

conductor community
the custom fabrication circuit employs a response rate of 10 Hz for the feedback loop
to terminate the applied voltage when the current exceeds a threshold, this puts a

rough upper bound on the time to remove material after breakdown at on the order of

0.1 s, compared to the breakdown transient time, which is typically measured in tens
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Table 4.1: Extracted Weibull parameters for the fits in Figure 4.2¢ for 30 nm thick
membranes at —15 V. Error bars denote standard errors for nonlinear fit parameters
in Equation 4.1.

30 nm pH 10 pH 10 DH 4
15V Batch 1 Batch 2 N —19
N =11 N =11
15} 34+04 1.3+0.1 2.14 +0.06
A 4500 £ 150 s | 21000 #1300 s | 560 £ 8 s

Table 4.2: Extracted Weibull parameters for the fits in Figure 4.2b and 4.2d for 10
nm thick membranes at —8 V. Error bars denote standard errors for nonlinear fit
parameters in Equation 4.1.

10 nm pH 10 pH 8 pH 4

-8V N =56 N =17 N =18
B 0.89£0.02 | 234+0.1 | 0.99+£0.05
A 450+ 10s | 930+20s | 530£30 s

of nanoseconds'®. This indicates that the by-products of the breakdown process are
easily removed once breakdown occurs and that the timescale for material removal

must be much less than the timescale for dielectric breakdown in these conditions.

4.2.2 pH Asymmetry

Besides the dominant effect of the electric field strength, the pH of the solution
impacts the time-to-pore formation for the thicker 30 nm membranes. As discussed
in our previous work”, nanopore fabrication time can be decreased by 3 orders of
magnitude when going from pH 7 to pH 2, or by a full order of magnitude when
going from pH 7 to 13, suggesting that protons (H") and hydroxide ions (OH™) also
play key roles in the fabrication mechanism. In that work, we argued that in 30 nm

thick membranes, the breakdown at low pH is amplified by impact ionization-induced
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Figure 4.3: a) Semi-log plot of fabrication time of individual nanopores fabricated in
30 nm thick SiN, membranes in 1 M KCI buffered as indicated versus the applied
voltage. The symbol “4+” and “-” refer to the polarity in the respective pH solu-
tion, as depicted in b) Schematic representation of the nanopore chip in asymmetric
conditions. Hydrogen and hydroxide ions, denoted in red (positive) and blue (neg-
ative) respectively, are driven toward (fast fabrication) or away (slow fabrication)
from the membrane depending on the voltage polarity of the electrodes, as indicated
by the arrows. Note that inverting the voltage polarity is equivalent to inverting the
solutions.

avalanche, due to the increased likelihood of H" incorporation or hole injection from

the anode side of the membrane!®. To investigate this effect in more detail, we
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fabricated nanopores under a pH imbalance across the membrane as a function of the
strength and polarity of the applied voltage.

Nanopores were fabricated in 30 nm thick SiN, membranes in 1 M KCI with
pH 1.6 in one reservoir and pH 13.5 in the other. Fabrication experiments, on the
same batch of membranes, under symmetric pH conditions were also performed as
controls. The results as a function of the applied voltage are illustrated in Figure
4.3. Depending on the voltage polarity, an asymmetry in the value of the pH across
the membrane can either decrease or increase the fabrication time compared to the
symmetric case. In these experiments, the fast asymmetric fabrication condition
is characterized by having the acidic solution on the side of the membrane that is
grounded, while negatively biasing the other side of the membrane that contains the
alkaline solution. The slow asymmetric fabrication condition is achieved by inverting
the solutions. We have also observed that, while the exponential dependence of
the fabrication time on voltage (or electric field) is retained for all conditions, the
sensitivity (i.e. slope of the semi-log plot) differs. The effect is striking: when making
a pore in asymmetric conditions, the fabrication time can vary by more than 10°-fold
for a given voltage. In fact, in the slow fabrication condition, we were unable to make a
nanopore below 17 V despite leaving the voltage applied for several days. Breakdown
times were so unreasonably long that only a few data points were attempted, most
of which were stopped after they exceeded two days without a breakdown event.

These intriguing results highlight the role of the nature and distribution of ions in
the electrostatic double layer (EDL) surrounding the membrane. In the fast fabrica-
tion condition, the higher concentrations of protons and hydroxide ions on each side
are being driven toward the membrane, changing the pH in the EDL and reinforcing
the asymmetry. The opposite effect would be taking place for the slow fabrication

condition. Since redox reactions at the membrane-liquid interface are required to
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inject charge carriers into the dielectric in order to sustain a leakage current through
the membrane, by locally increasing or decreasing the availability of a specific species
required for these reactions, the rate of charge injection, and hence that of defect
formation, can be controlled indirectly. In this framework, one would then expect a
higher current density in the faster fabrication condition.

In order to test this hypothesis, the leakage current through the membrane must
be measured accurately, without the contribution from the rest of the support chip
exposed to solution, which contributes a parallel path for the leakage current. For this
purpose, chips with 30 nm thick SiN, membranes were painted with PDMS so that
only a small measured area (approximately 10® ym?) of SiN, membrane remained ex-
posed to the solution. The rest of the support chip and membrane edges were entirely
insulated from the solution by the PDMS. Figures 4.4a and 4.4b show the measured
leakage current passing through the membrane as a function of voltage and normal-
ized by the exposed membrane area for both the fast and slow fabrication conditions,
while Figures 4.4c and 4.4d show the ratios of current in the two conditions. Current
is acquired at each voltage for 60 s and averaged over the final 30 s. At high volt-
age the current rarely attains a steady state for longer than a few minutes, but this
provides a reasonable estimate of the current density upon initial voltage application
(see Figure 4.1). Consistent with expectations, in the fast fabrication condition we
observe a full order of magnitude more tunneling current than in the slow fabrication
condition.

Interestingly, the difference in current density between slow and fast conditions
is only 1 to 2 orders of magnitude, which is insufficient to explain the enormous
fabrication time differences that we observe between the two conditions (more than
6 orders of magnitude). Moreover, while the current density measured for symmetric

pH conditions does fall between the two extremes of slow and fast fabrication, we see
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Figure 4.4: a) I-V curves for a single 30 nm membrane chip painted with PDMS. The
slow fabrication condition was sampled first, after which the solutions on both sides of
the membranes were inverted to test the fast fabrication condition. We observed some
hysteresis when more than 10 V was applied in either condition, but the differences
here are much larger than what is accounted for by the hysteresis. In the faster
fabrication condition, current levels are at least a full order of magnitude higher than
in the slow condition. Note that the slow condition was swept four times before the
fast condition, with the the data displayed being the fourth iteration. b) The same
experiments, performed on a different device without any prior application of voltage
above 1 V (i.e. voltage stressing). It can be seen that the slow condition always
results in lower current density than the fast fabrication experiment that preceded
it, in agreement with the results from part a). The system shows hysteresis, with
voltage stress resulting in higher current in experiments that follow. Data is acquired
at 10 Hz at each voltage for 60 s and each point is averaged over the last 30 s. c-d)
Ratios of current densities in the two conditions for the graphs directly above.

more current density in the alkaline case than in the acidic case. The latter actually
roughly overlaps the slow conditions, despite the fabrication time being significantly
shorter.

In light of this, it is clear that neither the electric field nor the current density
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provide a complete story in understanding the kinetics of dielectric breakdown of
SiN, membranes in solution. The fact that pH asymmetry has such an enormous
effect suggests that the nature of the membrane-liquid interface is important in con-
trolling the efficiency at which defects are generated in the material and thus of the
breakdown mechanism. The asymmetric pH results are likely explained by a coop-
erative effect of both protons and hydroxide ions, which are only both in abundance
in the fast fabrication condition. We note that nanopores fabricated in asymmetric
conditions are highly rectifying and generally only conduct appreciably in one voltage
polarity, even after replacing both sides with identical buffer solutions. This observed
asymmetric electrostatic nanopore profile could point towards a conical geometry or
an asymmetric surface charge density? 27, While such diode-like devices could poten-
tially be useful in nanofluidic circuits?®, asymmetric pH conditions during fabrication
could also be employed to achieve the formation of long nanopores in an acceptable
time through membranes that would otherwise be too thick to sustain a sufficiently

high electric field, while keeping voltages relatively low.

4.2.3 Breakdown in Organic Solvents

While it is clear from the previous section that in an aqueous solution of 1M
KCl, protons and hydroxide ions play an active role in the breakdown kinetics, water
is not an essential ingredient for nanopore formation to occur. As expected from a
breakdown model, as long as a redox reaction can take place at the membrane-liquid
interface to inject charge carriers into the membrane such that a current is allowed to
pass, breakdown can occur and lead to the formation of a nanopore. The details of the
membrane-liquid interface and field strength will control the breakdown mechanism

and the likelihood/efficiency of defect formation varying the kinetics of nanopore
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Figure 4.5: Semi-log plot of the time-to-pore fabrication as a function of the electric
field strength for nanopores fabricated in 1 M LiCl in ethanol on 10 nm and 30
nm thick SiN, membranes. For the sake of comparison, the data is overlaid with
time-to-pore fabrication in aqueous environment from?”.

fabrication. In principle however, past a certain voltage threshold most ionic species
in a given electrolyte solution will undergo redox reactions at the membrane surface,
generating a current, which should generalize the fabrication of nanopores by CBD
to various solvents. In this section, to support the general character of nanopore
fabrication by CBD, we demonstrate nanopore formation in 1 M LiCl dissolved in
95% ethanol. The results for the time-to-pore fabrication on 10 nm and 30 nm
SiN, membranes, as compared to the aqueous pH 10 1 M KCI case, are shown in

Figure 4.5. As in the aqueous case, the data follows an exponential dependence with
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Figure 4.6: a-b) I-V and noise characteristics at 200 mV for a nanopore fabricated in
1 M LiCl in 95% ethanol at —9 V. ¢-d) [-V characteristics and noise performance at
200 mV of the same pore after changing to 3.6 M LiCl in water. e) 1.5 nM 10 kbp
DNA translocation traces at —200 mV through the pore, demonstrating the presence
of a single channel of the appropriate size.

applied voltage (and electric field). Interestingly, the data roughly follows the pH 10
fabrication times from 1 M KCI aqueous environments as a function of electric field.

This may indicate that the primary underlying mechanism of pore formation (i.e.
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defect generation) is the same in these conditions, and predominantly relies on redox-
mediated injection of electrons into the membrane to supply current. In addition,
these results support the argument that no particular solvents nor electrolyte species
are participating in a specific chemical reaction to etch the pore, as one would not
expect a chemical etching process to generalize so easily across both solvents and
substrates”.

To confirm that nanopores fabricated in 1 M LiCl in ethanol could also be lever-
aged for the detection of individual molecules, we switched from an organic to an
aqueous solvent to solubilize DNA after pore fabrication. Following switching of the
solution, we systematically observed an increase in the measured effective pore size (by
a factor of 1.5 —2x) when going from low conductivity ethanol-based salts (¢ = 5—8
mS/cm) to higher conductivity water-based salts when using Equation 3 from Kowal-
czyk et al.?8. We believe the size extracted from conductance measurements in high
concentration aqueous salt solutions (above 1 M), provides more reliable estimates of
the actual physical size, since surface and edge effects are attenuated®. The results
for a nanopore fabricated in a 10 nm thick SiN, membrane in 1 M LiCl in ethanol
are shown in Figure 4.6. DNA translocation data are consistent with the I-V-based
estimate of the pore size of 5.9 nm, validating the fabrication process in ethanol. Our
DNA data shows a measured AG = 5.2+ 1.3 nS for the first blockade level (unfolded
molecules), which leads to an effective membrane thickness of 12 nm, and a calculated

effective nanopore diameter of 6.3 nm.

4.3 Conclusion

We have investigated the dielectric breakdown of silicon nitride membranes in

aqueous and organic environments and determined that the mechanisms for break-
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down are qualitatively similar to semiconductor devices operated in the dry state,
following a Weibull distribution of time-to-breakdown. Studying the kinetics of
nanopore fabrication by varying the concentration of ionic species in solution on
either side of the membrane, we have determined that the nature of the membrane-
liquid interface is important in regulating charge injection into the membrane. Charge
carriers are injected by redox reactions or proton incorporation, enabling breakdown
kinetics to be tuned by controlling the efficiency or the mechanism by which partic-
ular charges generate defects in the material. The fact that nanopore fabrication is
sensitive to changes in the proton and hydroxide concentration, despite both species
being two orders of magnitude less concentrated than the background potassium and
chloride ions even in the most extreme conditions, strongly suggests that protons and
hydroxide ions are both directly participating in the redox reactions leading to charge
injection into the membrane. In support of this, the asymmetric pH results indicate
that there are multiple different redox reactions leading to charge injection, one or
more of which become rate-limiting depending on the particular conditions used. The
differences in current density between opposite asymmetric pH conditions point to
the importance of the membrane-liquid interface and suggest that depending on the
redox reaction that is dominant, defect generation is accomplished with different effi-
ciency by the injected charge carriers. Moreover, measurements of the current density
passing through the membrane in asymmetric pH conditions showed that the leakage
current should not be regarded as an etching current, since not all of the charges actu-
ally contribute to the nanopore formation. Depending on the strength of the electric
field and the nature of the membrane-liquid interface, only a fraction of the tunnelling
charge carriers leads to defect generations, and ultimately dielectric breakdown and
nanopore formation. Lastly, nanopore fabrication in an ethanol-based electrolyte

provided further evidence of the anticipated generality CBD. Fabrication in differ-
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ent solvents could be useful in maintaining the integrity of more complex membrane
architectures during nanopore formation. This work characterizing the parameters
affecting the stochasticity of the nanopore fabrication process by CBD should provide
guidelines for the fabrication of solid-state nanopore devices for future generation of

nucleic acid analysis platforms and DNA sequencing systems.

4.4 Materials and Methods

We fabricate individual nanopores in custom PEEK or Teflon fluidic cells which
consist of two fluidic reservoirs separated by a silicon TEM window support chip
through which a 10 nm or 30 nm thick, low-stress SiN, membrane has been exposed
on a 50 x 50 um? area by anisotropic KOH etching. These membranes are purchased
from Norcada Inc. Nanopores are fabricated directly in electrolytic solution by the
CBD method, using a custom current amplifier as described in previous work”. The
membrane integrity is verified prior to nanopore fabrication through a series of low-
voltage (below 0.3 V/nm) pulses, which do not result in appreciable levels of current
if the membrane is intact. 1 M KCI pH 1.6 (¢ = 114.7 mS/cm), pH 2 (0 = 109.6
mS/cm) and pH 13.5 (0 = 137.4 mS/cm) are unbuffered, with the pH verified before
and after the experiment to ensure that no drift occurred. 1 M KC1 pH 4 (0 = 113.3
mS/cm) is buffered with 20 mM acetic acid and 4 mM sodium acetate, 1 M KCI pH 10
(¢ =107.2 mS/cm) is buffered with 10 mM NaHCOs3, and 1 M KCI pH 8 (¢ = 111.1
mS/cm) is buffered with 10 mM HEPES. The pH of all solutions is fine-tuned using
small amounts of KOH or HCI. All solutions are filtered and degassed prior to use.
The side of the chip with the etch pit is grounded and all voltages used in this work
are applied to the membrane side of the chip and are negative in reference to this

ground.
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When conducting asymmetry experiments, asymmetry is inverted by changing the
solutions on each side of the membrane rather than simply inverting the bias voltage,
which one would expect to be physically equivalent processes. By maintaining the bias
with respect to the geometry of the chip, we control for the effects of chip geometry
which were seen to have an effect on the current level” on unpainted chips. Analysis
of asymmetric current density data is slightly complicated by the fact that the system
exhibits some hysteresis as current is passed through the membrane. In particular,
when the membrane has been stressed by obtaining an [-V characteristic, the next
time the same I-V curve is obtained, the current density is usually higher. Our data
shows that the slow fabrication condition generally results in less hysteresis, and so
experiments on a single device are conducted in order of slowest to fastest conditions
to control for this effect. Differences between chips preclude direct comparison of any

condition between individual devices without considerable statistics.
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Abstract

We demonstrate precise positioning of nanopores fabricated by controlled
breakdown (CBD) on solid-state membranes by spatially varying the electric
field strength with localized membrane thinning. We show 100 x 100 nm? pre-
cision in standard SiN, membranes (30 — 100 nm thick) after selective thinning
by as little as 25% with a helium ion beam. Control over nanopore position is
achieved through the strong dependence of the electric field-driven CBD mech-
anism on membrane thickness. Confinement of pore formation to the thinned
region of the membrane is confirmed by TEM imaging and by analysis of DNA
translocations. These results enhance the functionality of CBD as a fabrica-
tion approach and enable the production of advanced nanopore devices for

single-molecule sensing applications.

5.1 Introduction

Solid-state nanopore-based devices have emerged as leading candidates among
single-molecule detection technologies for life and health science applications?®, in-
cluding next-generation DNA sequencing”™®. At present, solid-state nanopores are
fabricated exclusively for research purposes, typically using expensive and/or low-
throughput methods such as transmission electron microscopy (TEM) or focused ion
beam (FIB) drilling. In order for nanopore-based devices to make the transition
to mainstream applications, including medical diagnostics, an alternative fabrication
technique has been needed that could produce nanopores of the desired size at low
cost. With that goal in view, we recently introduced a technique called controlled
breakdown (CBD) as a means to fabricate pores rapidly, reliably, economically, and

with high precision®*2. Since then, we have been exploring methods to enhance the

functionality of this transformative new approach.
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One avenue for enhancing CBD functionality is the implementation of strate-
gies for precise localization of nanopores, since CBD normally produces a pore at a
random location on the membrane through a stochastic process®!'t. Most standard
nanopore-based sensors do not require pore positioning, but a number of specialized

13-24
)

applications — including nanofluidic transistors, electrode-embedded devices and

25-28 _ pecessitate formation of the pore within a short distance

plasmonic nanopores
of an existing structure on the membrane. Other applications require pore fabrication
in a region of the membrane that has been locally thinned to maximize the signal

amplitude of translocating biomolecules®?.

Positioning efforts typically employ a
focused beam of electrons or ions to mill the pore, calling for line-of-sight access to
the desired pore location under vacuum conditions.

The electric-field-driven CBD technique can be implemented in pore localization
strategies using one of two approaches: 1) defining the path of the electric field
produced when voltage is applied across the membrane or 2) increasing the local
electric field strength in a predefined region of the membrane. With regard to the
first approach, we recently reported the successful fabrication of a five-nanopore array
using CBD in concert with a microfluidic device®’. The patterning of five fluidically-
and electrically-independent PDMS channels on a single SiN, membrane allowed the
confinement of the electric field employed in the CBD process to five individually
addressable regions, resulting in the localization of pores on a 10 pum length scale. In
terms of the second approach, we noted in our initial paper on the CBD technique that
nanopore fabrication time is exponentially dependent on local electric field strength
in the membrane®. Pud et al. exploited this property by combining the CBD process
with laser excitation of gold nanostructures deposited on a membrane to locally en-
hance current density and promote pore formation in the plasmonic hotspot between

31

two metallic nanostructures Another strategy for enhancement of electric field

136



strength is to exploit local thickness changes, which could be leveraged to localize
pore formation through patterning of the membrane®. Indeed, we initially reported
in Kwok et al.? that bottom-up patterning of a membrane with a thick oxide layer
(on the order of 1 um) could be used to spatially restrict pore fabrication.

In this work, we introduce a new, top-down methodology to support the lat-
ter approach by reducing the thickness of a defined region in an otherwise feature-
less membrane prior to CBD nanopore production. The resulting increase in local
electric field strength in the thinned region yields a greatly increased probability of
nanopore formation compared to the surrounding membrane, while maintaining full
control over pore diameter. Here, we employ helium ion microscope (HIM) thinning
to demonstrate the viability of selective membrane thinning for pore localization, due
to its rapid, flexible nature®?. However, we note that in future iterations, wafer-scale
approaches could easily be incorporated, including soft, photo-, or beam-based litho-
graphic techniques. The use of the CBD technique also enables in situ fabrication
of stable, precisely sized pores in fully assembled, fluid-filled devices containing pre-
positioned thinned areas, with no line-of-sight access or vacuum required. Therefore,
the research described in this paper represents a significant advancement in the ease
of use and precision of localized pore fabrication, opening the door to a cost-effective,

high-throughput pore positioning strategy.

5.2 Results and Discussion

5.2.1 Selective HIM-Thinning and CBD Pore Formation

HIM milling is used to reduce membrane thickness as previously described??:33,

wherein a SiN, membrane supported by a Si chip is exposed with a coherent beam
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of He ions over a pre-defined area. In this work, we use square patterns measuring
100 x 100, 250 x 250, or 300 x 300 nm?, as noted in the text. The ion dosage
necessary to achieve a specific reduction in thickness within the pattern is determined
by calibrated transmission ion brightness assessment, as detailed elsewhere®*. In order
to minimize redeposition and other undesirable effects (e.g. swelling or deformation
of the surrounding material®®), the focused HIM beam is rastered repeatedly over the
square pattern, exposing each (1 nm?) point in the pattern for roughly 0.1 us until
the desired total dose is achieved. After thinning (Figure 5.1a), the standard CBD
workflow is employed. First, the Si chip bearing the locally thinned SiN, membrane
is sealed between two halves of a fluidic cell, and then the cell’s reservoirs are filled
with electrolyte solution for pore fabrication by CBD, followed by analyte detection
(Figure 5.1)).

5.2.2 Effect of Membrane Properties on CBD

The CBD method is based on dielectric breakdown, which is a stochastic process,
dependent on the probability of random defect (trap) generation and subsequent for-
mation of a highly localized conductive path through the membrane. However, certain
factors — including applied voltage, pH, membrane thickness and area — play a vital
role in determining the most probable time to breakdown®!!. Given the exponential
dependence of pore fabrication time on electric field strength, for a given applied
voltage, locally thinning the membrane will produce a region where the electric field
is proportionally stronger (Figure 5.1c, inset diagrams), thus increasing the rate of
defect generation per unit area in the thinned region compared to the rest of the mem-
brane. In essence, the thinned region would offer a more favorable path toward pore

formation than the thicker surrounding membrane for a given voltage. Increasing the
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Figure 5.1: Selective thinning by HIM followed by localized CBD pore fabrication.
Schematic representation of (a) helium-ion beam thinning a region of a SiN, mem-
brane supported by a Si chip and (b) insertion of the membrane-bearing support chip
into a CBD fabrication setup. (¢) Measured pore formation data, displaying the mon-
itored current (blue solid line) as a function of time for a DC voltage (red dashed line)
of 8 V applied from 0 seconds to 3.4 seconds on a 100 nm thick membrane thinned by
90% in a 250 x 250 nm? area. Inset schematic diagrams show cross-sectional view of
the electric field produced in the membrane by the following events: I) Immersion of
the intact SiN, membrane in electrolyte solution (3.6M LiCl, pH 8); II) Application
of 8 V to the membrane, initially resulting in leakage current below the resolution of
our custom electronics (on the order of 0.1 nA). Breakdown corresponds to nanopore
formation in the membrane, producing the sudden onset of ionic current indicated
by a large, easily-detected current spike; II1T) Removal of fabrication voltage from the
wetted nanopore terminates fabrication.

surface area of the thinned region would further reduce the time to formation, since
a greater area offers a significant increase in the number of potential damage sites,
as predicted by the Weibull distribution that governs the time to pore formation!!,
which predicts a logarithmic dependence on membrane area in the characteristic time
to breakdown. In addition, ion beam exposure is known to induce defects®, which

may further contribute to pore formation efficiency 3.

139



5.2.3 CBD Pore Formation in Membranes HIM-Thinned by

at Least 90%

With the goal of achieving relatively short fabrication times while maintaining a
much higher probability of pore formation in the thinned region, we locally reduced
thickness of a 250 x 250 nm? region in eight SiN, membranes (100 x 100 pm?, 100
nm thick) by HIM. Based on calibrated brightness measurements from transmission
ion imaging3* on a chip from the same wafer, we selected dosage values of 537 pC for
four membranes and 586 pC for four others to target final thicknesses in the vicinity
of 10 nm. After mounting the lower-dose membranes in fluidic cells with electrolyte
solution (3.6 M LiCl, pH 8), we applied 5 to 8 V of potential bias, which produced
small, relatively stable leakage currents. The small magnitude of the leakage currents
was not surprising given that the 100 nm thick portion of the membrane experiences a
maximum electric field on the order of 0.08 V/nm, while only a minute fraction of its
surface area (less than 0.001%) has been reduced to a thickness such that the applied
voltage approaches the dielectric strength (approximately 1 V/nm) that would result
in significant leakage current. Fabrication and DNA translocation kinetics are shown
in Figure 5.2. The pores formed in all four membranes exhibited low % noise and
linear IV curves, as shown in Figure 5.3. For the four membranes thinned with the
higher dose (586 pC), we observed some anomalous behavior, including pores that
seemingly opened then shrank, requiring additional voltage treatment to re-open. We

37-39

attribute this behavior to the generation of temporary percolation paths or to

possible restructuring of membrane material in the thinned region, likely resulting
from increased ion exposure’.

For membranes exposed with either dose, we found that the presence of the

thinned region dramatically reduced pore formation times for a given applied voltage.
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Figure 5.2: Results obtained from 100 nm thick SiN, membranes thinned by HIM.
(a) Graph showing time to pore formation vs. voltage for membranes thinned by
80—90% from 100 nm original thickness. Black squares represent membranes thinned
with a 537 pC He-ion dose; gray circles correspond to membranes thinned with a 586
pC He-ion dose. Green dotted line represents estimated time to pore formation in
an unthinned 100 nm thick membrane. Inset: TEM image of 100 nm thick SiNx
membrane showing large pore formed in 250 x 250 nm? region thinned to 10 nm
by HIM. (b-e) Conductance blockage histograms with example current traces for
translocations of 0.3 nM solution of 2 kb dsDNA (b,c) and 6 nM solution of 5 kb
dsDNA (d,e) at 200 mV through two different pores in 3.6 M LiCl (pH 8).

Compared to an expected pore fabrication time of over 10° s (more than 10 days) at
8 V for a 100 nm thick membrane (extrapolated from published data''), membranes
with a region of reduced thickness underwent pore formation within hundreds of sec-
onds or less (Figure 5.2a), representing a decrease in fabrication time by at least 4
orders of magnitude. Following formation, these pores were subsequently treated with
1 —4 s voltage pulses of alternating polarity (£2 —8 V) to precisely and controllably
bring their diameters within the range of 4 to 50 nm!2.

To confirm localization of the pore in the thinned region, we employed DNA

molecules as molecular rulers to measure membrane thickness. A 3.6 M LiCl (pH 8)

solution containing double-stranded (ds-) DNA was loaded into the reservoir on the
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Figure 5.3: IV characteristics and power spectrum densities captured at 200 mV for
two different nanopores formed in 100 nm thick membranes thinned to roughly 7 to 8
nm by a He-ion dose of 537 pC on a 250 x 250 nm? region. Measurement performed in
3.6 M LiCl (pH 8) using an Axopatch 200B. Pores were formed within a few hundred
seconds with the application of 6 to 8 V.

membrane side of the chip and subjected to 200 mV electric potential difference. As
seen in Figure 5.2b-e, we observed clear conductance blockage events with average
first-level depths of 7.0£0.5 nS and 7.9+ 0.4 nS for two different membranes thinned
to approximately 10 nm. Values for membrane thickness L were calculated using the

simplest conductance model for a cylindrical pore42:

7%_1\“4 (5.1)

AGpya =0 1L

142



by substituting the diameter of dsDNA as dpya = 2.2 nm, along with the measured
solution conductivity (¢ = 155.6 mS/cm) and first-level blockage depth (AGpya).
According to this approach, the measured conductance blockages of roughly 7 and 8
nS correspond to effective membrane thicknesses of 8+1 nm and 7.4+0.8 nm, in close
agreement with the targeted membrane thickness, considering possible deviations
from an exact cylindrical geometry. Since the original membrane thickness of 100 nm
would produce conductance blockage depths on the order of 0.6 nS, these significantly
deeper blockages provide strong evidence of pore formation in the thinned region of
the membranes.

While the large contrast difference of the thinned region compared to the sur-
rounding (unthinned) membrane was expected to make direct imaging of the pore
much easier, obtaining conclusive TEM confirmation of pore formation in the thinned
region proved challenging, except in the case of the largest pore (Figure 5.2a, inset).
This is because we observed that extensive thinning appeared to produce circular
features that rendered the identification of a single, small (sub-10 nm) nanopore dif-
ficult.

In order to isolate the source of these circular features, TEM was performed on
membranes after HIM-thinning, but before CBD pore fabrication and liquid immer-
sion. In these membranes, we observed the same spurious bright features, shown
in Figure 5.4. Prior work on the effect of He-ion irradiation on surfaces reveals a
potential explanation for the observation. The formation of voids in both crystalline
and amorphous silicon through helium ion beam exposure has been previously re-

ported %4347 Indeed, TEM imaging of samples exposed to He-ion doses of 1017

2 40,44,46
)

ions/cm® or higher has revealed a dense band of helium-filled nano bubbles
with the band’s width and depth beneath the bombarded surface dependent on the

40,48

ion beam energy and dose It has been shown that peak helium implantation
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Figure 5.4: TEM images of helium bubbles trapped in 100 nm thick SiN, membranes
thinned by HIM using doses of a) 537 pC and b) 500 pC.

occurs at roughly the nuclear stopping range of the sample, while maximum bubble
concentration may occur at a slightly shallower depth“’47. Here, we are working with
He-ion doses on the order of 1018 ions/cm? on SiN,, which exhibits a stopping range
of roughly 130 nm with a spread (straggle) of 50 nm for a 20 keV He-ion beam™.
For an initial film thickness approaching the stopping range value, subsurface helium
implantation and bubble formation will likely occur. However, for films significantly
thinner than the stopping range, there should be almost no helium implantation;
instead, impinging ions will remove material, effectively milling the sample®®. This
explains why bubbles have not been observed in previous HIM thinning experiments
despite similar He-ion beam energy and dose, since those that incorporated TEM

imaging?® utilized a starting membrane thickness of roughly 20 nm.
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5.2.4 CBD Pore Formation in Membranes HIM-Thinned by

25-60%

Having demonstrated successful pore localization for membranes thinned from
100 nm to 10 nm (i.e. 90% thinned) in a 250 x 250 nm? area, we sought to push
the boundaries of this CBD-based approach in two ways: 1) by confining pores to an
even smaller region and 2) by using a less drastic thickness reduction. To achieve the
former, we introduced a six-fold reduction in the area of the thinned region, going
from 250 x 250 nm? to 100 x 100 nm?. For the latter, we targeted a final membrane
thickness of 10 nm from a starting membrane thickness of 30 nm, as opposed to
100 nm. Besides determining if pore formation would still be limited to the thinned
region, the less drastic thickness reduction allowed for a starting membrane thickness
well below the material’s nuclear stopping range, thereby strongly favoring milling
over the implantation that produced voids in experiments with HIM-thinning from
100 nm.

For the reasons just described, we HIM-thinned 100 x 100 nm? regions in 30 nm
thick membranes, targeting a final thickness of 10 nm. Subsequent transmembrane
application of 8 V via the CBD process in an aqueous solution of 1 M KCI (pH
10) produced pores, but fabrication times were prohibitively long, sometimes lasting
several days. In fact, we observed an average time of around 290,000 s (80 hours)
for three such devices. By comparison, membranes thinned from 100 nm to the same
target thickness of 10 nm formed within hundreds of seconds. Some increase in pore
fabrication time was expected, concurrent with the six-fold reduction in the area of
the thinned region; strong area dependence of fabrication time by CBD is consistent
with the Weibull distribution of nanopore fabrication time developed in previous

work!'. However, the six-fold reduction in area cannot account for the three orders
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of magnitude increase in pore fabrication time.

The explanation for the precipitous rise in pore fabrication time lies in the pore
length (equivalent to membrane thickness for a cylindrical pore model), obtained using
DNA as a molecular ruler. We observed DNA translocations in three separate devices,
which produced conductance blockage values corresponding to respective membrane
thicknesses of 1241 nm, 13+4 nm, and 23+8 nm, compared to the original membrane
thickness of 30 nm (Table 5.1). These thickness values are 2 — 3x larger than those
obtained for the membranes thinned from 100 nm. Thus, the pore fabrication times
were significantly longer at the same voltage, since pore fabrication time depends
exponentially on electric field? which is inversely proportional to thickness for a given

voltage.

Table 5.1: Summary of data collected from 5 different nanopores which were HIM-
thinned from either 30 nm or 100 nm as-purchased membrane thickness. Translo-
cation of dsDNA (1 to 20 kbp) was collected at 200 mV in 3.6 M LiCl (pH 8) and
analysed for conductance blockage depths. Where peaks corresponding to single and
folded events appeared, the single-level peak was selected.

Number Nominal | Open-Pore Blockage Pore Pore Electric
of Events Length | Conductance Depth Length | Diameter | Field

(nm) (nS) @) | m) | (m) | (V/om)
2546 30 162+ 1 26£0.9 23£8 23£8 0.35
615 30 39.5+0.6 |497+0.08| 12+£1 | 7.6+£0.6 0.67
5755 30 61+6 4+1 13+4 10£1 0.62
82 100 37.3+0.6 794+04 |74+08]|6.1+0.5 1.08
372 100 25.7+0.7 7.0+0.5 8+1 524+0.4 1.00

Subsequent experimental analysis by TEM clearly showed the pores in the thinned
regions, providing definitive confirmation of the effectiveness of thinning the mem-
brane by just 25 to 60% in order to localize pores. Further, the lack of visible bubbles

or voids in the thinned regions confirmed that the 30 nm starting thickness of SiN,
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Figure 5.5: Pore formation in thinned vs. unthinned 30 nm thick membranes. (a)
Graph of pore formation time vs. voltage for a series of membranes with an original
thickness of 30 nm. Red stars represent 100 x 100 nm? thinned regions, while red circles
represent 300 x 300 nm? thinned regions. Black triangles correspond to unthinned
membranes, for the purpose of comparison. (b) TEM image of pore in thinned (bright)
region.
membranes is insufficient to trap helium as in the much thicker 100 nm membranes.
In an effort to decrease the pore formation time, we next investigated the appli-
cation of higher voltages to the 30 nm thick membranes thinned in a slightly larger
area (300 x 300 nm?). Indeed, the use of voltages in excess of 15 V did produce
pores much more rapidly (e.g., 2.8 hours at 17 V, 255 s at 18 V). We found that the
average time to pore formation for these thinned membranes (Figure 5.5a) was not
dramatically shorter than that of unprocessed 30 nm membranes at 15V (estimated
at roughly 1.25 hours by reference!!). Taken alone, these times to breakdown suggest
possible pore fabrication in the thicker region of the membrane. Nevertheless, TEM
visualization revealed that the pores were still confined to the thinned region, even

for higher-voltage pore formation (Figure 5.5b). In some cases, contamination on the

membrane itself interfered with imaging, as shown in Figure 5.6.
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Figure 5.6: TEM images show a pore appearing in the 100 x 100 nm? regions thinned
to 23 nm (pore 9) and 13 nm (pore 11) from an original 30 nm SiN, thickness.

In some cases where higher fabrication voltages (greater than 15 V) or condition-
ing voltages (greater than 4 V) were employed, multiple pores were observed. For
example, in the case of a membrane exposed to 17 V, TEM visualization (Figure
5.7a) revealed two pores in the thinned region (300 x 300 nm?). Close inspection
of the leakage current trace (Figure 5.7b) showed an initial, transient current spike
occurring roughly 3000 seconds prior to a much larger spike which surpassed the
user-set, current threshold in our software to trigger removal of the applied voltage.
That initial, brief spike likely corresponded to pore formation, but was not correctly
identified. This approach is not well-suited to fabrication of multiple similarly sized
pores on the same membrane, since the continued presence of a high electric field will
drive growth of the initial pore'? even as additional pores are forming.

Preventing fabrication of multiple pores hinges on careful consideration of key
parameters at two junctures in the CBD process: fabrication and conditioning. First,

fabrication voltages must be selected to ensure that median fabrication time is sub-
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Figure 5.7: Multiple pore formation at high voltage. (a) TEM image of two pores
formed in a 30 nm thick SiN, membrane after HIM-thinning to 10 nm in a 300 x
300 nm? area. (b) Measured pore formation data for the same pore, displaying the
monitored current (blue) as a function of time for a constant applied voltage of 17 V
(red) in 3.6 M LiCl (pH 8).

stantially longer than the time it takes for the software to recognize initial pore
formation and cut off the voltage, determined here by the threshold used to trigger
detection of a breakdown event and the capacitive timescales on which the current
responds to voltage changes. Secondly, if an existing pore requires conditioning (to
reduce noise, remove rectification or increase diameter)!?, the value of the applied
conditioning voltage must lie well below the voltage necessary to produce a pore
within the conditioning time frame (usually on the order of 10> — 103 s for 10 nm
SiN, at ca. +3 V). For these thinned membranes, it appears that multiple pores
were formed at the fabrication level: selection of an overly aggressive electric field
strength during fabrication, well above 1 V/nm (greater than 15 V on membranes

approximately 10 nm thick), interfered with our software’s ability to identify a newly

formed pore and remove the applied voltage before additional pores could form.
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Figure 5.8: Graph showing the relationship between time-to-formation for a pore and
electric field strength for a series of membranes thinned from 30 nm (red stars) or
100 nm (black squares) original thickness down to 10 nm (actual membrane thickness
used to calculate electric field strength was extracted from DNA translocation data).
Dashed black line serves to guide the eye.

Finally, an overview of all the data presented in this paper reveals pore fabrication
times ranging from seconds to days. For those membranes on which we performed
the DNA translocation experiments described earlier, we used the fabrication voltages
and corresponding membrane thickness values to identify the electric field strength
across each membrane in the thinned region (see Table 1). We then compared the
electric field strength to the time-to-formation, as seen in Figure 5. Consistent with

the exponential relation between time to breakdown and electric field strength, we see
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that higher electric fields tend to produce pores in shorter times. Although there could
be effects due to material differences between membranes (e.g. the presence of helium
bubbles), these results support the validity of our DNA-based thickness measurements
and highlight the possibility of reducing fabrication times with selective membrane

thinning.

5.3 Conclusion

We have demonstrated localization of nanopores fabricated by CBD in membranes
thinned by 25 — 90% in 100 x 100 nm? to 300 x 300 nm? regions. Upon voltage
application during CBD, the enhanced electric field strength in the thinned region
strongly promotes pore formation. Confinement of the pore to the desired area has
been confirmed by the conductance blockage depths of translocating DNA molecules
and by direct TEM imaging. With the demonstrated capacity of a Helium-ion beam
to reduce SiN, membrane thickness down to 1 nm and to produce features with sub-10
nm precision?”, this pore localization strategy shows great promise for applications
requiring the enhanced signal-to-noise ratio afforded by thinner membranes while
leveraging the stability offered by thicker membranes, or for applications requiring
pore formation near a pre-existing feature and/or within a pre-assembled device.
Future endeavors integrating the CBD process with wafer-scale thinning techniques
could pave the way for the rapid, automated manufacture of precisely sized and

positioned nanopores.
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5.4 Materials and Methods

Silicon TEM chips, each supporting either a 100 x 100 gm? window of low-stress
SiN, membrane with 100 nm thickness or a 50 x 50 um? window with 30 nm thickness,
were obtained commercially (Norcada NT010C and NT005X, respectively). After
chips were loaded into the antechamber of a commercial HIM (Orion PLUS, Carl
Zeiss), they were subjected to a brief air-plasma clean (10 W, 3 min) before being
moved into the main chamber. Using beam conditions of 5 — 6 pA current, 25 kV
accelerating voltage, and a 20 um aperture, the helium-ion beam shape and focus
were optimized on the SiN, membrane near the window where the membrane was
suspended. Next, a single region of the membrane (100 x 100 nm?, 250 x 250 nm?
or 300 x 300 nm?) was thinned by rastering the beam over a lithographically-defined
square pattern, repeatedly exposing each 1 nm? point in the pattern for 0.1 ps until
the desired total dose of 32 pC (for 30 nm thick membranes) or 537/586 pC (for 100
nm thick membranes) was achieved. In each case, ion dose was selected by referencing
a transmission ion imaging brightness calibration3* performed with a membrane from
the same wafer.

Pore fabrication was performed in a 1 M KCI (pH 10, 0 = 100 mS/cm) aqueous
solution buffered with 10 mM NaHCOj; or in a 3.6 M LiCl (pH 8, 0 = 154.8 mS/cm)
solution buffered with 10 mM HEPES, using similar custom electronics and software
to those previously described?.

Translocation of dSDNA (NoLimits, ThermoFisher) with lengths of 1 kbp, 5 kbp,
or 20 kbp took place in 3.6 M LiCl (pH 8) solutions. Translocation data was acquired
using custom Labview software, a National Instruments USB-6351 DAQ card, with
a 250 or 500 kHz sampling rate and an Axopatch 200B with a 4-pole Bessel low-

pass filter set at 10 or 100 kHz. Data analysis was performed using custom Labview
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software and Origin.
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Abstract

To reduce unwanted variation in the passage speed of DNA through solid-
state nanopores, we demonstrate nanoscale pre-confinement of translocating
molecules using an ultra-thin nanoporous silicon nitride membrane separated
from a single sensing nanopore by a nanoscale cavity. We present comprehen-
sive experimental and simulation results demonstrating that the presence of an
integrated nanofilter within nanoscale distances of the sensing pore eliminates
the dependence of molecular passage time distributions on pore size, revealing a
global minimum in the coefficient of variation of the passage time. These results
provide experimental verification that the inter- and intra-molecular passage
time variation depends on the conformational entropy of each molecule prior to
translocation. Furthermore, we show that the observed consistently narrower
passage time distributions enables a more reliable DNA length separation in-
dependent of pore size and stability. We also demonstrate that the composite
nanofilter /nanopore devices can be configured to suppress the frequency of
folded translocations, ensuring single-file passage of captured DNA molecules.
By greatly increasing the rate at which usable data can be collected, these
unique attributes will offer significant practical advantages to many solid-state
nanopore-based sensing schemes, including sequencing, genomic mapping, and

barcoded target detection.

6.1 Introduction

of molecular transport are complex?.

When a single biopolymer such as DNA translocates a nanopore, the dynamics

6

dependent on the fraction and conformation of the molecule outside the pore

well as being subject to thermal fluctuations and transient interactions with the pore
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810 " The net effect is for the molecular motion to

walls and membrane materials
be afflicted by a wide distribution of passage speeds, both due to inter- and intra-
molecular velocity fluctuations®?. Such spread in passage times confounds simple
translation of time to molecular position, complicating mapping applications, and
greatly limits the ability of the nanopore to distinguish charged molecules by size
compared to traditional gel-based electrophoresis techniques.

Most experimental efforts aimed at controlling the speed of molecular transloca-
tion through a solid-state nanopore have focused on slowing DNA by various means,
including interfacing the pore with a gel'*'2?: by judicious choice of electrolyte, both
aqueous® and ionic-liquid '4; by laser-modulating the surface charge density!® by ad-
justment of the viscosity!®; or by using different membrane materials'™'8. While
these methods are able to slow DNA translocations to varying degrees, they generally
do so at the cost of wider passage time distributions.

Few studies have considered the factors that contribute to the wide distributions
of passage times. Experimentally, the choice of salt solution has been shown to have
a significant effect on the width of passage time distributions!?®, while a pore with
diameter matched to the size of DNA limited DNA self-interaction and reduced the

variation in passage time.1?,

Barcoded molecules have also been used to explore
intra-molecular variation in passage times, revealing speed up toward the end of the
translocation?’, and it was found that Brownian motion alone is insufficient to explain

the observed variations??2

. Simulation work, on the other hand, has demonstrated
that polymers are perturbed from equilibrium by the extended electric field gradient
during the capture process??, changing the passage time distribution compared to
equilibrium predictions. In addition, molecules which are extended prior to translo-
cation have longer passage times due to increased drag forces”.

Unfortunately, while the dominant mechanism responsible for high variability in
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passage time is thought to be the large conformational entropy available to DNA
molecules prior to translocation through the nanopore?*, experimental verification
has remained difficult due to the complexity of fabricating devices with sufficiently
confining geometries in the vicinity of a nanopore?2%. Recent work, employing the
confining geometry of nanopipette-based conical nanopores, has provided evidence
that polymer entropy prior to translocation is related to mean passage time, but
did not consider the standard deviation?’. In this work, we present the first experi-
mental verification that entropy reduction through pre-confinement of DNA reduces
the passage time variation inherent in nanopore transport processes. Confinement
is achieved by taking advantage of the extreme flexibility and permeability of ultra-
thin (50 nm) nanoporous silicon nitride (NPN) membranes®*3! to place them within
nanoscale distances of a solid-state nanopore sensor while still allowing fluidic contact

in an innovative single-molecule biosensor configuration.

6.2 Setup

6.2.1 Experimental

The nanofiltered nanopore device architecture realizes a two-membrane system,
comprised of an ultra-thin, nanoporous layer of 50 nm thick NPN membrane, sepa-
rated by a 200 nm gap from a 20 nm thick silicon nitride (SiN,) membrane. This
essentially creates an architecture comprising two pores in series. NPN is a recently
developed highly porous nanomembrane technology with tunable pore sizes (20-80
nm) and porosities (1 — 40%)3°m where porosity is defined as the ratio of the sum
of the open areas formed by pores to the total available membrane area. The gap

between the nanofilter and SiN, membranes is achieved through the lithographic
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Figure 6.1: a) 50 nm NPN membrane is aligned to a 20 nm SiN, membrane, patterned
with a 200 nm SiOy spacer. b) Condensation of water vapor penetrates the NPN
membrane, inundates the nanocavity, and draws the NPN membrane to the SiO,
spacer. ¢) The NPN membrane is torn away from the carrier chip by surface tension,
and remains attached to the SiOq spacer and SiN, surface. d) Nanopore fabrication
by controlled breakdown with the nanofilter already in place. e) SEM image of a
device after step c. A section of NPN membrane is torn away, revealing the SiOq
spacer underneath. The pore may be formed in any oxide microwell in the darker
central region, which corresponds to the free-standing SiN, membrane. The device
shown in this SEM image has a 2 pm microwell, whereas the devices used in the rest
of the paper use 1 ym microwells.

patterning of a hexagonal grid of 1 ym diameter holes in a 200 nm thick SiO, layer
deposited on top of SiN,. A backside etch then creates a freestanding SiN, membrane
beneath cylindrical SiO4 cavities spaced 5 pm apart. The nanofilter is passively held
in place directly above these oxide wells, most likely by Van der Waal’s forces. A
schematic and electron microscopy images of the device assembly process are shown
in Figure 6.1.

SEM and TEM imaging of sample sections of nanoporous nitride (NPN) material

from the wafer used for this project reveal that not all of the visible features are
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Figure 6.2: a) STEM micrograph of NPN with high contrast, showing an apparent
20% porosity. b) Closer and lower contrast view of a TEM image of 5% porous NPN,
showing partially opened nanopores. ¢) The same image as b), with false color. Only
nanopores highlighted in red contribute to the porosity of the wafer.

through-holes (Figure 6.2). While porosity is calculated to be as high as 20% if all
features are taken into account (Figure 6.2a), TEM imaging of the pores reveals a
porosity of 5% for this particular batch of NPN when considering only through-holes
(Figure 6.2b-c).

The method by which the nanofilter is transferred to the device is illustrated
schematically in Figure 6.1. Transferring the nanofilter structure using water vapor is
a dynamic process, as the nanofilter rips and sticks to a target substrate. Applied here,
this method provides a simple and effective way to fabricate a nanocavity while still
allowing fluidic access to the interior space. Conformal contact is achieved due to the
inherent flexibility of such a thin material, since the bending resistance for membranes
scales with the third power of membrane thickness. Despite this flexibility, once the
nanofilter is wetted and in close contact with the substrate, it is very resistant to
meniscus stresses, surviving fluid shear stress from wetting and rewetting. However,
if the membrane is not in close contact, the membrane can be torn apart on a meniscus

of liquid.
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Figure 6.3: PDMS is painted over the nanofilter. The central white square is the
free-standing silicon nitride membrane which will contain the sensing pore. The
larger concentric square is the silicon dioxide spacer, containing a hexagonal grid of
1 pm microwells. The irregular black area defines the area, which is not covered by
PDMS. The large dark grey rectangle comprising most of the figure is the nanofilter
membrane.

If the nanofilter is unevenly wetted, wrinkles can form and the gap between the
nanofilter and the sensing pore can vary. In order to avoid this defect, and to ensure
that dsDNA cannot shunt the nanofilter by going around the edges, we seal the
nanofilter in place by painting PDMS by hand around the silicon nitride membrane

of the single sensing pore, an example of which is shown in Figure 6.3.
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Even though only a single sensing pore is fabricated and consequently only a sin-
gle microwell is active in each device, multiple microwells are necessary for several
reasons. As discussed above, NPN is an extremely flexible material, able to mould
itself around microscopic contours. Using 1 um diameter microwells ensures that the
maximal bending displacement of the nanofilter within a given microwell is insuf-
ficient to contact the sensing membrane, maintaining the cavity. Second, the CBD
technique is sensitive to exposed area, taking a longer time to fabricate pores on small

32 Using a large number of microwells ensures a sufficiently large

membrane areas
active membrane area that nanopore fabrication is limited to a few minutes. Finally,
the use of multiple microwells ensures that at least one will be wetted easily, though
in practice wetting is near 100%.

The electrical resistance of the nanofilter can be calculated simply by assuming
each pore is a parallel resistor using Equation 3 from Kowalczyk et al.'3, giving
approximately 10? kQ per oxide microwell. During CBD fabrication, the current
through the entire system is on the order of 10* — 102 nA. Assuming that current is
divided evenly among the microwells, this results in an electrical current per microwell
on the order of 107! —10° nA, and a corresponding voltage drop across the nanofilter
of only 10° — 10! mV, far too little to have any effect on the nanofilter pore size
distribution. After pore fabrication, the nanofilter remains electrically invisible. A
typical sensing pore used in this study is between 3—14 nm in diameter, corresponding
to a resistance in 3.6 M LiCl of 10! — 102 MQ. With a voltage bias of AV = 200
mV applied across the entire system, the voltage drop across the nanofilter is 1073 —
1072AV, and has negligible effect on the electrical response of the single sensing pore.
The sensing pore can even be conditioned at moderate to high voltages to increase
its size or tune noise characteristics® without impacting the pore size distribution of

the nanofilter.
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Figure 6.4: a,b) I-V response of nanofiltered (a) and control (b) pores, showing lin-
ear behavior in both cases. c¢,d) power spectral densities and RMS noise profiles in
nanofiltered (c) and control (d) pores. PSDs are digitally low-pass Bessel filtered at
900 kHz. The high-frequency spikes (92.5 kHz + harmonics) were later identified to
be due to a malfunctioning graphics card, but their contribution to the total RMS
current noise is marginal and thus does not interfere with sensing.

Typical I-V responses and PSDs for pores with and without the nanofilter are
shown in Figure 6.4, demonstrating that the nanofilter has an insignificant effect on
the electrical properties of the sensing pore. The root-mean-square (RMS) noise at 900
kHz bandwidth ranges from 140 — 220 pA. Double-stranded DNA (dsDNA) molecules
of lengths varying from 100 bp to 4000 bp are introduced to the cis (nanofilter) side
of the system and are driven through the system by a voltage bias of 200 mV in
3.6M LiCl pH 8 unless otherwise noted. Because the resistance of the sensing pore

dominates that of the nanofilter, the current blockage that is sensed is due entirely to
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Figure 6.5: Normalized capture rates for all experiments conducted in both control
(black squares) and nanofiltered (red circles) pores.

the interaction between dsDNA molecules and the sensing pore, while the nanofilter
remains electrically invisible. Interestingly, the capture rate of nanofiltered devices is
comparable to the capture rate of control devices in most cases, as shown in Figure
6.5. While it is to be expected that very long polymers might have reduced capture
rates due to high entropic cost of passage through the nanofilter, this was not observed

for the lengths of DNA studied here, though it is unclear why at this stage.
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6.2.2 Simulation

Simulations were also conducted to better understand the behavior of nanofil-
tered pores. A standard coarse-grained polymer model was used to model the DNA
chains®*. The driving electric field was solved numerically between the nanofilter and
the sensing pore, and approximated analytically elsewhere. Only a single pore in
the nanofilter was explicitly represented in simulations, placed 150 nm off-axis from
the sensing pore, which was located in the center of the microwell. Coarse-grained
Langevin dynamics (LD) simulations were used to explore the physical mechanisms
underlying the behavior witnessed in experiment. The ESPResSo molecular dynam-
ics software package was used for this purpose®. The DNA molecules were modelled
as linear polymers composed of N identical spherical monomers. Adjacent monomers
along the chain were joined using the finitely-extensible nonlinear elastic (FENE)

potential,

krENE o r?
UFENE(T) == 9 T'maz In{1- r2 ) (61)

where krpyp and 7, are constants representing the stiffness of the bond and the
maximum possible extension of the bond, respectively, and r is the center-to-center
distance between the monomers*. Excluded volume interactions between monomers
were modelled using the Weeks-Chandler-Andersen (WCA) potential, given by

de [(2)12 — (%)6} +e <20

T

UWCA(T) = s (62)
0 r> 2o

where € and o are the energy and length scales of the interaction, respectively?*.
The first term is an approximation to a hard-sphere repulsion which has smooth

derivatives for the sake of numerical stability, while the second term represents short-
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ranged attractive interactions such as Van der Waals. By choosing the indicated
cutoff, we are modelling only the repulsive part of the potential, and ignoring any
short-range attraction between monomers. The FENE parameters were chosen in

terms of the WCA parameters to be

kpone = 30—, T = 150, (6.3)
g

in line with the seminal work by Kremer and Grest that demonstrated the robust
numerical stability of this configuration®. The energy scale of the WCA potential was
set equal to € = kgT', the thermal energy of the system set in the LD thermostat. All
other energies were normalized to this value, and as such kg1 was set to a numerical
value of 1.0. With these choices of parameters, the average equilibrium bond length
between adjacent monomers was roughly b = 0.970, so o will be considered the
effective monomer size. The friction coefficient v of the LD thermostat was also set
to 1.0 (except during equilibration, as discussed below).

In addition to the FENE and WCA pairwise interactions, a three-body angular
potential was used to model polymer stiffness. This potential was chosen simply to be
harmonic in the angle 6 formed by any three consecutive monomers along the chain:

kan e
Uangle(0) = (ng> 0%, (6.4)

Using this angular potential and the FENE and WCA potentials as specified above,

the persistence length L, of the simulated polymer satisfies
L, = kangie- (6.5)

The remaining free parameters of the potentials were chosen to establish a cor-
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respondence between the polymer in simulation and the DNA chains in experiment.
The steric width of DNA is roughly 2.4 nm?37, but its effective width can be somewhat
larger than this3" %, depending on electrolytic conditions. For this reason, and for
computational tractability, o = 5 nm was chosen. The remaining length scales of the
system were derived from this choice, so ¢ was set to a numerical value of 1. In partic-
ular, the persistence length of DNA is roughly 30 nm under relevant conditions33?,
and so the simulated polymer should satisfy L, = 60. Using Equation 6.5, this was
implemented by setting the numerical value of kypge = 6.0.

The geometry of the system was implemented in ESPResSo using pore constraint
objects. These are planar boundaries of finite thickness through which a cylinder is
removed. The same WCA interaction used to represent excluded volume interactions
between monomers was defined between the monomers and these boundaries. For
monomer-constraint interactions, the distance r was computed from the center of the
monomer to the nearest point on the boundary. When the center of the monomer is
a distance o from the boundary, its interaction energy is equal to kgT'. This distance
from the boundary determines the effective dimensions of the pore. The effective
dimensions are mapped to the measured experimental lengths of the device using
0 = 5 nm.

One pore constraint was used to define the sensing pore, which was given effective
dimensions of d.sy = 2.60 and t.;y = 40, where d.y; is the effective radius of the pore
and t.ss is its effective length. These parameters correspond to a sensing pore that
is 13 nm in diameter and 20 nm in length. The sensing pore was placed in the center
of the microwell. Although this was not necessarily the case in experiment, it was
considered a natural first approximation.

By default, the pore constraints in ESPResSo only contain a single pore in each

plane. As such, only a single pore of the nanofilter was represented, with d sy = 2.60
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and t.rs = 100. The postulated events wherein a single chain threads through two
pores in the nanofilter simultaneously cannot be represented in these simulations. Fu-
ture work will utilize modified pore constraints capable of capturing this phenomenon.
Note that d.s¢ for the pore in the nanofilter was set to 2.60 = 13 nm, which is much
smaller than the pore sizes seen in experiment. This choice was used to enforce
single-file passage of the polymer through the nanofilter. In closer agreement with
experimental values, the electric field in the pore of the nanofilter was set according
to the correct filter porosity, and the field above the nanofilter pore was set as if the
pore had a radius of 5.00 = 25 nm, in closer agreement with experimental values.
The location of the pore in the nanofilter was set to 300 off-axis from the sensing
pore. Finally, the walls of the microwell were also represented by a pore constraint,
with derr = 2000 and t.rp = 400.

The final component of the simulation model is the electric field. In the experi-
ments, a voltage drop of 200 mV was fixed from far above the nanofilter to far below
the sensing pore. For the simulations, the electric field was solved in a piecewise
fashion. Analytic forms were used on the cis side of the nanofilter and inside the
pore in the nanofilter. In the gap between the two membranes, the field was solved
numerically. The field on the trans side of the sensing pore was neglected. The nu-
merical solution to the field inside the device was obtained using a second-order finite
difference method to find the electric potential. The electric potential was assumed
to satisfy Laplace’s equation. The system was represented in cylindrical coordinates,
with the p = 0 axis placed in the middle of the sensing pore and parallel to its axis.
Homogeneous Neumann boundary conditions were applied orthogonal to the effec-
tive dimensions of the pore constraints inside the sensing pore, on the surface of the
sensing pore membrane, and at the walls of the inter-membrane gap. These repre-

sent insulating boundaries. The trans opening of the sensing pore was modelled as
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Figure 6.6: Numerical solution for the electric potential between the two membranes.
The bottom of the nanofilter corresponds with the top of the figure. The electric
potential is expressed in simulations in terms of the electric potential energy of a
monomer at a given position in the system.

a Dirichlet boundary condition, representing a surface of constant electric potential.
This is a good approximation, since the electric field must be approximately axial
inside the sensing pore. Finally, the inner boundary of the nanofilter was approxi-
mated by a Dirichlet boundary condition. This approximation was made in light of
the low electrical resistivity presented by the nanofilter in comparison to the sensing
pore, and since the exact locations of the pores in the nanofilter in the membrane
vary from device to device.

As a result of these choices for boundary conditions, the system for the electric
potential is cylindrically symmetric. Laplace’s equation was solved in (p, z) without

angular dependence. The solver was implemented in C using LAPACK#*'. The solu-
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tion for the electric potential energy per monomer is shown in Figure 6.6, expressed
in units of kgT.

The numerical field was only defined up to the inner boundary of the nanofilter.
Inside the pore in the nanofilter the electric field was modelled as purely axial. The
magnitude of this electric field was chosen by conservation of electric flux, as follows.
The total axial electric flux of the system passes through the sensing pore, and the
field is essentially axial therein. If the flux through the sensing pore and a given pore
in the nanofilter are ®,, and ®y,, respectively, and there are Ny, pores in the active

portion of the nanofilter, then the relation
Np®rp = Pop (6.6)
must hold. Since the field is purely axial in the pores, this is equivalent to
prEprT?p = Spm"zp. (6.7)

Solving this for Ey, yields

e () () e

The number of pores in the nanofilter was obtained from the porosity ¢ to be

)2

r

pr == (7TR2

gap

(6.9)

p

so that the field in the nanofilter pores can be expressed as

By = <1> (QYE (6.10)
fo — ¢ Rgap sp+ .
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Above the nanofilter, the electric field was modelled by the sum of two terms.
Near each pore in the nanofilter, the field should be well-represented by the analytic

solution
. Vo

Eanalytic =K s (611)
T pore COSh (1) \/ sinh? () + sin? (v)

obtained in oblate spheroid coordinates for a single nanopore*?, with 7,4, = 5.00.
Farther above the nanofilter, the fields from all nanofilter pores will cancel all but
their axial components, so the field should converge to an axial profile. The field

above the nanofilter was therefore modelled as

Ecis = Eanalytic + Epara (612)

where E,,, represents the (axial) field a distance comparable to R, above the nanofil-

ter, and Egpaiytic is of the form given above. The magnitude of E,,, was chosen to be

2

T's

Epor = 0E;, = <R P ) E,,, (6.13)
gap

which is the field magnitude obtained if the electric flux passing through the sensing
pore is redistributed into a cylinder of radius R4,,. This is an approximation to the
field profile that would be present at the nanofilter location if the nanofilter were not
present. The magnitude of Vj for E,paytic Was chosen such that E.s is equal to Ey,
at the cis side of the nanofilter membrane.

The preceding paragraphs have established the shape of the electric field profile for
the system. However, its absolute magnitude remains unspecified. This was chosen
by increasing the field magnitude until the distributions of folded events seen in
simulations were comparable to those in experiments. The total voltage drop across

the simulation system was set to 12.7%7 where ¢ is the monomer charge. This
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was approximately 40% stronger than the weakest field strength that enabled folded
events to occur at all.
The units of simulation time were mapped to units of experimental time by equat-

ing the respective drift velocities. The experimental drift velocity was taken to be

Veap = [ (%) [%] , (6.14)

where the units of meters and seconds are shown explicitly, where?3 y = 0.6 x 108
m?V-1s71, Veep = 200 mV, and L., is a characteristic length scale. Similarly, in

simulation the drift velocity is

= () ()

where o is the monomer size, 7 is the simulation time unit, and the remaining quan-

tities are expressed in terms of simulation units. Here ~ is the friction coefficient,
Viim is the voltage drop across the system, and L, is the same characteristic length

scale as Leyp. Equating vy, to vey, and solving for 7 yields

SEEEES e

where L.,, and L, are the same characteristic length expressed in SI units and

simulation units, respectively. Choosing this length to be equal to ¢ = 5 nm yields
T = 265 ns.

The simulations themselves were conducted as follows. The initialization modelled
the polymers as being at equilibrium when they were captured by the nanofilter, and
imposed that chains must thread through the nanofilter in single file. The first 5% of

monomers in a chain (rounded up to the nearest monomer) were fixed in a straight line

175



through the pore in the nanofilter while the rest of the chain was evolved under the
LD equations with the friction coefficient v reduced to 0.1 from the value of 1.0 used
in the main simulations. After an equilibration period of 100N, the fixed monomers
were released and y was returned to 1.0. Next, the polymer was allowed to evolve
under the influence of the LD equations. If the polymer retracted entirely to the cis
region above the nanofilter, the event was considered a failed threading attempt and
the polymer was reset. Each simulation was terminated when the entire polymer was
located in the trans region of the sensing pore. The entire process was repeated until
1000 successful translocations were recorded for several chain lengths N.

To study the influence of polymer dynamics between the nanofilter and the sens-
ing pore, simulations were performed wherein the chain was initialized with its first
monomer fixed in the sensing pore. Equilibration proceeded as in the main simula-

tions, and events that retracted from the sensing pore were reset.

6.3 Results and Discussion

6.3.1 DNA Translocation Kinetics

.4, we define type 1 events to be single-file passage

Following Mihovilovic et a
of dsDNA, type 21 events to be partially folded events in which the event begins
in the folded state. More complex event shapes are indicated by longer strings of
integers, which correspond to integer multiples of the single-file dsSDNA blockage in the
order in which they appear. Events containing levels which do not correspond to an
integer multiple of the level 1 blockage are labelled anomalous and are excluded from

subsequent analysis. These comprise less than 5% of events overall, and are typically

attributed to interactions of DNA with the access regions of nanopores*’, or to fitting
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artefacts. A full list of DNA event counts and relavant details of pore geometry
are shown in Tables 6.1 and 6.2. The pore size is corrected for local deviations
from a cylindrical pore shape following the method used in previous work“®. Briefly,
the effective membrane thickness L.f; and pore diameter d are calculated from the

conductance blockage AG of dsDNA assuming dpy4 = 2.2 nm, using

&2 G 160L,
Lejs = 0”4ADJ(V;A, = (1 /14 %) , (6.17)

where ¢ is the solution conductivity and G is the open-pore conductance.
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Table 6.1: Event counts for every nanofiltered pore that contributed data to the
paper. Run time varied between experiments, so total event numbers do not neces-
sarily reflect differences in capture rate. For a given device, the order in which DNA
lengths were studied corresponds to the order of increasing pore size. Where “mix” is
indicated for the DNA length, it refers to a mixture of all other sizes used with that
same pore. Note that K478 used a different nanofilter membrane with higher porosity
and smaller average pore size and consequently required higher voltage to translocate
dsDNA. It was therefore not included in the following passage time analysis.

Pore | Length (bp) | Events | Type 1 | Loy (nm) | d; (nm) | dy (nm)
K417 250 24164 | 21162 12.8 7.0 7.1
1000 6084 3392 12.6 7.2 7.2
K423 1000 3802 3587 15.2 7.0 7.5
2000 160 158 16.8 9.1 9.1
K434 100 9483 9483 12.1 8.5 9.0
250 3760 3594 10.6 4.7 4.8
500 10362 8603 11.4 5.5 5.6
1000 23691 | 12780 12.7 6.7 6.7
2000 25686 | 12675 13.0 7.3 7.3
3000 16040 6265 13.0 8.0 8.1
K435 100 754 754 8.4 4.1 4.2
250 15781 1529 8.9 4.5 4.5
200 6668 6323 8.7 4.3 4.3
1000 15214 | 13143 8.9 4.6 4.6
K439 750 3885 3169 15.5 7.6 8.0
1200 6550 2786 17.2 9.4 9.9
4000 1181 315 17.4 9.9 10.7
K454 1000 5565 3003 12.6 6.1 7.3
K462 500 6294 5011 9.5 5.2 5.7
1000 3933 2645 10.1 6.4 6.8
1500 2385 1231 11.7 8.3 8.7
Mix 38029 | 20363 12.3 9.3 9.5
K465 500 13748 9219 13.1 10.1 10.4
1000 5802 2880 12.8 9.4 9.6
1500 4932 2010 11.9 7.7 8.5
Mix 13409 8261 12.3 6.1 6.9
K478 2000 890 740 11.8 5.4 5.6
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Table 6.2: Event counts for every control pore that contributed data to the paper. Run
time varied between experiments, so total event numbers do not necessarily reflect
differences in capture rate. For a given device, the order in which DNA lengths were
studied corresponds to the order of increasing pore size. Where “mix” is indicated
for the DNA length, it refers to a mixture of all other sizes used with that same pore.

Pore | Length (bp) | Events | Type 1 | Less (nm) | d; (nm) | df (nm)
K443 1500 3170 1842 11.4 7.0 7.1
K444 250 38256 | 32851 13.7 12.4 12.6
500 35358 | 24531 11.9 9.2 9.6
1000 4801 2411 114 7.5 8.0
2000 18497 | 6406 12.2 10.4 10.6
K445 250 308149 | 256688 11.5 11.7 11.7
500 141302 | 91819 11.5 11.4 114
750 8242 6352 9.2 5.4 5.6
1000 26728 | 13044 11.7 11.1 11.2
1200 4403 2540 10.4 7.1 7.5
1500 12636 5038 11.0 8.7 8.7
3000 13776 3979 10.9 8.9 9.0
K446 100 3836 3836 6.0 3.2 3.2
500 18729 | 14950 9.0 5.8 6.3
750 41215 | 22670 9.9 8.5 8.6
1200 31582 | 13869 9.6 8.9 9.1
3000 15776 4464 9.8 9.6 9.7
K446 100 14876 | 14876 8.2 8.4 8.6
250 222942 | 152133 8.9 7.7 8.1
750 30397 | 15026 8.7 7.1 7.3
1000 19487 | 8186 8.4 6.2 6.6
4000 27062 7075 8.9 9.5 9.6
K466 500 14847 | 10387 9.4 7.0 7.1
1000 4861 2962 10.3 6.3 6.6
1500 3745 15026 9.5 4.9 5.2
Mix 5237 4693 8.9 9.5 9.6
K467 500 6599 5127 8.5 4.9 4.9
1000 2817 2006 8.4 4.9 4.9
1500 5733 3341 8.3 4.9 4.9
Mix 37417 | 23643 8.3 4.9 5.1
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6.3.2 DNA Passage Time Analysis

We first consider the kinetics of passage of molecules which pass the sensing pore
in an unfolded type 1 configuration. The distribution of unfolded passage times ¢ is

well characterized by a log-normal distribution, having the form

p(In(t)) = Aexp <—M> , (6.18)

252

where A, M, and s are variable parameters for the non-linear fit. This form is purely
for mathematical convenience rather than being physically motivated. Other groups
have used a simple first-passage time distribution model which produces good fits!?
but which was originally intended for use with featureless nanoparticles. More com-
plex models exist which take into account the polymer nature of the analyte as well
as pore-analyte interactions*’, but these depend on parameters which are unavailable
experimentally. Here, we use a simple form, which allows us to easily extract metrics
of interest. In cases where long polymers lead to an extended tail of events which
thread through two different nanofilter pores, only the log-normal part of the passage
time distribution, representing unhindered translocations, is considered when calcu-
lating mean and standard deviation passage times. Only single-file, unfolded events
are used for passage time distribution fitting.

The mean 7 and standard deviation o of the passage times are related to the fit

parameters M and s by

1
T = exp (M + 552>, o=rT1vexp(s?)—1. (6.19)

The coefficient of variation is then

g = Vexp(s?) — 1. (6.20)
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Figure 6.7: a, b, ¢) Schematic representations of 1000, 2000, and 3000 bp dsDNA
traversing the nanofiltered pore device, respectively. Vertical distance and DNA
length is to scale. d, e, f) Passage time histograms of unfolded type 1 events for the
corresponding lengths of dsDNA. All three histograms are obtained using the same
pore, while the pore grew during the course of the experiment (4.3h), from top to bot-
tom, from 6.7 nm, to 7.3 nm, and finally to 8.0 nm, respectively. Insets: time series
of dsDNA translocations (including folded events) for the corresponding histogram.
Data recorded at 4.166 MHz sampling rate, digitally filtered with a low-pass Bessel
filter at 900 kHz, and down-sampled to 2.5 MHz for plotting.

181



Figures 6.7a-6.7c show schematic representations of possible conformations of ds-
DNA prior to translocation through the sensing pore. As can be seen in Figure 6.7d,
when N < 1300 bp, there is a single population of passage times for single-file passage
which is well characterized by a log-normal distribution. For N > 1300 bp (Figures
6.7e and 6.7f), a one-sided tail appears in addition to the log-normal component,
comprising events with very long passage times. We attribute the log-normal por-
tion of the passage time distributions to unhindered passage through the two serial
membranes.

Figure 6.8 shows properties of unhindered dsDNA passage time distributions as
a function of the number of base pairs IV, representing fits to data extracted from a
total of 1.3 million individual DNA translocations through 8 nanofiltered pores and
7 control pores.

The mean passage time 7 for nanofiltered pores is fitted well by a single power

law,

T(N) = 7oN?, (6.21)

which yields an exponent of pe,, = 1.1940.06, as shown in Figure 6.8a. This exponent
is in reasonable agreement with previous studies on regular solid-state nanopores 448
Error bars define the 95% confidence interval for the fit parameters. Control devices
without the nanofilter (Figure 6.8b) behave similarly, but with slightly larger spread in
mean passage times. Simulations (Figure 6.8¢) also show power law scaling, though
the exponent, pg, = 1.61 4+ 0.02, is larger than in the experimental case. This
is consistent with previous work, since simulations typically find scaling exponents
which are larger than those extracted from experiments?-°°.

The effect of the nanofilter becomes more apparent when considering the stan-

dard deviation o of the passage time (Figures 6.8d-6.8f), where the nanofilter usually
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Figure 6.8: Mean passage times for a) nanofiltered, b) control, and c) simulated
nanofiltered pores as a function of DNA length. The solid blue lines are a fit of
Equation 6.21 to the data in a), while the dashed line in ¢) is a fit to the simulated
data. Standard deviation of passage times for d) nanofiltered, e) control, and f)
simulated nanofiltered pores. The solid red lines are a fit of Equation 6.22 to the
data in d). The dotted lines in d) show the two power laws separately, while the
dotted line in f) shows the two-power fit to the simulated results. Coeflicient of
variation for g) nanofiltered, h) control, and i) simulated nanofiltered pores. The
solid green lines are the quotient of the fits in a) and d), while the dotted line in i) is
the quotient of the fits to simulated data.

results in significantly lower standard deviations than the control case (Figure 6.8¢).
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Experimental data with the nanofilter is fitted by a two-power law:

s [(2) (2] o

The experimental best-fit exponents for this form are gey, = 0.5 £ 0.3 and 7¢,, =
2.0 + 0.6, in reasonable agreement with ¢, = 0.3 + 0.5 and 7y, = 2.1 £ 0.2 for the
simulated data. The standard deviation thus exhibits a cross-over between different
power laws for small and large N, as discussed below.

As a consequence of the mean and standard deviation passage times scaling be-
havior, the coefficient of variation o771 exhibits non-monotonic behavior, and has a
global minimum which can be seen in Figures 6.8g and 6.8i. The origins of this min-
imum can be explained by examining the simulation data for the translocation time
and standard deviation (Figures 6.8c and 6.8f). At short lengths, the standard devia-
tion grows weakly with increasing DNA length. In this limit, the DNA is rod-like and
thus increasing the length of the DNA causes minute variations in the available con-
formations at the start of translocation. On the other hand, the friction coefficient
grows approximately with the length of the rod' and thus the translocation time
does increase significantly. Hence, a weakly growing standard deviation normalized
by an increasing translocation time yields a decreasing coefficient of variation. This
rod-like limit breaks down around the Kuhn length, where variation of initial confor-
mations increasingly influences the distribution of translocation times. Indeed, the
standard deviation is seen to increase strongly with increasing length for N > 300 bp
(slightly above the Kuhn length in simulations). The onset of this additional source
of variation causes the increase in standard deviation to outpace that in the mean
passage time, thus increasing the coefficient of variation. The combination of these

effects is a minimum between these two regimes.
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In the controls (Figure 6.8e), we see that deviations from the fit to nanofiltered
pore data are always biased toward larger standard deviations (note the log scale).
For a given molecular size, sensing pores equipped with a nanofilter set a lower bound
for the standard deviation that is achievable by the sensing pore. To understand this
trend, we consider recent simulation work which showed that the gradient in the
electric field outside of nanopores can stretch out polymers as they are captured
prior to translocation since polymer segments that are closer to the pore experience
a larger electrophoretic force than those further away?*#2. The distance from the
pore at which elongation occurs can be estimated by considering the capture distance
at which the electrophoretic force overcomes diffusion, which is proportional to the
square of the pore diameter®?. The experimental data in Figure 6.9 are collected for
several devices in which the sensing pore diameter was varied between 3 and 14 nm.
This translates into a variation of the capture distance over more than an order of
magnitude. Hence, in the absence of the nanofilter, the DNA will be consistently
elongated for large pores but much less so for small pores. The effects of this are
experimentally observed in the control data in Figure 6.8b: large pores exhibit a
smaller variation in the conformation of the dsDNA prior to translocation and thus a
smaller standard deviation in the translocation times compared to the more variable
conformations expected for smaller pores, though the effect is less reliable than that
which is seen when using the nanofilter. In the presence of the nanofilter, sufficiently
long dsDNA must uncoil in order to thread through the nanofilter and is thus biased
to approach the sensing pore in an elongated conformation independent of the sensing
pore size. Consequently, the nanofilter reduces the variability in the initial conforma-
tion and improves the standard deviation beyond what can be consistently achieved
with large sensing pores alone, and more importantly removes the dependence of

passage time standard deviation on sensing pore size and stability.
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In order to further elucidate the origin of the minimum in the coefficient of varia-
tion and to confirm that molecules which pass through the nanofilter tend to be more
elongated than those that do not, additional simulations were conducted wherein the
dsDNA was initialized by equilibrating with one end fixed in the sensing pore (Fig-
ure 6.9¢). In this configuration, DNA are much less elongated on average. However,
in these simulations where the nanofilter plays little to no role, the crossover in the
standard deviation of the passage time and the global minimum in the coefficient of
variation are still observed, albeit at slightly shorter chain lengths. The fact that this
cross-over behavior is also visible as the lower bound in the control experiments for
both standard deviation (Figure 6.8d) and the coefficient of variation (Figure 6.8g)
point to a molecular property of the polymers, namely the polymer stiffness, being
responsible for the presence of the minimum in the coefficient of variation, rather
than the presence of the nanofilter. The nanofilter is the mechanism by which the
sensing pore can achieve the minimal standard deviation required to actually map the
transition. Therefore, fundamental physics of polymer translocations are revealed by
the presence of the nanofilter. This crossover behavior has always been present but
has until now been indistinguishable from noise.

In principle, pre-stretching of the polymer is not the only way in which to achieve
a reduction in the standard deviation of the passage time. As long as the conforma-
tional entropy is reduced, the passage time will be more consistent regardless of the
subset of conformation space that is selected. Different confining geometries prior
to translocation through the pore can in theory produce similar effects?*. However,
Figure 6.9a suggests that membrane interactions may play an important role in vari-
ability in the translocation process. Pre-stretching is capable of mitigating membrane
interactions while simultaneously reducing conformational entropy, which need not

be the case for any confining geometries.
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Figure 6.9: a) Experimental mean passage times normalized by the fit of Equation
6.21 as a function of sensing pore size for both nanofiltered (black squares) and control
pores (blue circles). Inset schematics show stretching of the polymer as it enters the
capture radius of control pores for two different pore sizes. b) Experimental standard
deviation normalized by the fit of Equation 6.22 as a function of sensing pore size c)
Simulated projection of the radius of gyration on the vector connecting the sensing
pore and the center of mass of the DNA at the moment of capture, for molecules
initialized with one end in the nanofilter (black squares) versus one end in the sensing
pore (blue circles). d) Schematics illustrating the expected conformations of polymers
at the onset of translocation for small and large pores with and without the nanofilter.
Red gradients depict the electric profile outside the pore, while blue dots represent
the potential interaction sites between the polymer and the membrane outside the

pore.
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While large control pores can sometimes approach the performance of nanofiltered
pores, the results presented in Figures 6.8 and 6.9 show that the presence of the
nanofilter idealizes the sensing pore, allowing the system to consistently achieve a
minimal standard deviation and coefficient of variation. In addition, a remarkable
feature of nanofiltered pores is the fact that this minimization happens independent of
sensing pore size. In several cases the pore size was observed to grow over the course
of a single experiment (Tables 6.1 and 6.2) without compromising the improvement
to the passage time characteristics. This independence of the sensor on both pore size
and pore stability, made possible by the presence of the nanofilter within nanoscale
distances of the sensing pore, is a feature of clear importance to many solid-state
nanopore-based technologies.

It is also interesting to note that the normalized mean passage time has a pore size
dependence, with smaller control pores actually leading to slower translocation than
their nanofiltered counterparts. Since an elongated polymer is expected to have more
drag and thus take more time to translocate?, this is counterintuitive. We attribute
this observation to additional friction arising from interactions between the coiled
polymers that approach small control pore both with itself (coil-coil interactions) and
the surrounding membrane (coil-membrane interactions), as depicted in Figure 6.9d.
Because these polymers are not elongated, their conformation renders them more
prone to interact with the membrane surrounding the mouth of the pore, potentially
leading to temporary weak sticking, whereas elongated polymers will not be subject
to this slowing effect.

In support of this, as illustrated in Figure 6.9a, the mean passage time through
unfiltered pores fluctuates above that seen with filtered pores of the same size. This
is attributed to two mechanisms: small unfiltered pores lead to coiled conformations

at the onset of translocation, which are prone to self-interactions and interactions
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Figure 6.10: Dependence of mean passage time on pore diameter for a selection of
given dsDNA lengths. Dashed lines indicate control pores, while solid lines indicate
nanofiltered pores.

with the membrane; and large unfiltered pores have large capture radii, leading to
elongated conformations at the onset. Figure 6.10 provides additional evidence for
these interpretations. It shows the mean passage times for filtered and unfiltered
pores as a function of pore diameter for chain lengths of 250, 500, 750, 1000, and
1200 basepairs.

The 250 bp case demonstrates that these chains are too small for their translo-
cation to be affected by the filter, which is consistent with Figure 6.9¢. In the 500

bp and 1000 bp cases, the mean passage times increase for small pore diameters
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in the unfiltered pores but not the filtered pores. The increase occurs in a smooth
fashion as pore diameter is reduced at fixed chain length, strongly suggesting that
pore diameter is the driving factor causing the increase. Furthermore, the filtered
pores consistently lack the increase, indicating that the filter reliably eliminates this
phenomenon regardless of its origin.

Conversely, in the 750 and 1200 bp cases, the mean passage times increase with
increasing pore diameter for unfiltered pores. This effect is not clearly visible in the
1000 bp case, but this is likely due to statistical fluctuations. The trend is not visible
among filtered pores, as the dataset does not include sufficiently many large filtered
pores to deduce a trend. However, those large filtered pores that are present have
passage times consistent with the trends observed in the control pores.

Additionally, translocation is slower in larger pores, as expected due to polymer
elongation. Thus, the largest of the control pores lead to slower translocation than
the nanofiltered pores. It is important to note, however, that the dataset contains
more large control pores than large nanofiltered pores, so it is unclear whether large
nanofiltered pores would also exhibit slower translocation than smaller nanofiltered
pores. However, it is clear from Figure 6.9 that the nanofilter reduces both variability

within a given pore (Figure 6.9b) as well as variation between pores (Figure 6.9a).

6.3.3 Long Passage Time Events

There are a number of plausible explanations for the long tail of passage times
which appear in Figures 6.7e and 6.7f. First, simulations performed for a polymer
corresponding to approximately 2200 bp (R, ~ 82 nm) indicate that the average
translocation time is dependent on the elongation state of the polymer. Taking into

account the gap height, for N > 1300 bp there will be a significant population of
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Figure 6.11: a) Simulated probability and average length of a segment (tail) of DNA
remaining on the cis side of the nanofilter at the moment of capture by the sensing
pore, which could be captured by a second pore in the nanofilter. b) Schematic
representation of the capture of DNA tails by a second pore in the nanofilter.

molecules which still have part of their length on the cis side of the nanofilter when
captured by the sensing pore, resulting in a highly elongated conformation with high
fluid drag (Figure 6.11a). This is in line with the experimental onset of the long tail of
events. However, while our simulations show that increased drag for elongated events
can account for some increase in the translocation time, it is insufficient to explain
the multiple orders of magnitude increase in passage times seen in the longest events.

Second, we note that for sufficiently long dsDNA, it is possible to thread through
two pores in the nanofilter and for both arms of the polymer to come close to the
sensing pore. In this case, not only is the polymer highly elongated, but there are
competing pulling forces which further extend the passage time®®. While these double-
threaded events do occur, as shown Figure 6.12, our simulations indicate that these
competing forces are still insufficient to explain the long passage times in the tail
of the distribution unless both ends of the polymer are actually captured by the

sensing pore, and the events in the long tail spend most of their time in a single-
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Figure 6.12: a) Long molecules are prone to double-threading into the sensing pore
while straddling two nanofilter pores. b) Current trace for 3000 bp dsDNA traversing
the nanofiltered pore, showing persistent clogging modes corresponding to single- and
double-threading through the sensing pore. The clog can be temporarily removed by
reversing the applied voltage, but it always quickly returns. Data is low-pass Bessel
filtered at 300 kHz and down-sampled to 600 kHz for display purposes.

occupation state which is incompatible with this picture. In such cases, the sensing
pore exhibits very consistent clogging modes consisting of two sequential blockage
levels corresponding to one and two strands of dsDNA present in the sensing pore.
Reversing the voltage polarity can temporarily clear the clog, but it reappears after
a short interval of normal baseline (Figure 6.12b). Once this clogging mode occurs,
even flushing out the flow cell with clean buffer is unable to remove it permanently,
indicating that the offending dsDNA strand is most likely tangled in the nanofilter, a
very clear molecular signature which is incomaptible with most of the observed long
passage time events.

Finally, we attribute the long events to translocation which has one end of the
dsDNA temporarily adsorbed to the nanofilter during capture of the other end by
the sensing pore. To support this picture, we define adsorbed events as events with

passage times exceeding four standard deviations above the mean for the log-normal
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portion of the passage time distribution on a log-scale. Figure 6.13a shows the sublevel
blockage depth as a function of duration for all of the events with long passage times
for 3000 bp molecules translocating a nanofiltered pore. It can be compared to the
full set of sublevels for a similar control pore (Figure 6.13b), which does not have
the extended tail of long events. While most long events show a single blockage
level (Figurse 6.13c and 6.13h), blockage states corresponding to occupation of the
pore by more than one dsDNA molecule are present in some events. These deeper
blockage levels are always very short compared to the unfolded sublevel, and for the
majority of events appear only at the very start of events (type 21, Figures 6.13f and
6.13i). These latter events correspond to a dsDNA adsorbed on the nanofilter which
is captured in a folded configuration very near an end, and then proceeds to occupy
the pore in an unfolded conformation for the remainder of its length. However, there
is a significant population of complex events which contain levels corresponding to
two and three times the single occupation level in the middle of an extended stretch
of single-occupancy, which cannot generally be explained by interactions of a single
molecule with the pore (Figures 6.13g and 6.13j). We attribute these superimposed
events to simultaneous translocation of a second, unhindered dsDNA molecule while
the pore is partially occluded by a single DNA molecule adsorbed on the nanofilter.
To support this, we note that the passage time distributions for superimposed events
are similar to those for regular unhindered events (Figure 6.13c). The inter-event
time distributions for superimposed events are also consistent with the unhindered

translocations (Figures 6.13d).
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Figure 6.13: a) Heat map of sublevels within events, showing blockage depth as a
function of sub-level duration for events which fall within the tail of long events for
3000 bp dsDNA in an 8.0 nm nanofiltered pore. b) For comparison, the sublevel
breakdown for a control pore (no nanofilter), showing that the long tail of events
is absent ¢, d) Distribution of passage times and inter-event times respectively for
superimposed events within long single-level events (red) compared to the passage
time distribution for unhindered events from the same pore (black). e-g) Examples
of a single-level, unfolded type 1 event, a briefly initially folded type 21 event, and a
more complex event, respectively, from among the 3000 bp double-threaded events.
h-j) schematic representations of the molecular conformations giving rise to each of
the corresponding event signatures above. Red DNA represents a polymer which is
adsorbed to the filter while other colors translocate freely.
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6.3.4 Nanopore Size Spectroscopy

1.0qa)

B nixture

——500-bp

——1000-bp
1500-bp

Nanofiltered

Normalized Count

Nanofiltered

4\

10°
Passage Time (us)

Control

10°

Figure 6.14: a, b) Passage time distributions for single-file translocation events using
equimolar mixtures of 500 bp, 1000 bp, and 1500 bp dsDNA strands with a nanofilter.
The line plots in each case shows the distribution for each species alone on the same
nanopore, while the black histogram gives the distribution of the mixture. ¢) The
same data for the case of a pore without the nanofilter.

Regular solid-state nanopores are usually unable to distinguish populations of

different dsDNA sizes with better than 1000 bp®* resolution, unless their diameter is

very well controlled to precisely 3 nm so as to minimize any DNA self-interaction .

This poor resolution is to due the entropic effects already discussed, but also do
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transient polymer-pore and polymer-polymer interactions, all of which contribute
additional passage time variance. Here, the reduced standard deviation in passage
times through nanofiltered pores can be leveraged to improve resolution without the
need to precisely control the pore diameter. We investigate this effect by translocating
equimolar mixtures of different DNA sizes in a single device. Figure 6.14 shows the
results of using equimolar mixtures of 500 bp, 1000 bp, and 1500 bp dsDNA. The
passage time distributions clearly show all three well-separated peaks (Figures 6.14a
and 6.14b). Since LiCl is known to broaden passage time distributions compared
to KC1'3, the resolution can most likely be further improved by using a different
electrolyte, albeit for a different range of polymer lengths. While some control pores
can also reveal the presence of three peaks in passage time distribution (Figure 6.14c),

the nanofiltered pores have a tighter distribution and more reliable peak separation.

6.3.5 Folding Distributions

In addition to augmenting the standard deviation of molecular passage time dis-
tributions through a nanopore, the large degree of conformational entropy available
to semi-flexible polymers also leads to folded translocation, in which a polymer is cap-
tured from somewhere along the length of the molecule and translocates in a hairpin
conformation. This is particularly problematic for genomic mapping and barcoding
schemes in which a DNA molecule is tagged with a marker, either to determine the
presence or location of a particular sequence®>7, the presence of a target?!', or to

map the velocity profile of translocating molecules?.

In such applications, folded
translocations are generally excluded from data analysis, which can result in having
to ignore many translocation events entirely. As a result, ensuring single-file passage

of dsDNA through pores of any size is of high technological importance for many diag-
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Figure 6.15: Folding fraction for nanofiltered pores as a function of pore size and
dsDNA length, showing that folding probability increases strongly with chain length
and weakly with pore diameter once the pore is past the minimum size to allow folding
at all. b) The same plot for control pores. c¢) Control pores are used to interpolate
contours of constant folding fraction, and nanofiltered pores are overlaid as circular
symbols. Two symbols, circled in red, stand out as being significantly different from
the control case. K478 (see Table 6.1) also showed folding suppression, but is excluded
from this plot since data was acquired at a different voltage.

nostic and genomics applications?!>°758 that rely on detecting and mapping bound

probes. While it is possible to restrict folding by using a nanopore too small to allow
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it, this is often incompatible with bulky labeling schemes and can be sensitive to pore
instability 569

We observed complete elimination of dsDNA folding during translocation through
the sensing pore in two nanofiltered pore devices, despite the sensing pore being suf-
ficiently large in both cases to allow for folded passage. The first of these pores is
presented in Figure 6.15, which shows the folding behavior of molecules passing con-
trol pores and nanofiltered pores as a function of both pore diameter and dsDNA
length. One of the nanofiltered pores (red circles in Figure 6.15¢) completely sup-
pressed folding even though both the pore and the dsDNA chains were large enough
to support significant folding.

Both of the devices which suppressed folding had in common a low event rate
compared to the rest of the nanofiltered devices. Due to the variability of folding
behavior between nanofiltered devices, the origin of this effect must lie with the
particular details of each individual nanofilter. We hypothesize that the mechanism
behind folding suppression is the variation in the local distribution of nanofilter pore
positions in the vicinity of the sensing pore. As is discussed in detail shortly, only a
small number of nanofilter pores which are very close to the sensing pore are active
and have a sufficiently high electric field to capture dsDNA, so the local nanofilter
pore distribution can be different between devices. In particular, if a device has
two active nanofilter pores which are very close together compared to the extent of
the dsDNA, the probability of a dsDNA molecule threading through both nanofilter
pores will be high. Because of the electric field gradient between the two membranes,
double-threaded polymers will tend to favor capture by one end, and translocation
will proceed unfolded due to the resulting elongation.

If we assume the nanofilter causes only a weak perturbation to the field and that

the electric field E (p, z) is cylindrically symmetric and decays as the second power of
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radial distance from the pore®, the electric field on the nanofilter a lateral distance

from the sensing pore will be roughly

E(p,h) = E(0.h)

= (6.23)

where h is the height of the nanocavity. Because passage through the nanofilter
is an energy barrier process mediated by the tiny voltage drop present there, the
probability of capture by a particular pore in the nanofilter will decrease rapidly with
lateral distance from the sensing pore.

Assuming a weak electric field and an energy barrier limited passage of polymers
through the nanofilter, the capture probability for a particular pore in the nanofilter
should be roughly linear in the electric field, and the probability density for capture
by a pore in the nanofilter at a lateral distance from the sensing pore will then be
proportional to pE(p), which is strongly peaked near p = h. Most of the transloca-
tions through the sensing pore will therefore be due to passage through pores in the
nanofilter which are near the sensing pore. For the nanofilter used in this work, the
average number of active pores in the nanofilter (defined as pores within p < h of the
sensing pore) is 3.4 + 1.4, so variation in device behavior due to variation in the local
porosity of the nanofilter can be quite significant.

To test this hypothesis, we performed experiments using a different nanofilter
material, which had slightly smaller pores (38 £12 nm) but higher porosity (16+3%),
yielding more closely-spaced nanofilter pores which would promote double-threading.
Due to the smaller nanofilter pores, a higher voltage of 400 mV was required to obtain

a sufficiently high event rate to gather statistics.
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Figure 6.16: a) Maximum blockage as a function of experiment time, showing near-
complete suppression of folding during the first half of the experiment, followed by
allowing folding after a period of prolonged clogging. The single-occupancy blockage
level is around 2 nA for this 5.4 nm sensing pore. b) Heat map of the sub-levels for
events from the folding-suppressed half of the experiment. c¢) Heat map of the sub-
levels for events from the folding-allowed half of the experiment, following clogging of
the sensing pore. d) Schematic of the hypothesized mechanism of folding suppression
consisting of two closely-spaced nanofilter pores. e) Schematic depicting how the
folding suppression can be lost when one or more of the active nanofilter pores is
clogged.
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A dramatic demonstration of the hypothesized physical picture is shown in Figure
6.16. The device suppressed folding almost completely during the first part of the
experiment (Figures 6.16a and 6.16b). Subsequently, the sensing pore clogged and
exhibited increased noise centered around a single-occupancy clog for a few minutes.
When the clog cleared the sensing pore, with the open pore current baseline returning
to its previous value, subsequent events presented folding (Figures 6.16a and 6.16c¢).
The most likely explanation is that one of the two closely-spaced nanofilter pores
was permanently clogged during the period in which the sensing pore was clogged,
and since the local properties of the nanofilter no longer promoted double-threading,
folding was no longer suppressed.

In light of this, we expect that folding suppression can be achieved reliably if
the nanofilter parameters can be chosen so as to promote double threading of DNA
molecules en route to the sensing pore. As long as the edge-to-edge distance between
adjacent active nanofilter pores is smaller than the free solution radius of gyration of
the polymer we expect this probability to be high, while small nanofilter pores will
promote unwinding of the dsDNA molecule as it passes into the space between the
membranes.

In order to further study the effect of the local pore size distribution on the
translocation kinetics, we reduced the size of the pores in the nanofilter by depositing
hafnia by ALD (160 cycles) on the NPN material prior to membrane transfer. This
had the effect of reducing the average pore size from 48 +4 nm to 16 £ 4 nm without
significantly changing the number of pores per unit area. Figure 6.17 shows TEM
imaging of ALD-coated nanofilter pores from a low-porosity section of the wafer. The
reduced pore size did not have a significant effect on folding behavior, again pointing
more toward the distance between active pores as the important controlling parameter

in suppressing folding.
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Figure 6.17: ALD coated pore distribution. a) TEM images of NPN material before
conformal ALD deposition b) Pore diameter histogram for through holes in the image
in a). ¢) TEM image of a different section of the same NPN wafer after 160 cycles of
ALD hafnia deposition. d) Histogram of ALD-coated pore diameters for the through
holes, with significant reduction in the average pore diameter. Only through-holes
receive a visible ALD coating (black outline).

Unsurprisingly, the smaller pore sizes present in the hafnia-coated nanofilter re-

quired a larger applied voltage before translocations were observed. While almost no
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translocations were observed at an applied voltage of 200mV, the capture rate at 400
mV of ALD-coated nanofiltered pores was comparable to the capture rate of uncoated
nanofiltered pores at 200 mV. This is simply a consequence of the fact that smaller
pores on thicker NPN membranes present a higher energy barrier to translocation.
This is especially significant since the reduction in average pore size and the increase
in nanofilter membrane thickness would increase the total electrical resistance of the
nanofilter, and therefore the voltage drop across it, for a given applied voltage. Since
even the uncoated nanofilter already shows size-selectivity properties in the capture
rate, we expect that even more dramatic filtering effects will be accessible to nanofil-

tered systems with significantly smaller average pore size.

6.4 Conclusion

One of the reasons preconfinement of molecules through the use of two-membrane
systems has proven experimentally challenging is the difficulty inherent in producing
two adequately-spaced, precisely-sized, serial nanopores while having fluidic access
to the nanoscale gap between them for the purposes of wetting. The nanofiltered
pore device presented herein creates a composite structure which achieves an optimal
balance between these requirements while keeping the complexity minimal: the ultra-
thin, porous nanofilter material allows easy wetting and simple fluidic and electrical
access to the intermediate space for the purposes of nanopore fabrication by CBD,
which guarantees the presence of appropriately aligned nanopores without requiring
visual confirmation, and eliminates both the requirement for precise nanopore size
and the deleterious effects of size instability during sensing.

The combined simulation and experimental results obtained on this nanofiltered

pore device demonstrate the strong influence the capture process has on the dynamics
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of DNA translocation and reveal the presence, previously hidden in the noise, of
a minimum in the normalized variance of translocation times that is inherent to
semi-flexible polymers. The presence of the nanofilter upstream of the nanopore
sensor pre-stretches the polymer, which offers a significant reduction in variation of
passage times even when compared to the effect stretching in the electric field gradient
present around large nanopores. This composite structure will enable a broad range
of applications and provide enhanced sensing capabilities. It can be leveraged to
provide more precise polymer size separation and to suppress folded translocations,
thus forcing single-file passage, of critical importance for many life science and health

applications, including DNA sizing, barcoded target detection and genome mapping.

6.5 Materials and Methods

6.5.1 Nanofilter Assembly

The NPN nanofilter membranes and SiN, /oxide microwell substrate chips (SiM-
Pore Inc., West Henrietta, NY) are cleaned with a nitrogen flow, followed by 38 W
air plasma for 40s to make all surfaces hydrophilic. Both the substrate and nanofilter
chips are placed into gentle contact using a custom aluminum jig and placed in a
—15°C freezer for 2 minutes to cool below room temperature. The assembly is then
exposed to fine mist produced by a vaporizer, which condenses on the cooled surface
and fills the cavity between the two membranes. As the liquid evaporates through the
nanofilter, surface tension pulls the two membranes into contact, which then remain
sealed together once all the liquid has evaporated. The two chips are then separated
mechanically, and the nanofilter is left behind in contact with the substrate chip. In

order to completely seal the nanofilter and to reduce chip capacitance, PDMS is then
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painted over the entire chip surface, leaving only the free-standing membrane portion
exposed. This assembly can be stored until use.

Just before use, the assembly is air plasma cleaned at 38 W for 40 s to make all
surfaces hydrophilic. The cleaned assembly is then placed in a sealed container with
ambient air (40% humidity) and this container is placed in the —15°C freezer for
up to 5 minutes. The cooling condenses humidity in the microwell, wetting the gap

between the two membranes.

6.5.2 Nanopore Fabrication by CBD

Nanopores are fabricated in nanofilter assemblies via CBD, which is described

elsewhere 6.

Briefly, pores are formed in 1 M KCI pH 10 using a slowly increasing
voltage ramp from —10 V to —18 V applied to the nanofilter side of the assembly,
with the trans side grounded. Typical fabrication times are between 5 and 10 minutes.
Once fabricated, the salt solution is changed to 3.6 M LiCl pH 8 and, depending on
the initial pore size, diameter is adjusted using 3 —4 V 4s square voltage pulses until
the desired pore in the range of 3 — 14 nm is achieved. Depending on the IV and

noise characteristics, pores are sometimes aged before use®.

6.5.3 Data Acquisition and Analysis

NoLimits dsDNA molecules (Life Technologies Inc.) in the range of 100 bp to
4000 bp are pre-mixed to the desired concentration (between 3 — 76 nM) and injected
into the vicinity of the pore using a custom PEEK flow cell.

Data is acquired in MATLAB R2013a (32-bit) using the Chimera VC100 current
amplifier with 200 mV applied unless otherwise noted, sampled at 4.166 MHz, with

a hardware 2-pole low-pass Bessel filter at 1 MHz cutoff frequency. Data is post-
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filtered for analysis at 900 kHz using a digital low-pass Bessel filter, and analysed to
extract passage times and sub-level structure using both the adept2state module of
MOSAIC®293 " (https://pages.nist.gov/mosaic/) for 100 bp molecules which do not
fold, and a custom implementation of the CUSUM+ algorithm%5* for the rest of
the events (https://github.com/shadowk29/CUSUM). Both analysis programs are

available freely online. Nonlinear fitting results are obtained using Origin 9.1.
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Abstract

Biological and solid-state nanometer-scale pores are the basis for numerous
emerging analytical technologies for use in precision medicine. We developed
MOSAIC (Modular Single-molecule Analysis Interface), an open source anal-
ysis software that improves the accuracy and throughput of nanopore-based
measurements. Two key algorithms are implemented: ADEPT, which uses a
physical model of the nanopore system to characterize short-lived events that
do not reach their steady state current, and CUSUM+, a version of the cu-
mulative sum statistical method optimized for longer events that do. We show
that ADEPT detects previously unreported conductance states that occur as
double-stranded DNA translocates through a 2.4 nm solid-state nanopore, and
reveals new interactions between short single-stranded DNA and the vestibule
of a biological pore. These findings demonstrate the utility of MOSAIC and
the ADEPT algorithm and offer a new tool that can improve the analysis of

nanopore-based measurements.

7.1 Introduction

Protein and solid-state nanopores (Figure 7.1A) are the basis for single molecule
measurements of a variety of analytes including ions??, single-stranded RNA and
DNA (ssDNA)*1! double-stranded DNA 213 proteins!* 2, synthetic polymers?! 24,

25,26 The method is conceptually simple. An electric

and metallic nanoparticles
potential applied across a nanopore that spans two electrically isolated chambers
(filled with electrolyte solution) results in an ionic current with a mean value (i),
and single molecules that reversibly partition into the pore cause a series of pulses
or current blockades (Figure 7.1B). The change in pore conductance is caused by the

21,22

volume exclusion of mobile ions from the pore and interactions between the ions
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5,21,22,27,28

and the analyte®2?%27. The change in conductance and the residence time of

9,21,22 21,22

analytes in the pore are used to estimate the analyte size , effective charge??,

and dipole moment?®.
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Figure 7.1: (A) Schematic illustration of DNA translocation through a solid-state
nanopore. An electric potential applied across the pore produces an ionic current.
(B) The partitioning of DNA into the pore causes well-defined current reduction with
different mean current blockade amplitudes (e.g., (i,) and (ip)). (C) A single level
event is characterized by the ratio of the mean currents for the occupied and fully
open pore ((i,)/(ip) and the level residence time (At). (D) A histogram illustrating
the relative current blockade depth for two species obtained by analysing the events.
(E) Residence time distributions for the two blockade depths in the two populations.
The mean residence times are estimated from fits to the distributions.

Analyte-induced events appear as single or multiple conductance state levels, aris-
ing from changes in the analyte conformation or interactions in the pore1%-1221,22:28,30,31
(Figure 7.1C). Multiple conductance level events differ from the gating of ion chan-
nels, where the channel fluctuates between two states, open and closed®?. These

33-35

fluctuations are well characterized using hidden Markov models and kinetic simu-

lations®>3%. On the other hand, several analysis techniques have been applied to anal-

22 slope- or

yse nanopore-based single-molecule data including threshold detection®
area-based techniques3™3¥, the cumulative sum (CUSUM) algorithm??, charge conser-
vation®®, and probabilistic machine-learning techniques?*°. While these approaches

are effective when the residence times of analytes in the nanopore are long (compared
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to the characteristic time constant of the system), they are not useful for character-
izing short-lived events. To more accurately characterize these events, we developed
a technique that models the ionic current response with an equivalent electrical cir-
cuit?"*!. This algorithm, when applied to the interaction of a polydisperse mixture of
a synthetic polymer with the Staphylococcus aureus a-hemolysin (aHL) nanopore, re-
covered 18-fold more events per unit time at high measurement bandwidth (B = 100
kHz), reduced the constraints on data acquisition by permitting polymers to be sep-
arated at lower bandwidth (B = 10 kHz), and improved the resolving power in the
low mass regime (to polymers with molecular weight approximately 370 g/mol).
Here, we describe MOSAIC (Modular Single-molecule Analysis Interface), an im-
proved data analysis tool for analysing nanopore data. We implemented two algo-
rithms in MOSAIC: ADEPT, the equivalent electrical circuit model described previ-

2741 "and an improved version of CUSUM that is suitable for analysing events

ously
with relatively long residence times in the pore. The software is extensible, and al-
lows many commonly used data formats, signal conditioning, and data processing
algorithms to be seamlessly integrated. Below, we demonstrate the features and util-

ity of MOSAIC when applied to data measured with both biological and solid-state

nanopores.

7.2 Architecture

MOSAIC consists of a modular data processing pipeline, shown schematically
in Fig. 7.2. Five self-contained modules provide the building blocks of the pipeline,
which together allows the analysis of data from single-molecule nanopore experiments:
(i) load data, (ii) optional signal conditioning and filtering, (iii) event detection, (iv)

event analysis, and (v) results storage. MOSAIC was designed using object-oriented
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concepts. This allowed us to leverage polymorphism within individual modules to
customize functionality and promote interoperability. Module interoperability is also
ensured through a well-defined interface. This approach makes it straightforward for
users to implement new features into the software, such as other analysis algorithms
or loading custom data formats. In most cases, users interact with MOSAIC using
a custom graphical user interface (Figure 7.11) that uses the pipeline architecture.

Here we briefly describe the key elements of that pipeline architecture.

Signal

I—b Conditioning
or Filtering
Yes ==t

s ADEPT
v 1 (PEE=e R f 1
. Event . Event _ | Store Results
Load Data No =1 Detection Qi Analysis "| and Graph

Y __
el CUSLM: ‘,_f

Figure 7.2: The MOSAIC processing pipeline comprises of five modules that perform
well-defined functions. By enforcing a common interface, individual functions can be
easily customized in a manner that allows them to interoperate with other parts of
the pipeline. Choices in this diagram are made by the user prior to analysis.

7.2.1 Load Data

This module allows users to load raw current traces from nanopore experiments
into MOSAIC. Axon binary format (ABF) by Molecular Devices Axopatch amplifiers
and QUB data files (QDF) are supported natively. In addition, MOSAIC can read a
wide variety of raw binary file format for data saved with custom hardware. Data from
disk is first loaded into a first-in, first-out (FIFO) queue after applying the specified
signal conditioning steps (setting amplifier scale and offsets, correcting for systematic
artefacts, etc.). Downstream modules request data in blocks for subsequent process-
ing. The Load Data module adds data to the FIFO queue on demand until the end

of the data set is reached. Because the logic for the data access is implemented as
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part of the common interface, new data types can be added to MOSAIC by simply

reading in individual files and making the data available to the FIFO queue.

7.2.2 Filtering

MOSAIC allows acquired data to be filtered prior to analysis by applying the
optional Filtering module. While this module is not a substitute for anti-alias filter-
ing, it allows the data bandwidth and sampling to be controlled in software*?. High
frequency noise, resulting from amplifier noise or charge trapping in solid-state mea-
surements can hinder the measurement of short events (shorter than 100 us). In some
cases, the signal-to-noise ratio (SNR) can be improved by filtering data, albeit with
distortion of the signal shape3”. MOSAIC provides multiple options for data filtering
including Bessel which has a well-behaved response to signal transients. Alternatively,
arbitrary filters (finite impulse response filters, weighted moving averages, etc.) can

be implemented using a tap-delay line3.

Finally, this module provides experimen-
tal support for wavelet-based filtering®?®, which allows a signal to be denoised while

preserving SNR and pulse shape.

7.2.3 Event Detection

This module partitions the time-series to detect individual interactions of single
molecules with the nanopore. Currently, we have implemented a simple thresholding
algorithm that detects deviations of the ionic current from the open channel baseline
value212%37_ To discern statistically meaningful events, we heuristically set the current
threshold. Typical values range from 2.5 to 6 times the standard deviation of the open
channel current, o. The end of an event is registered when the ionic current returns

to the open-channel baseline. The segment of the time-series corresponding to the
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event is then processed further using the Event Fitting/Analysis module.

7.2.4 Event Analysis

Detected events are analysed using the user-selected algorithm as described in the
main text. Currently two algorithms, ADEPT and CUSUM+, are available. However,
additional algorithms can be added. The parameters and associated metadata of
successfully analysed events are stored in a SQLite database (Figure 7.3) for future

analysis. Events with processing or analysis errors are flagged within the database.

7.2.5 Store Results and Graph

The results generated by the Event Fitting/Analysis module are stored in a SQLite
database. The use of a relational database for storage enables rapid, non-platform
specific data storage and access and allows users to explore the data and analyse it
further using external applications. The database schema for the ADEPT is shown
in Figure 7.3A. Primary metadata generated from the analysis of individual events
in a time-series are stored in the metadata table. The analysisinfo table holds
additional analysis information needed to make the database self-contained. Finally,
the analysissettings table holds the settings used to run the analysis and the
output log of the analysis is stored in the analysislog table. A brief description
of the metadata generated by the ADEPT algorithm is presented in Figure 7.3B. An
up-to-date listing of metadata of all algorithms available in MOSAIC is available at

https://pages.nist.gov/mosaic/.
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metadata [table] analysisinfo [table] analysissettings  [table] analysislog  [table]
reclDX INTEGER datPath TEXT settings TEXT logstring TEXT
ProcessingStatus TEXT dataType TEXT reclDX INTEGER recIDX INTEGER
OpenChCurrent REAL partitionAlgorithm TEXT
NStates INTEGER processingAlgorithm  TEXT
CurrentStep BLOB filteringAlgorithm TEXT
BlockDepth BLOB analysisTimeSec REAL
EventStart REAL datalengthSec REAL
EventEnd REAL FsHz REAL
EventDelay BLOB mosaicVer TEXT
StateResTime BLOB mosaicBuild TEXT
ResTime REAL recIDX INTEGER
RCConstant BLOB

AbsEventStart REAL

ReducedChiSquared REAL

ProcessTime REAL

TimeSeries BLOB

metadata

reclDX Record index

ProcessingStatus Status of the analysis

OpenChCurrent Open channel current in pA.

NStates Number of detected states.

CurrentStep Blocked current steps in pA.

BlockDepth BlockedCurrent/OpenChCurrent for each state.
EventStart Event startin ms.

EventEnd Event end in ms.

EventDelay Start time of each state in ms.

StateResTime Residence time of each state in ms.

ResTime EventEnd-EventStart in ms.

RCConstant System RC constant in ms.

AbsEventStart Global event start time in ms.
ReducedChiSquared  Reduced Chi-squared of fit.

ProcessTime Analysis time in ms.

TimeSeries Event time-series data.

Figure 7.3: (A) Database schema for ADEPT algorithm output in MOSAIC. Primary
metadata associated with processed events are stored in the metadata table. (B) A
description of the metadata columns of ADEPT.

7.3 Algorithms

In this section, we discuss two algorithms implemented in MOSAIC: (i) CUSUM+,
an improved version of the CUSUM algorithm®’ that provides robust statistical anal-
ysis of events which converge to a steady state, and (ii) ADEPT, an implementation
of a previously developed theory?”#! that uses a physical model of the nanopore sys-
tem to accurately characterize very short events that do not approach a steady state

ionic current.
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7.3.1 Cumulative Sum Analysis (CUSUM+)

Cumulative Sum (CUSUM) is a commonly used method to detect step-like changes
in time-series data**, but was only recently implemented in nanopore analysis®. It
assumes that the interaction of an analyte with the pore causes a series of instan-
taneous changes in the ionic current from its baseline value (defined as states, and
well-approximated by step functions*?), and that the ionic current noise follows a
known distribution (e.g., Gaussian, which is generally the case for nanopore data).
A statistical test identifies when the current level changes. The instantaneous log-
likelihood ratios of sequential data points for both positive and negative step changes
are calculated. The positive values of these ratios are independently summed and a
negative log-likelihood resets the sum to zero. These form a two-sided decision func-
tion, which detects level changes that correspond to either an increase or decrease
in the current level. A new state is identified when one of the decision functions
exceeds a threshold determined automatically by the software. The locations of state

4 and the mean ionic

changes are determined from the minima of related functions
current between sequential states is calculated and used to determine the local block-
ade depth, defined as ratio of the ionic current when the pore is occupied to that of
the open pore ((i)/(io), Figure 7.1C).

We implemented an improved version of the CUSUM algorithm in MOSAIC called
CUSUM+, which is less sensitive to artifacts that can be falsely identified as a state
change. This is achieved by specifying a minimum time between successive triggers (to
exclude transients from the state change detection and blockade depth calculations)
and by requiring that identified state levels differ by a minimum value (corresponding

to a physically significant change). State changes are not required to be quantized.

Efficiency is improved by eliminating or reducing the computations (e.g., maintaining
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running calculations of the mean and variance).

7.3.2 Adaptive Time-Series Analysis (ADEPT)

For very long events (longer than 57, Figure 7.4 left), the blockade depth is easily
estimated (e.g., with CUSUM+). However, that process fails for short-lived events
(shorter than 57, Figure 7.4 right) that do not reach a steady-state mean value.
In this case, the blockade depths are estimated by fitting the data to an electrical
circuit model of the nanopore (implemented as ADEPT?"4! in MOSAIC). The algo-
rithm assumes a molecule partitioning into the nanopore instantaneously increases
the nanopore resistance (R,) by AR. However, the system capacitance causes the
ionic current change to occur over a finite time. For a constant applied voltage, V,,

the predicted ionic current is

i(t) = iy — B (1 —exp (-é)) | (7.1)

where
Va
= ¢ 2
TR, 4R, (72)
V.AR
_ , 7.3
b (Rs + R, + AR)(Rs + R,) (7.3)
and
CoRs(R, + AR)
= . 7.4
"T R, +R,+ AR (7.4)

The actual difference between the time constants leading up to and following an
event are considerably shorter than the sampling rate used in most experiments. For

example, the partitioning of DNA into an aHL nanopore, discussed in paper, produces
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Figure 7.4: ADEPT and CUSUM+ analysis applied to a simulated nanopore mea-
surement generated using Equation 7.1 (gray). Two events with the same current
blockade (red), but different residence times (tres), with respect to the system char-
acteristic relaxation time (7) are shown. (Left) For a long event (¢,.; > 57), the ionic
current converges close to its steady-state value, and the current levels estimated by
ADEPT and CUSUM+ are equivalent. (Right) For short events (e.g., t,es = 27),
the current does not reach the steady state value of the idealized pulse (red). In
this case, CUSUM+ and other algorithms used in nanopore analysis systematically
underestimate the steady-state current (blue) by an amount Ai (gray; dashed). In
contrast, the physical model underlying ADEPT allows the algorithm to accurately
estimate an event’s steady-state current.

a blockade depth ratio, (i)/(ig) ~ 0.1. For typical experimental parameters, the time
constant associated with entry and exit of the DNA into the nanopore will differ by
by 293 ns (assuming R, = 0.8 GQ, R, = 50 M2, C,, = 2 pF, and AR = 7.2 GQ).

4546 Because these

This change is even smaller (237 ps) for solid state nanopores
differences are 103 times shorter than the duration between sampled points (2 us) at
a sampling rate Fy; = 500 kHz, they cannot be resolved by our measurements. We

therefore utilize a single fit parameter for 7, which reduces the degrees of freedom in

222



the fit. For cases where these assumptions do not hold, there is an option to override

this constraint in the software.

7.4 Results and Discussion

7.4.1 Analysis of Short dsDNA Fragments in SiN, Nanopores

A)“ e ADEPT |150d((B) ¢ o ADEPT
200 A A CUSUM+ (B) A CUSUM+
N
100 —
P B
c
3 4
o
O 100 44 A=
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0.0 0.2
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Figure 7.5: Blockade depth histograms for a 50 base pair double-stranded DNA
measured with a 2.4 nm diameter SiN, nanopore®. (A) At 400 mV, dsDNA, both
CUSUM+ (gray) and ADEPT (red) are in excellent agreement. (B) At 800 mV,
the mean residence time decreases to 36 us (estimated from ADEPT analysis). The
analyses by ADEPT and CUSUM+ are markedly different.

We compared the results of CUSUM+ and ADEPT on measurements of 50 base
pair (bp) double-stranded DNA (dsDNA) translocating through a 2.4 nm diame-
ter SiN, nanopore (2,800 events)“®. At an applied potential of 400 mV, the mean
residence time of dsDNA in the pore is 440 us, more than an order of magnitude
longer than the characteristic time constant of the system (7 ~ 10 us; B = 100

kHz). Both algorithms produce two distinct peaks in the blockade depth histogram
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Table 7.1: Parameters used in the analysis of dsDNA with a solid-state nanopore.

Parametor ADEPT | ADEPT | CUSUM+ | CUSUM-+
aratie 400 mV | 800 mV | 400 mV | 800 mV
Event Identificaiton
Threshold (x o) g g g g
Min. Event
Length (samples) g g g g
Block Size (s) 2 2 2 2
StepSize 9 9 9 18
Min. Threshold 0.1 0.1
Min. State
Length (samples) 10 10 10 10
Max. Event
Length (samples) 15000 15000 i )
Fit Iterations 50000 5000 - -
Fit Tolerance 1077 1077 - -

((i)/(ip) = 0.070 = 0.001 and 0.488 £ 0.004. Peak positions were obtained using an
error-weighted Gaussian fit and are reported with an expanded uncertainty, k = 2
(see Table 7.1 for a full listing of the analysis and fit parameters). The leftmost peak
corresponds to DNA translocation, whereas the rightmost peak is likely due to the
helical structure of dsDNA unwinding to transition from the B-form to the S-form
dsDNA*7#® where the chain elongates by 1.7x because of the strong electric field
gradient across the pore®,

At 800 mV, the blockade depth histogram produced by ADEPT has two overlap-
ping peaks (Figure 7.5B) consisting of a narrow peak ((i)/(io) = 0.080 % 0.002), the
expected location for B-form dsDNA*", and a broader peak ({i)/(io) = 0.138+0.002).
The latter is comprised of short, single-level events, which likely result from transient

interactions between the dsDNA and the access region outside the pore*®. This was

not accurately identified in our previous analysis?®. A third, low amplitude, broad
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Table 7.2: Blockade depth peaks and amplitude, as a function of voltage and algo-
rithm, for 50 bp dsDNA interaction with a solid-state nanopore. Peak locations are
obtained from an error-weighted fit of the data to a sum of three Gaussians; individual
bin errors were assumed to follow a Poisson error distribution. Expanded uncertainty

for individual fit parameters (k = 2) is reported.

(1) /(io) Amplitude
ADEPT 400 mV | 0.070 +0.001 | 309.0 £ 15.1
0.488+£0.004 | 11.0+1.1
CUSUM+ 400 mV | 0.070 £ 0.001 | 301.6 = 7.4
0.486 +0.004 | 11.7+1.1
ADEPT 800 mV | 0.080 £0.002 | 86.5+6.5
0.138 £0.002 | 128.7£3.9
0.226 £0.018 | 23.1+1.9
0.260 £0.005 | 12.6£0.9
CUSUM+ 800 mV | 0.090 +0.002 | 80.8 £5.7
0.134 £0.010 | 31.3+2.7
0.250 £ 0.030 8.0+0.7
0.559 +£0.004 | 21.6+1.2

peak is visible at (i)/(ip) = 0.226 £ 0.018. It is probable that this peak is associ-
ated with these access-region interactions, although it is possible that these events
could represent partial unwinding of the dsDNA secondary structure at forces below
the B-S stretching transition threshold*®. As seen in Figure 37.5, CUSUM+ also
detects the first peak, (i)/(ig) = 0.090 & 0.002 (albeit slightly shifted compared to
the ADEPT value). However, it only characterizes approximately 20% of the events
in the second peak ((i)/(ip) = 0.134 4 0.010), where the mean residence time of the
events ((tyes) = 47 £ 4 pus) is less than 57. In addition, CUSUM+ misses most of the
events from the third peak detected with ADEPT. While CUSUM+ could be allowed
to characterize events with lifetimes less than 57, it will underestimate the block-

ade depth ratios, as shown in Figure 7.6. Both algorithms identify the fourth peak

({1)/(ig) =~ 0.56), which arises from the stretching transition of dsDNA noted above
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(S-form of dsDNA"8). CUSUM+ recovers more events here than ADEPT, which
utilizes a fitting routine that may not converge for some very long events (t,.s > 25
ms; 50,000 points; Fy, = 500 kHz). Because CUSUM+ can only correctly identify
states that have reached their steady state value (with residence times greater than
57) we normally exclude events less than 57 from CUSUM+ analysis.

Relaxing this constraint results in a systematic underestimation of the ionic cur-
rent when DNA occupies the pore, causing the blockade depth histogram to shift to
the right (7.6). This underestimation will also apply to sub-states shorter than 57

within a longer event.
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Figure 7.6: A comparison of ADEPT (red) and CUSUM+ (grey) blockade depths for
dsDNA events with a minimum length of 27. Including events in CUSUM+ that do
not converge to a steady state (less than 57) results in a systematic shift in the peak
positions.

In some instances, ADEPT exhibits poor convergence for events with more than

10* points. This is seen in Figure 7.5B, where CUSUM+ recovers around 11% more
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events for the peak at (i)/(ig) = 0.56 £ 0.01, which contains characteristically long
events. Therefore, the overall result can be improved when both algorithms are used
in a complementary manner using ADEPT to fit short events and CUSUM+ to fit

long ones, as seen in Figure 7.7.
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Figure 7.7: A proof of concept hybrid approach (Blue, rectangles) that merges the
results of ADEPT (Orange, triangles) and CUSUM+ (Gray, circles) improves the
analysis of the dsDNA data.

Clearly, the results would be improved if ADEPT is used for relatively short-lived
events (shorter than 57) and CUSUM+ used on events with residence times longer
than 57 (Figure 7.7). This functionality will be implemented in a future version of
MOSAIC.

While both CUSUM+ and ADEPT produce comparable results for events with
residence times greater than 57, the statistical approach used in CUSUM+ is on
average approximately 10x faster than the Levenberg-Marquardt least squares fitting
used in ADEPT#. Therefore, CUSUM+- is preferred for events with mean residence
times considerably longer than the recovery time of the system (greater than 57).

Furthermore, the processing time per event for each algorithm scales linearly with
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the residence time, and therefore the number of data points in an event. Table 7.2

summarizes the fitting results with both algorithms.

7.4.2 Analysis of ssDNA Oligonucleotides with ADEPT
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Figure 7.8: Blockade depth histograms for dA gy, dA4 and dAsg ssDNA translocation
from the cis side of aHL nanopore at as a function of voltage. Peak fits shown were
obtained using an error-weighted fit to a sum of Gaussians, as indicated in the text.

We use ADEPT to determine the blockade depth ratio histograms for three dif-
ferent length single stranded DNA (ssDNA) homopolymers (dAjgg, dAsy and dAsgy)
entering an oHL nanopore from the cis side®. We consider events with up to 6 dis-
crete states, with each state containing at least 5 data points (s > 10 us, Fs = 500
kHz). Events are partitioned from the time series data with a thresholding algorithm
that identifies when the current changes by more than 5 standard deviations from the
mean open channel current. A complete listing of the analysis parameters is shown
in Table 7.3.

We examine the translocation of homopolymer poly(dA), through the nanopore
(cis)®® as a function of hompolymer length and applied potential. The blockade
depth produced by the oligonucleotides as they enter from the cis side of the pore are
shown in Figure 7.8 as a function of applied potential. At an applied potential of 130
mV, the blockade depth histogram of dA ;¢ has three distinct peaks, (i) /(ip) = (0.11+
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Table 7.3: Parameters used in the analysis of ssDNA with a protein nanopore with
ADEPT

Parameter dA100 dA40 dAQO
Event Identification Threshold (xo) 5 5 5
Min. Event Length (data points) 5 5 5
Block Size (3) 05 | 05 | 05
StepSize 9 9 9
Min. State Length (data points) 5 5 5
Max. Event Length (data points) | 50000 | 100000 | 10000
Fit Iterations 5000 | 5000 | 5000
Fit Tolerance 107" | 1077 | 1077

0.01), (0.15+ 0.03), and (0.51 £ 0.02). The first two peaks (denoted (i)/(ig)s and
(i) /(io)5 ) are consistent with the dependence of the blockade depth on the orientation
of the leading end of the DNA entering the pore (3’ vs 5’)5°152. The location of these
two peaks agrees with previous measurements of dAyy, where two broad overlapping
peaks were observed at similar locations”.

These differences are not as clearly observed in the shorter ssDNA. As seen in
Figures 7.8B—C, the position of the 3" peak of dAy and dAy; does not change
with voltage. The amplitude of the 5’ peak decreases substantially for measurements
of dAy (Fig 7.8B) and is not observed for dAyy (Figure 7.8C), likely due to both
the lower probability of 5 entry as well as the decreasing residence time of shorter
ssDNASL

The current blockades observed with poly(dA) appear as either one level (a shallow
or deep blockade) or two levels (a shallow blockade followed by a deeper one®5351),
and approximately 60% of the events have two levels. As shown in the blockade depth

ratio histograms for dA g9, dA 4o, and dAy (Figure 7.8, blue), these two observed levels

are comprised of several different states. Figure 7.8 A, shows that the blockade depth
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histogram for dA gy has three peaks, (i) /(i) = (0.1140.03)(0.11£0.03), (0.1540.05),
and (0.5040.05). The first two peaks (denoted (i) /(ip)3’ and (i)/(ip)5’) are consistent
with the dependence of the blockade depth on the orientation of the leading end of the
DNA (3’ vs. 5') entering the pore®°2. The location of these two peaks agrees with
previous measurements of dAjgy, where two highly overlapping peaks were observed

7. In contrast to earlier measurements, we resolve the 3’ and 5’

at these locations
events with a separation better than 3o.

The differences between the 3" and 5’ blockade depth peaks (Figure 7.8A, two left-
most peaks) are progressively more difficult to discern for the shorter polynucleotides
(Figures 7.8B and 7.8C). The amplitude of the 5 peak decreases substantially for
dAy (Figure 7.8B) and is not resolved for dAyy (Figure 7.8C). These results are likely
due to the lower probability of the 5-end’s entry into the pore and the decreasing
residence time of shorter ssDNA molecules®5.

Interestingly, the shallow blockade level ((z)/(ip) = 0.5) is characterized by a single
peak for dAjgg and dAyy, and two peaks for dAyy, as seen in Figure 7.8. Previous
studies have either not reported this peak’, or noted it for molecules as short as
dA5, 3. Furthermore, the sharp decrease in residence time associated with shorter
polymers complicates their analysis and has thus far limited the analysis of nucleotides
as short as dAy.

The algorithms within MOSAIC improve the characterization of short polynu-
cleotides. Figure 7.9 shows the voltage dependent behavior of the dAyy shallow
blockade peaks and their residence time distributions. The shallow blockade depth
distributions are qualitatively different than those measured for longer polymers (Fig-
ure 7.8) as noted previously. Furthermore, we observe a change in the morphology
of the peaks with increasing voltage as seen in Figure 7.9A. In particular, increasing

the magnitude of the applied potential: i) shifts the peaks to smaller (i)/(ig) values,
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Figure 7.9: Voltage dependence of dAyy shallow blockade depth and residence time.
(a) Blockade depth histogram from (z)/(iq) = 0.38 to 0.7 as a function of voltage.
Each blockade depth histogram was normalized to yield a probability density. (B) A
joint residence time-blockade depth distribution (log-linear) as a function of voltage.
Z-scale (color) was normalized and smoothed using a Gaussian interpolation.

i.e., the polynucleotide blocks more current (Figure 7.9A), ii) increases the residence

times (Figure 7.9B) (in contrast to the mean residence time of the deep blockades in
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Figure 7.8 that are associated with translocation)?®, and iii) increases the number of
events observed per unit time (capture rate) (Figure 7.10). With increasing voltage,
the shallow blockades were more likely to exhibit two states with the shallow blockade

preceding a deep blockade.
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Figure 7.10: Normalized probability distribution of arrival times (log-linear plot) for
dAgy. Error bars indicate the standard error for Poisson counting; bins with zero
counts were assigned an error of ¢ = 1. Mean residence times for each voltage are
shown in the plot legend. To accurately calculate the mean capture rate from the
arrival times we include all events with 4 or more data points, regardless of whether
they can be fit by ADEPT. The arrival times (defined as the time between the start
of adjacent events) follow an exponential distribution.

The above results strongly suggest that the shallow blockade peaks correspond to
dA, interacting with the vestibule, but not translocating through the pore. Moreover,
the observed increase in the residence time of the shallow blockade (Figure 7.9B) with
voltage suggests that the change in the leftmost peak amplitude in Figure 7.9A is likely
due to interactions between the analyte and different regions of the vestibule, rather
than a loss of signal. Interestingly, of the three measured analytes (dAjgy, dAy,
dAg), this voltage dependent change in peak structure was only observed with dAsy,
indicating that the phenomenon may be length-dependent®®:°>. Table 7.4 summarizes

fitting results for these polymers.
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Table 7.4: Blockade depth peaks, as a function of voltage, for different lengths of
dA interaction with aHL. Peak locations are obtained from an error-weighted fit of
the data to a sum of three Gaussians; individual bin errors were assumed to follow a
Poisson error distribution. Expanded uncertainty for individual fit parameters (k = 2)
is reported.

Voltage (mV) | (5)/(o)s | (0)/Co)s | (0)/{io)a | (0)/{io)s

dA 100 130 0.11+0.02 | 0.15 % 0.08 | 0.51 + 0.07 -

140 0.11 +0.02 | 0.15+ 0.05 | 0.50 = 0.05 -

150 0.11£0.01 | 0.16 £ 0.02 | 0.49 £ 0.02 -
dAL 130 0.12+0.06 | 0.15+ 0.13 | 0.49 + 0.02 -

140 0.12£0.07 | 0.15 £ 0.11 | 0.50 £ 0.04 -

150 0.12£0.03 | 0.15+0.04 | 0.47 £0.02 -
dAs 130 0.13 £ 0.02 - 0.49 + 0.25 | 0.56 = 0.12

140 0.14 £ 0.02 - 0.47 £ 0.08 | 0.51 £ 0.05

150 0.14 £ 0.02 - 0.45 £ 0.07 | 0.49 £ 0.10

7.4.3 Single Molecule Mass Spectrometry with a Biological

Nanopore

We show a typical analysis using MOSAIC’s graphical user interface. Specifically,
we use both CUSUM+ and ADEPT to identify polymers by size in polydisperse PEG

21-23,27,56,57 - Note that due to their lower isoelectric

samples with an aHL nanopore
point, in the pH 7.2 buffer used here, PEG molecules are weakly negatively charged.
Previous studies showed that the blockade depth ratio ((i)/(ip)) and mean residence
time of these events scale monotonically with polymer size.

Analysis of the PEG data is set up using the GUI shown in Figure 7.11, and is
configured using drop down menus. Table 7.5 summarizes the fitting parameters.
After selecting a data source (MOSAIC accepts most common electrophysiology data
formats: Axon ABF, QUB QDF, as well as raw binary and comma separated value,

CSV, data), a segment of the time series is displayed, which assists in determining

the mean open channel current ((ig)), noise (o;,) and threshold values for preliminary

233



event identification.
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Figure 7.11: The graphical user interface (GUI) used to setup and run an analysis in
MOSAIC. A main settings window is used to configure the analysis. The results of
an analysis are displayed in real-time in the adjacent panels. Completed analysis can
also be reexamined within the GUI by opening the saved database files.

A key feature of MOSAIC is the ability to integrate custom algorithms into the
processing pipeline. Within the GUI, the user can select the analysis algorithm.
The PEG data were analysed independently using both the ADEPT and CUSUM+
algorithms. The blockade depth histogram of the events and the processing statistics
are presented in real time. Fits of the physical model (ADEPT) or detected states
(CUSUM+) of individual analysed events are also displayed to monitor the progress
and quality of the analysis. The results are stored in a SQLite database (or can be
exported as a CSV file from within the GUI) for further analysis.

This example further demonstrates the differences between the CUSUM+ and

ADEPT algorithms. Only events that deviate from the open channel current baseline
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Table 7.5: Parameters used in the analysis of PEG with an o«HL nanopore

Parametor ADEPT ADEPT CUSUM+ | CUSUM+
Small PEG | Large PEG | Small PEG | Large PEG
Event Identificaiton
Threshold (xc) 2.75 4.0 2.75 4.0
Min. Event
Length (samples) g g g g
Block Size (s) 0.5 0.5 0.5 0.5
StepSize - - 3 3
Min. Threshold - - 2 2
Max. Threshold - - 100 100
Fit Iterations 50000 5000 - -
Fit Tolerance 1077 1077 - -

by at least 2.70 were analysed. Events shorter than 57 were excluded from the
CUSUM+ analysis (the default value when running CUSUM+ from the GUI). On
the other hand, when using ADEPT, we excluded events shorter than 2.57 (25 us) to
minimize fitting errors (set with the Advanced Settings dialog in the GUI).

Both algorithms produce well-resolved peaks for PEGs larger than 17-mers (Fig-
ure 7.12). For smaller PEGs that have shorter mean residence times, CUSUM+
shows a single broad peak whereas ADEPT easily identifies additional individual
species. Here, CUSUM+ recovers significantly fewer events than ADEPT because
only a fraction of the total events (those with t,.s > 57) are considered. This effect
is particularly significant because it amounts to examining the tail of exponentially
distributed lifetimes?!22,

In Figure 7.12, we directly compare the peak signal to noise ratio of peak, defined
as the logarithm of the ratio of the peak amplitude, to the residual fit error. For
larger polymers (n > 20) the SNR is similar, however for small species (n < 20) the

SNR of the CUSUM+ peaks are on average 14.3 + 0.3% lower than those recovered
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Figure 7.12: A comparison of ADEPT (blue) and CUSUM+(orange) analysis of a
polydisperse PEG solution measured with an HL nanopore. Blockade depth his-
togram of events recovered by each algorithm and comparison of signal to noise of
each peak. The number of events recovered by CUSUM+ decreases sharply for small
polymers (N < 20) that exhibit fast residence times (below 57) in the pore.

by ADEPT.

The histograms in Figure 7.12 are fit to a sum of Lorentzian functions using Igor
Pro 6.3 (Wavemetrics Inc., Portland, OR). To directly compare the blockade depth
histograms, we use the peak positions from the ADEPT dataset as initial guesses for
a fit of the CUSUM+-derived blockade depth distribution (Figure 7.12, gray). As

expected, for both algorithms, where the peaks are resolved, the peak positions are
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in good agreement. For PEGs (n < 17), the signal-to-noise ratio of the CUSUM-+
peaks is lower than those recovered by ADEPT (Figure 7.12), consistent with the

lower number of events recovered by CUSUM+ in this region.

7.5 Conclusion

We developed a new open source platform for the analysis of single molecule
data (MOSAIC), and implemented two robust optimized algorithms (ADEPT and
CUSUM-+) for biological or solid-state nanopore measurements. When applied to
dsDNA measurements with a 2.4 nm SiN, nanopore, MOSAIC found previously un-
detected states most likely arising from the transient interactions between dsDNA and
the access region of the solid-state pore. Additionally, when measuring short oligonu-
cleotides poly(dA),, MOSAIC accurately analysed events with residence times below
57, thereby characterizing previously unreported interactions of dAgy with the aHL
nanopore. Such analysis can be used to provide greater insight into the underlying

physics of analyte-nanopore interactions.

Disclaimer

Certain commercial entities, equipment, or materials may be identified in this
document in order to describe an experimental procedure or concept adequately.
Such identification is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to imply that the

entities, materials, or equipment are necessarily the best available for the purpose.
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7.6 Materials and Methods

7.6.1 Solid-State Nanopore Measurements

Solid-state nanopore data were re-analysed from Briggs et al.%5. Briefly, nanopores
were fabricated in 50 x 50 ym?, 10 nm thick low-stress silicon nitride (SiN,) TEM
windows (Norcada, Canada) via the controlled breakdown (CBD) method®® in a 1 M
NaCl buffer (pH 10, 10 mM NaHCOj3). Nanopore measurements of double-stranded
DNA (dsDNA) were performed in 3.6 M LiCl, 10 mM HEPES (pH 8) using highly
purified 50 base pair (bp) dsDNA fragments (NoLimits # SM1421, Life Technologies,
USA). Data were low-pass filtered at 100 kHz with a hardware 4-pole Bessel filter
(Axopatch 200B), and digitized using a National Instruments USB-6351 DAQ card
(Austin, TX) at a sampling rate of Fy = 500 kHz.

239



7.6.2 Biological Nanopore Measurements

Nanopore measurements were performed using quartz capillaries with a (roughly
1 pum diameter) aperture on one end?™5%%° within a custom polycarbonate test cell
(roughly 200 pL volume) (Electronic Biosciences, San Diego, CA). Analytes were
dissolved in the working buffer and added directly into the capillary or to the external
test cell.

For single stranded DNA measurements, the quartz capillary was filled with a 10
uM to 20 uM solution of different length homopolymeric adenosine dAsy, dAyg, or
dAjgo (Integrated DNA Technologies, Coralville, TA) dissolved in 1 M NaCl, 1X TE
buffer (10 mM Tris, 1 mM EDTA in DNase-free water, titrated to pH 7.2 with 3 M
HCI).

For poly(ethylene glycol) measurements (PEG), data from two previous studies
that span a wide range of polymer sizes were combined?*?7. In both cases, the capil-
lary was filled with a solution containing a combination of polydisperse PEG (Fluka,
Switzerland) and a highly purified calibration standard (Polypure, Oslo, Norway),
dissolved in 4 M KCI (Sigma-Aldrich, St. Louis, MO), buffered with 10 mM Tris
(Schwarz/Mann Biotech, Cleveland, OH) and titrated to pH 7.2 with 3 M citric acid.
Since the isoelectric point of PEG is lower than 7.2, the PEG molecules will be weakly
negatively charged. The two different solutions were as follows: (a) 20 uM PEG-600
(MW g = 600 g/mol), 40 uM PEG-400 (MW,,, = 400 g/mol) and 2 pM purified
PEG-502 (MW = 502 g/mol) or (b) 30 uM PEG-1000 (MW,,, = 1000 g/mol), 30
uM PEG-1500 (MW, = 1500 g/mol), and 1 uM purified PEG-1251 (MW = 1251
g/mol).

Planar lipid bilayers were formed across the quartz capillary aperture using a

10 mg/mL solution of 1,2 diphytanolyl-sn-glycero-3-phosphatidylcholine (DPhyPC;
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Avanti Polar Lipids, Alabaster, AL) in n-decane (Sigma Aldrich)?”. Subsequently,
wild-type S. aureus a-Hemolysin (oHL) was introduced to the test cell by adding a
solution containing either approximately 250 ng of monomeric «HL (List Biological
Laboratories, Campbell, CA) or approximately 2.5 ng of purified preformed hep-
tamers. To facilitate channel incorporation, the bilayer was thinned and enlarged by
applying a transmembrane potential of around 300 mV and a static back pressure
within the capillary. Following the insertion of a single channel, the static pressure
was reduced and the voltage decreased to the value used for the measurement to
prevent further channel incorporation.

The potential was applied across the membrane by a pair of Ag/AgCl electrodes.
Immediately prior to use, the electrode placed within in the capillary was prepared by
abrading a Ag wire (Alfa Aesar) with 600 grit sandpaper and soaking it in bleach for
around 10 min. The external electrode in the test cell bath was a 2 mm Ag/AgCl disk
electrode (E202, In Vivo Metric). Data were acquired with a custom high-impedance
amplifier system (Electronic BioSciences, San Diego, CA) and conditioned with a low-
pass an anti-aliasing filter. The analog signal was digitized by a National Instruments
PCI-6120 DAQ card with a sampling rate (Fy) of 1 MHz, further conditioned using
a software-based 8-pole low pass Bessel filter with a cutoff frequency of 100 kHz, and
resampled at 500 kHz.

7.6.3 Data Processing and Analysis

Nanopore data were processed using a Python based program (MOSAIC) de-
veloped in-house. The software implements the ADEPT and CUSUM+ algorithms,
which are described below. The compiled program and source code are freely available

at https://pages.nist.gov/mosaic/. MOSAIC consists of a modular data processing
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pipeline which allows the user to analyse ionic current data from single-molecule

nanopore experiments. The software is designed using object-oriented principles,

which ensures that modules remain interoperable. This also makes it straightforward

to implement new features into the software, such as alternative analysis algorithms

or custom data formats. In many cases, users can interact with MOSAIC using a

front end graphical user interface.
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8.1 Introduction

Nanopores have until recently been limited in scope to research settings in well-
equipped research labs. Because of this, very few tools, commercial or otherwise, are
available to aid in analysis of biomolecular translocations through nanopores. This
chapter describes the theory, implementation, and use of an open source nanopore
analysis software suite called CUSUM that addresses the general problem of identi-
fying step changes in a uniformly digitized timeseries. The software combines several
statistical and physical models of the nanopore in order to accurately and automat-
ically extract a host of useful metrics from nanopore time-series data. The software
package is written in C, is released under the GNU General Public License version 3,
and is freely available online!.

Due to extensive optimization for both speed and memory footprint, CUSUM
processes nanopore data orders of magnitude faster than it can be acquired using the
fastest current amplifier commercially available at the time of writing (the Chimera
VC100) on a typical desktop computer, meaning that high-quality signal analysis
need no longer be the bottle neck in nanopore experiments.

In addition to the C package above, the improved CUSUM algorithm has also
been ported to MOSAIC, another open-source nanopore analysis toolkit developed
at NIST, which is in use in several nanopore labs globally*3, and is discussed in detail
in the previous chapter.

Unless otherwise noted, the data plotted in this chapter is simulated using simple
Gaussian random number generators for the purposes of illustrating particular use

cases.
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8.2 Setting up CUSUM

8.2.1 Compilation and Execution

CUSUM requires a 64-bit operating system/compiler. With a suitable compiler
aliased to cc and all of the source files in the active directory on a linux system, the

command
cc -o [executable name] -D_GNU SOURCE -03 -1m *.c -static

will compile a statically linked version of CUSUM. For a Windows executable, cross-
compiling an executable on Linux using MinGW is the preferred method, though
support and instructions for compiling natively on Windows is available upon request.
The -D_GNU_SOURCE flag is necessary for large file support on some systems. MAC
is currently not supported and remains untested, though in principle there is nothing
OS-specific in the code that would be expected to cause problems.

Once it is compiled, CUSUM requires three things in order to run:

1. A configuration file called config.txt in the same directory as the executable.

2. A valid data file in one of the supported I/O formats (16- or 64-bit big-endian
raw binary files, or Chimera VC100 output logfiles). Support for additional

formats can be implemented with relative ease upon request.

3. A pre-existing output folder specified in the configuration file that contains a

pre-existing empty sub-directory called events .

For the sake of keeping all of the code OS-agnostic and portable, CUSUM does
not interact directly with the file system except to create output files, so the user is
responsible for creating the required output directory structure and ensuring cleanup

between runs if the same output directory is used for a different run.
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Once the above requirements are satisfied, the program can be started simply by

running the executable without additional arguments.

8.2.2 Configuration File Format

The configuration file must be called config.txt, and follows a simple .ini format,
wherein parameters are specified, one per line, in the form parameter name=value .
Throughout this chapter, wherever possible, a default value which can be used most
of the time is given. Note that default parameters must still be supplied in the

configuration file.

8.3 Datal/O

The file to be read is specified in the configuration file using the input_file
parameter. CUSUM currently supports three file formats, chosen using the datatype
parameter. A datatype of 0 indicates a file generated using the Chimera VC100,
which consists of 16-bit adc codes encoding current. Currently CUSUM only supports
single file analysis, so VC100 files must be separately concatenated into a continuous
time-series before analysis. A datatype of 16 indicates interleaved 16-bit signed
integer values alternating between current and voltage. Finally, a datatype of 64
indicates interleaved 64-bit double values alternating between current and voltage.

All three data types require that the sampling frequency be specified using the
samplingfreq parameter. Note that this value is rounded down to the nearest
integer. The section of file to be analyzed is specified using the start and finish
parameters, which have units of sample numbers. Setting both to zero will read the
whole file.

The length of data to be read in each segment is set by the readlength param-
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eter. This parameter denotes the number of current samples to work with at a time,
and should be set to be at least twice as long as the longest event that is desired to
be fitted, but sufficiently short that the baseline current does not vary significantly
within a single data segment. Because slow variation in the baseline current is char-
acteristic of low-frequency noise, generally pores with a lot of low-frequency noise will
require a smaller readlength value, as will pores whose size is unstable during the
course of an experiment. Generally a value of a few seconds is appropriate.

In the case of Chimera files ( datatype=0 ), the ADC settings must also be sup-
plied, as output by the Chimera itself. The required parameters are SETUP _mVoffset ,
SETUP_ADCSAMPLERATE , SETUP_pAoffset , SETUP_ADCVREF , SETUP_ADCBITS , and
finally SETUP_preADCgain, all of which are saved during data acquisition and can
be accessed either using MATLAB, or additional tools that are discussed later in this
chapter. CUSUM assumes that these settings do not change during the file being
read. Segmented VC100 data with different ADC parameters must be concatenated
and analyzed separately.

During reading of the data file an optional low-pass digital Bessel filter can be

applied, which is discussed in detail in a later section of this report.

8.4 Event Identification

The first task in extracting useful metrics from nanopore time-series data is iden-
tification of the sections of the time-series that are physically interesting: the blocked
states, which typically comprise less than 1% of the actual measurement time. In
CUSUM, this initial event identification is achieved using simple adaptive threshold-

ing. The algorithm proceeds as follows.
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8.4.1 Characterization of Open Pore Current

Once a segment of data is read into the program, a histogram of the current values
is constructed. The range over which the program will look for the open pore current
is specified by the user using the baseline min and baseline max parameters,
which are signed quantities given in pA. In cases where the open pore current is
well-behaved the algorithm is not particularly sensitive to the actual values specified
here. Aslong as the mean current trace is contained between the two baseline bounds
specified, the algorithm will extract the correct value.

In order to extract open pore current statistics, a Gaussian noise distribution for
the current i(t) ~ N (i, o) is assumed. However, because each section of data can
also include blocked states that can in principle overlap with the mean open pore
peak in the histogram, the histogram peak corresponding to the open state must first
be identified. This is done simply by assuming that the pore spends more time open
than blocked, so that the location of the global maximum value of the histogram that
falls between the specified baseline bounds corresponds roughly to the mean open
pore current ¢g. Care must be taken in cases where the current signal contains more
than one closely-spaced open current states, such as when channel gating occurs. The
baseline calculator will estimate the baseline to be the global histogram maximum
while remaining inside the specified bounds. If a different state is desired, for example
if the pore spends more time in the blocked state than the open one, the baseline
bounds must be explicitly set to exclude other possibilities. Note that just because
it is possible to set tight baseline bounds does not mean one should; generally, larger
bounds provide a more robust fit, and tight bounds should only be used to explicitly
exclude some pathological case. The number of bins in the histogram is internally

optimized to provide good peak resolution and a smooth histogram.
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To avoid biasing the fit by fitting sections where the open state overlaps with the
first blocked state, we identify the approximate standard deviation by finding the
point above (away from 0) the global maximum ig where the histogram decays to 1%
of the maximum value, which corresponds roughly to the 30 point. With this rough

estimate of o, we then perform the fit between

lio| — V2In20 < |ig] < lio] + 20, (8.1)

where i denotes the current in bin k. If either baseline bound intersects the range
above, the range is truncated at that point. If the first blocked state overlaps the
baseline histogram past the half-width at half-max, the fit might come out skewed
and accuracy cannot be guaranteed.

It is also important to note that the simple estimate of mean and standard devia-
tion employed here assume that the current histogram on each segment is sufficiently
smooth that the global maximum corresponds to the actual location of the baseline
mean. Since this requirement simply means that as many current samples as possible
is desired, so that the relative error in the histogram bin counts satisfies N < 1,
readlength should be set as large as is possible while ensuring that no baseline drift
occurs on each segment, and should generally correspond to at least a few seconds of
data.

Several examples of baseline fitting setups for a few particularly pathological cases,
along with the required baseline bounds, are shown in Figure 8.1. In cases where such
tricks are necessary, it is important that the user perform at least some manual quality

control to ensure accurate baseline identification during post-processing.
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Figure 8.1: Examples of baseline extraction parameters when using CUSUM. In each
case, setting baseline max anywhere in the red region and baseline min any-
where in the blue region results in CUSUM selecting the green line as the local mean
open pore current. a) In the case of a single well-behaved baseline value, baseline
extraction is largely insensitive to the bounds. b) in the case of a bimodal peak, as
long as the peak that is being selected for has higher amplitude, baseline bounds can
once again be set liberally. ¢,d) If a lower-amplitude peak is desired as the baseline,
baseline bounds must be set to explicitly exclude the higher one. e) In the case where
the peak to be selected has higher amplitude but smaller absolute current value, base-
line bounds must be set to inhibit the fit range in the direction away from zero, or
else CUSUM will attempt to fit a single Gaussian to both peaks.
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In order to ensure numerical robustness, the current is approximately normalized
to N'(0,1) by defining z = = using the above method of guessing iy and o. The
actual fitting is done using a linearized least-squares model for a Gaussian fit, which

assumes the histogram of the open pore current is given by

h; =~ Aexp (_Zk2_220)7 (8.2)
o

where k denotes the bin index. Linearizing by taking the logarithm of both sides and
solving the linear least-squares problem for a quadratic model immediately gives

-1

—L Stk Yo Yo > iplnhy
k k k k
i @ Y2 S > iglnhy | . (8.3)
k k k k
SVET TN DU S B D 9
k

k k

While this solves the problem analytically, there is an issue: because the histogram
can have zeros in some bins, In A, is not always defined, and bins with very small
values of hy get artificially more weight in the linearized model. We can get around
this difficulty by multiplying both sides of the equation by hy, effectively weighting

each bin by its own amplitude, and rearranging so that we instead have

-1

— > ighe Y dighi > ith > ighiInhy,
k k k k
b= i Yahe Yan | | Y| 4

k k k k
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This gives approximately the same solution as the nonlinear least-squares problem
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while avoiding the issue of small bin values by defining Ay In hy = 0 if Ay = 0. To see

the equivalence, we note that the residuals for this model are given by

hye gt — h
re = hi i I by, gir — hy In by & g In <1 + %) (8.5)
k

Since we only perform the fit over the central region of the actual histogram peak,
the residuals hy ¢ir — hi, = \/hj, are small relative to the actual bin counts Ay, so we

can expand the logarithm to first order, giving
ri & h it — hi, (8.6)

which is equivalent to the residual for the nonlinear least-squares problem. We then
have an approximate analytical solution to the nonlinear least-squares problem that
uses a linearized model to avoid the computational complexity of actually iterating

numerically.

8.4.2 Approximate Event Location

Once the local open pore baseline and standard deviation are determined, events
can be located. To do so, the user supplies two values, threshold ¢ and hysteresis
y, which determine by how much a data point must deviate from the local state to
constitute the start or end of an event. When the pore is in the open state, any point
that deviates from the baseline and passes iy — sign(ig)to is designated the start of an
event, and the pore is marked as being in a blocked state. While in a blocked state,
any point that passes ig —sign(ig)(t —y)o is designated the end of an event. Generally
speaking, threshold should be set at least 5o away from the baseline current (¢t > 5)

to avoid false positives. y is best set such that the signal must return slightly past
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Figure 8.2: Examples of threshold and hysteresis signalling the approximate
start and end of an event. Blue lines represent the current threshold at which an
event start is indicated, while read lines indicate the current at which event ends are
indicated. Green shows the local baseline. a) A well-behaved event (SNR of 6) can
use the default settings of ¢t = 5 and y = 6 to detect events. In cases with a lower SNR
of 3 such as in b), ¢t = 4 is necessary to reliably detect the event. Note that setting
the hysteresis level above the current baseline avoids early even ends and subsequent
double counting of the event.

the mean baseline to indicate the end of an event to avoid premature signalling in
the case where the blocked state partially overlaps the baseline. To this end, it is
usually optimal to set y = ¢t + 1 so that an event end is signalled when the current
passes ig + 0. The default settings of t = 5 and y = 6 will accurately pick out events
in the vast majority of cases. In cases where the signal-to-noise ratio (SNR) is barely

sufficient, threshold can be reduced as low as t = 4 at the cost of slightly higher false
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positive rate, though false positives can usually be easily identified by the automated
quality control discussed later in this manual. Two examples of setting threshold
and hysteresis are show in Figure 8.2.

Passing through the whole file using this test, a linked list of start and end points,
the edges of all events, is built. If an event straddles the end of one data section and
the start of the next, the program will record two event start locations in a row, the
second of which is ignored. After building the full list, edges are paired up, with a
start location being paired with the next consecutive end location to determine the

approximate sections of data that constitute interesting events.

8.5 Sublevel Identification using CUSUM

The Cumulative Sums (CUSUM) algorithm is a general statistical method for
detecting changes in a time-series, which has historically been used for process control
applications?. More recently, the algorithm was implemented as a black box model for
nanopore data analysis by Raillon et al’. The implementation defined here further
improves the method to a grey box model that takes advantage of the physics of
nanopore translocation to achieve more accurate fitting?.

In the implementation given in CUSUM we make the assumption of Gaussian
noise, which is generally a reasonable approximation for solid-state nanopore data,
though the method can easily be adapted to other noise profiles for which an analytical
form for the distribution can be approximated. We assume that the current through
the nanopore at any given time is well-described by its mean 7y and standard deviation

o, so that each current value i, follows the probability distribution

polit) = ——— exp (-M> (8.7)

2o 202
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Figure 8.3: a) The current signal to which CUSUM is applied, which has a 6y = 6
change at sample 50. b) The cumulative log-likelihood function for a positive change
in current mean, showing no local minima for any value of §. ¢) The cumulative
log-likelihood for a negative change, show local minima at sample 50 as required. d)
The threshold function for a negative current change. Change detection occurs when
the threshold function crosses the dashed line of matching color. Setting ¢ too small
results in a false positive. e) The threshold function for a positive current change.
Setting 0 too large results in a false negative. Note that for the purpose of illustration,
the accumulators are not reset to zero when the change is detected.

In this definition, £ denotes the number of samples since either the start of the signal

or the last detected change in the mean.
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At each data point, we apply a simple statistical test with the alternative hy-
pothesis that the mean value has changed abruptly by a user-supplied value +0 as
compared to the null hypothesis of no change in the mean. This parameter is defined
in the configuration file as cusum_delta , given as a multiple of the open pore current
standard deviation. This quantity is generally set equal to the smallest significant
change that the user wants to detect.

We calculate the probabilities that the observed current sample belongs to either
the unchanged distribution py or the changed distributions

palif; §) = —— exp (—@’“ ~ i 5)>2>. (8.8)

2
210} 20,

Here, p; and oy are the local mean and standard deviation calculated using all points
in the interval since the last detected change, and therefore do depend weakly on &
as each new data point contributes slightly to both values. In order to evaluate this,

we define the log-likelihoods

wtion o (BO0Y L8 (WY

Po(ix) P

Note that while this form explicitly assumes a Gaussian noise distribution, the algo-
rithm can easily be modified to use any other noise distribution simply by changing
to an appropriate expression for the log-likelihood. A positive log-likelihood indi-
cates that the more probable distribution is the one with the changed mean, while a
negative log-likelihood supports the null hypothesis of no change.

At each data point, we define two accumulators for each possible sign of §, both
starting initialized at 0:

Skt = Sk—1,+ + Sk 4, (8.10)
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and

Gk,i = max (kal,i + Sk, +, 0) (811)

S1+ accumulates all log-likelihoods, while G accumulates log-likelihoods but resets
to zero when a negative one is found. When the value of G passes a pre-determined
threshold h, discussed in more detail below, which occurs when several positive log-
likelihoods are detected in sequence, it signals that a significant change has occurred
in the mean current. Since there is a delay before triggering as G+ accumulates values,
the actual location of the step change must be back-calculated from Sy. Because the
sign of the log-likehoods changes from negative to positive when a step change occurs,
S+ has a global minimum at the exact location of the step change. Because Si and
G are time-integrals of log-likelihood, they are actually quite robust against noise
in the signal. These quantities are reset to zero every time a change in the mean
is found, and the process starts over again from that location. The time-evolution
of these quantities in response to a simulated step change is shown in Figure 8.3.
Note that the actual current states are not calculated at this stage of the algorithm.
Rather, CUSUM itself only detects and records the time-points at which the mean
changes between two significantly different values.

The threshold value h that the G+ must cross to indicate a change depends on
the length of the event and the desired § value. It is a statistical approximation that
sets h as the smallest possible value that keeps the expectation value of the number
of false positives to one, assuming that there is no actual significant change in the
signal. Since any region of interest by definition contains a significant change, the

algorithm will find a true positive before finding a false positive with overwhelming
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probability. The optimal threshold is determined using the function

F(h) = % foxp (h + 1.1668) — 1 — (h + 1.1665)] — 2N, (8.12)
where N is the number of data points in the event of interest®.

The optimal threshold is the value of h for which f(h) = 0, which is determined
using a simple linear search over h € (0.1,100). If a zero does not exist in this range,
CUSUM defaults to A = 0.1. This is a rough approximation that generally results
in a larger number of false positives than predicted, but false positives are relatively
easy to correct internally, as is discussed shortly.

We have implemented several major improvements over the basic CUSUM algo-
rithm, leveraging what we know of the physics of nanopore translocations. First, one
of the assumptions that governs the CUSUM algorithm is that any changes occur
instantaneously. However, in real systems that are bandwidth-limited, this is not
the case. When the nanopore current changes state from open to blocked, there is a
transient rise time during which the current has a nonzero derivative. This rise time
is discussed in greater detail in the next section. Depending on the input settings to
CUSUM, this rise in current can be detected as a series of closely-spaced step changes.
One of the major improvements to CUSUM implemented here is to explicitly exclude
these regions from the fitting altogether, via the subevent minpoints parameter.
This parameter defines the minimum number of data points that must elapse between
consecutive detected step changes for the change to be considered valid, and should
usually be set to approximately 4 times the rise time of the system to ensure com-
plete stabilization of the signal. Once all of the locations at which the mean changes
are determined, the program will average over the current between adjacent change

points to determine the local current state. In order to avoid rise times skewing the
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average, subevent minpoints samples are excluded from the start of each section
when performing averaging.

Second, while ¢ is generally set equal to the smallest step change that one wants

to detect, the algorithm can and will detect step changes smaller than ¢§, provided
they are sustained long enough to trigger the threshold crossing. Step changes smaller
than § simply result in log-likelihoods that accumulate slower, requiring maintenance
of the new mean for longer before triggering. When a false positive occurs, it results
in two adjacent sections of data with essentially identical mean. The cusum _minstep
parameter can be used to define the minimum size of the step change between adjacent
sections of current for the detection to be considered a true positive. It is usually set
to be equal to g. Any change detected that is smaller than this will be ignored and the
two sections of data on either side will be considered to be a single state. This provides
a very sensitive way to distinguish true positives from false positives, and as a result
it is not necessarily a problem to use a sensitive value of 9, since an easily-corrected
false positive is preferable to a much more difficult to fix false negative. However,
care must be taken with the interaction between false positive probability and the
subevent minpoints parameter, since every time a false positive occurs, another
state change detection cannot occur until that many more points have passed. If a
false positive occurs within subevent minpoints samples of a true state change, it
will result in a false negative, which is not so easily corrected.

Finally, translocation events can occasioanally end with an overshoot of the base-
line current due to electric double-layer effects, particularly in low-concentration salt
solutions. The padding wait parameter specifies a number of data points to exclude
from both level identification and baseline averaging after an event has returned to
baseline, and can be used to avoid erroneous sublevel detection on event characteris-

tics that have nothing to do with the polymer itself. This paramter is optional, and
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Figure 8.4: The probability of a false positive occurring somewhere in the event as a
function of the length of time series with no actual change in the mean for a variety
of input settings. Data here is simulated to match the spectral content of actual
nanopore data, and each point is averaged over 10* realizations of a nanopore-typical
noise process of the given length.

will default to 0 if not supplied.

Because CUSUM applies a statistical test to noisy data, it will eventually find
a false positive detection given a sufficiently long time-series even if no real change
occurs. In order to simulate the probability of this happening, we follow the recipe laid
out by Owens”, which allows us to generate time series which have arbitrary spectral
content. By matching our simulated data to the PSD from an actual nanopore, we

are able to simulate high quality statistics for the performance of CUSUM. Using
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this method, the probability of a false positive detection for various values of § and
lengths of data with constant means is shown in Figure 8.4.

As a final improvement over existing implementations, CUSUM implements run-
ning calculations of the local mean and variance to avoid repeated calculation at each
data set. As a result, CUSUM has O(N) time complexity and can typically analyze

data orders of magnitude faster than it can be acquired.

8.6 Sublevel Identification using STEPFIT

As discussed in the previous chapter, the I-V response of a solid-state nanopore
can be approximated by a simple RC circuit?®, shown below. This circuit models the
pore as a single resistor R, in parallel with the capacitance C' of the membrane, all
in series with an access resistance term R, that accounts for the voltage drop in the
electrolyte outside the pore mouth. When a molecule enters the pore, it causes an
instantaneous (as compared to the sampling frequency) step change in the resistance
of the pore, which causes a corresponding change in the current. However, this change
that is actually measured is not instantaneous. The time-domain response of the RC
circuit leads to a single-exponential decay between current states, so that a step
change in the resistance of the pore AR under constant applied voltage V' at time 0

leads to a current response of the form?:

i) = ig — A (1 — exp (-%)) , (8.13)

LV
O_Ra+Rpa

where

(8.14)
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Figure 8.5: a) an example of an event with 2 levels as modelled by STEPFIT with
parameters labelled. b) For events much longer than the rise time the current will
reach a steady state. Events like this can be fitted accurately using either algorithm.
c¢) Events that do not reach a steady state can only be recovered by STEPFIT.

AR
Ai = : 8.15
"“R.+R,+ AR (8.15)
and
R AR
r— RC——2 7 (8.16)

"R+ R, + AR
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For multi-state events, these single exponentials are chained together, so that the

current response for an N-sublevel event will be of the form

i(t) :i0+§Aik <1 —exp (—t;:’“)) Ot — 1), (8.17)

where ARy is now the difference in resistance between state & — 1 and k, and
R, — R, ;1 is the total resistance in state k — 1, a change that occurs with time
response 7. O is the Heaviside step function, which determines the start times t; of
each step change in the series. Examples of this function are shown in Figure 8.5.
Note that while in principle all of the time constants are different, the differences
between them are typically much smaller than the sampling rate and are therefore
undetectable experimentally?. We will therefore refer to the time constant of the
nanopore system. It is possible to build high-order circuit models to more accurately
depict the nanopore system, but each additional resistance-capacitance pair intro-
duces a new time constant, all of which are faster than 7, and which are therefore
irrelevant for the sampling frequencies and bandwidths being used here?®. The time
constant is typically on the order of 7 ~ 10° — 10! us for the nanopores throughout
this work.

Given a current time-series, it is possible to perform a nonlinear fit to this func-
tional form to extract the parameters that define the translocation event. CUSUM

implements this form only for single-state functions in the STEPFIT module, so that

i) = io + Ay (1 —oxp (-t ;“» Ot — 1) F Ais (1 —oxp <—t ;2’52)) Ot —t,)
(8.18)

In principle |Ad| & |Ais|, and 71 &~ 75 in most cases, but all are left as free parameters
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in the fitting, since discrepancies here can serve as sensitive quality control metrics.
Good initial guesses for all of the parameters are easily extracted the simple thresh-
olding algorithm discussed above. Whereas CUSUM is unable to fit events that do
not achieve a steady state, this functional form is able to recover the true transloca-
tion event shape corresponding to the observed transient even when the event is too
short to achieve a steady state (less than 47), though it becomes highly sensitive to
the current noise and is inadvisable to use for events shorter than 2.57. CUSUM and
STEPFIT are best used in conjunction with one another, using STEPFIT for short
events and CUSUM for long ones. This is controlled in the configuration file by the
stepfit_samples parameter that sets the cutoff number of samples below which
the event is analyzed by STEPFIT instead of CUSUM, and the attempt recovery
setting, which is a boolean value which indicates that events for which CUSUM fails
to find a significant level change should be refitted by STEPFIT. stepfit_samples
is usually best set to about 47.

The actual fitting is performed using the Levenberg-Marquardt least-squares fit-
ting algorithm using a slightly modified version of Imfit, a C port of the FORTRAN
package MINPACK by Joachim Wuttke, which is available in its unmodified form
under the FreeBSD license (apps.jcns.fz-juelich.de/lmfit)?. Modifications from its
original form for use in CUSUM include the use of 64-bit integers for all calcula-
tions to enable indexing of very long time-series events, and the elimination of unsafe
floating-point equality comparison operations.

Care needs to be taken when using nonlinear fitting techniques, particularly for low
capacitance devices with very short rise times. Because the rise time is on the order
of the sampling rate in these devices, very few points are actually recorded during
the rise times, which can lead to overfitting of noise for the rise times in particular.

Accurate identification of rise times is only possible on very short events, so that a
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significant portion of the total event time is spent in a non-steady state. Even then,
the rise time fits will often appear to be bimodal, with a small population of rise
times much faster than the rest. These are not physical values, but rather reflect
events for which insufficient data was available to achieve a good fit. If the device
is able to achieve a near-steady state then the blockage depths and start and end
times are usually robust against a poorly-fitted rise time, but for events shorter than
2.57, a bad rise time fit will also lead to incorrect values for Ai. When STEPFIT is
needed, it is best to sample as fast as the hardware will allow. Even though the extra
sampling frequency contributes no additional spectral information, it will provide a
better sampling of the signal in the vicinity of rise times and consequently improve
the accuracy of the nonlinear fit.

In order to improve the numerical robustness of the fitting algorithm and to prop-
erly bound the fit parameters, we use a change of variables. The allowed values of A
fall on the interval (0, Aipax), where Aip.y is the largest absolute difference between

two current samples in an event. We define a parameter p,, and set

A'maX
Aip = + Z2 (1+ tanhpy) . (8.19)

Similarly, ¢, lies between (0,7") where T is the total length of the event and the

padding on either side. We define a parameter ¢, and set
T

We constrain the time constants 75 to be positive by defining parameters r, choosing
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an approximate time constant 7y and setting

T = To €XP Tk (8.21)

Finally, the value of iy is constrained using i,,,x = max |i(f)| using a parameter sy as

i = j:ZH;X (1 + tanh sp) . (8.22)

While they are mathematically equivalent, these normalized functional forms have
the numerical advantage that all of the parameters are of order unity and are con-
strained to within physical bounds. These constraints allow for robust floating-point
arithmetic and improved numerical performance of the nonlinear fitting algorithm
when the proper substitutions are made in Equation 8.18.

The time complexity of nonlinear fitting scales as O(Np?) where p is the number
of parameters. For a single step event (p = 7) this is reasonable, but quickly becomes
computationally prohibitive as the number of sublevels increases, since p = 3n + 1
for an event with n sublevels. Since CUSUM is generally able to provide the same
quality of fitting as STEPFIT for long, multi-level events, we use the nonlinear fitting
approach only for very short, single step events. If there is a need to fit multilevel
events that have sublevels which are individually too short for CUSUM to process,
using MOSAIC for fitting is preferred?.
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8.7 Digital Filtering

8.7.1 Definition and Implementation

In order to extract signals with sufficient signal-to-noise ratio in nanopore experi-
ments it is often necessary to digitally low-pass filter the signal to remove some of the
contribution of high-frequency noise. As discussed in Section 1.2.3, in nanopore sys-
tems the limiting noise components scaling with frequency and are due to capacitance

arising from the membrane and support structure and from parasitic capacitance

)

within the sensing electronics.
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Figure 8.6: a) the gain of an 8 pole Bessel filter with various cutoff frequencies. b) the
group delay of the same filters as in a), showing that as the cutoff frequency (vertical
lines) increases, the group delay for frequency components near the cutoff start to
experience distortion. Frequencies are normalized by the Nyquist frequency.

The Bessel filter is specified in the analysis software with four parameters. The
use_filter boolean keyword determines whether or not a filter is applied during
the thresholding step. The event _filter boolean keyword determines whether or
not a filter is applied during event fitting. If either one of these is active, then the

cutoff parameter sets the cutoff frequency f. in Hz, while the order parameter
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determines the number of poles. This is currently limited to even integers up to 10.

Digital filters are complex objects, and we make no attempt to comprehensively
describe the theory behind their general implementation. Instead we focus only on
aspects of the theory that are required for a practical understanding of their applica-
tion to nanopore data. For more detailed information about digital filters in general,
we refer the interested reader to dedicated publications in the field.

Bessel filters are a member of the class of infinite impulse response filters. Because
they are implemented in the time domain as a weighted sum of the previous data
points, in principle the response to an impulse at time ¢y extends to infinity. This
weighted sum also introduces a phase delay between the raw and filtered signals.

The analog Bessel filter is designed such that its phase delay is maximally flat
below the cut-off frequency, so that all passband frequencies are shifted equally.
Moving to the digital the digital domain requires using the approximation of the bi-
linear transform, which does not preserve the group delay, so that the digital Bessel
filter actually distorts the phase near the cut-off frequency if this occurs too close
to the sampling frequency f,, with maximal distortion occurring at f. = %. The
true maximally flat digital filter is the Thiran filter'?, though this is not currently
supported by CUSUM. Figure 8.6 shows the phase and amplitude response of several
digital Bessel filters.

In order to undo the effects of this phase delay and the errors associated with the
bilinear transform approximation, we run the filter twice: once forward in time, and
then again backwards in time on the output of the first filter. The second pass of
the filter perfectly undoes the phase shift caused by the forward pass, and applies the
same frequency gain as the forward pass. However, zeroing the phase delay comes
at the cost of causality, since the value of the filtered current at time t now depends

on the current values both before and after. Since we are not performing analysis

272



in real time, this is of little concern, but any future work aimed at real-time signal
processing must take this into account.
The first pass of a p pole digital filter is implemented numerically for an input

signal indexed as i, as

p
QoYn = b(ﬂn + Z (bkzn—k - akyn—k) ) (823)
k=1

where y,, is now the causal, phase-shifted, filtered signal and n runs from 0 to N — 1
in that order. To avoid edge effects, the signal is padded on both ends with values

equal to the end-most value. The second pass of the filter then applies
p
a0 = boyn + ) (betntk — GkTnin) (8.24)
k=1

where x,, is then the zero-phase non-causal filtered signal and n now runs from N —1
to 0 in that order.
The filter coefficients {ag, bx fo<k<, are determined by the filter transfer function

in the Z domain

P
Z ka_k
k=0

p
Z akz’k
k=0

and are implemented in CUSUM as a lookup table for even orders of p € {2,4, 6,8, 10},

H(z) = : (8.25)

using values ported from the Scientific Python (scipy) library implementation con-
tained in scipy.signal.bessel 112,
Due to the padding at either end of the filter, there is a mismatch between the

edges of adjacent filtered data sections, though in practice the discrepancies are neg-

ligibly small compared to the noise in the system and do not affect the accuracy of
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fitting. Zero-phase filtering also doubles the effective order of the filter, since the
transfer function for the combined filter is |H (z)|?.

It is difficult in general to say what the best filter parameters are for any given
experiment. An effective rule of thumb is to set the cutoff frequency as high as possible
while maintaining an SNR of at least 6. Filtering minimally is always the preferred
option, and if sufficient SNR exists it should be avoided entirely, both because of the
possibility of distortion of fast features within the signal, and because it is by far the

slowest process in CUSUM computationally. Leaving the filter off can reduce the run

time by up to 50%.

8.7.2 Digital Filtering of RC-Limited Signals

While we have been referring to a single timescale in the discussion so far, there
are actually two important timescales that determine the measured response of the
system to changes in the nanopore resistance as molecules translocate. The first is

the RC time constant already discussed:

CR,R,

=2 Ter 8.26
R, + R, (8.26)

TRC

Since the nanopore is well-approximated as a linear circuit element, we can build up
the response to more complex events as linear sums of the single step response. The
RC time-domain current response of the nanopore system to a step change in the
resistance has already been discussed in some detail, and is well approximated by a

one-sided exponential decay between constant current states:

() = i — Ad (1 —oxp <—#>) | (8.27)
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The second timescale is the rise time of the digital filter used, which is proportional

to, though generally smaller than the inverse cutoff frequency of the Bessel filter:

—1
T X fo . (8.28)
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Figure 8.7: a) The step response of various zero-phase Bessel filters, showing that
while the two-sided exponential is not a perfect fit due to the slight time-domain
ringing of a digital Bessel filter, it is a good approximation. b) The rise times of
various zero-phase Bessel filters as a function of filter order and cutoff frequency,
showing the expected linear relation between rise time and inverse cutoff frequency.

The time-domain response of a Bessel filter to a step change in the current is much
more difficult to represent than the RC response. Making use of the Z transform,
which generalizes the Laplace transform to digital signals, it is possible to represent

the digital time-domain response of a single pass of the filter on a single step change

Ai by

Zlfn

iy =21 <Ai H(z)> : (8.29)

z—1
where n is the index of the point ¢y at which the step change occurs. While this is an-
alytically solvable, the solution is an impractically long rational form containing very

large exponents that is neither useful nor well-behaved numerically. A purely empir-
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ical approximation to the response, which suffices to extract the relevant timescales
while failing to capture the time-domain ringing that occurs near the actual step, is

the two-sided exponential sigmoidal function

A
1+ exp (—%)

i(t) =io — (8.30)
The two-sided nature of this form comes from the non-causal nature of the dual-pass
filter. Note that the infinite impulse response nature of the function means that the
impulse affects the entire current signal. Far away from ty, when [t — to| > 75, the
RC and filtered response of the system agree, as expected. Figure 8.7 shows the step

response and 7p for zero-phase Bessel filters as a function of ’}—N for various filter
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Figure 8.8: a) The The RC response, Bessel filtered response, and mixed response
for the case where the RC time constant dominates. The mixed response closely ap-
proximates the RC response, which is the ideal case for fitting using either algorithm.
b) The case in which the RC time and filter rise time coincide. The mixed response
both underestimates the event start time, and does not follow either the filter or the
RC response, making accurate fitting by either algorithm impossible. ¢) The case in
which the Bessel filter timescale dominates. Because the mixed response reasonably
approximates the response of the Bessel filter alone this could in principle be fitted
using the Bessel step response equation, but this is not currently implemented.

If Tre > 75, the measured response of the system is dominated by the RC time

constant and the Bessel filter response can be ignored. When the opposite is true,
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the Bessel filter response dominates. If 75 ~ Trc, one obtains a convolution of the
two responses, which has no simple analytical form and should be avoided if at all
possible. Figure 8.8 shows the filtered step response, the filtered RC response, and
the raw RC response for the three cases discussed above. Because STEPFIT assumes
the RC-limited form of the signal, it is vitally important that the first condition hold
in any context where STEPFIT is used; the analysis software presented here does not
implement a nonlinear fitting form for a Bessel-filter dominated time-domain response.
Even when using CUSUM, it is important that the dominant timescale be the 7x¢,
since the location of the step change the CUSUM detects will correspond to the point
at which the current begins to deviate from the local mean, which will happen too
early if 75 is dominant. For this reason, it is important to filter minimally, only
as much as is needed to allow sufficient SNR for accurate event threshold detection.
Implementation of a nonlinear fitting analog of STEPFIT for Bessel-dominated events
is possible using a linear combination of instances of Equation 8.30 instead of Equation
8.27 for the fit, but it has thus far proven unnecessary since this case is very rare and

can usually be avoided entirely by filtering less heavily.

8.8 Quality Control

CUSUM has a number of built in checks that are performed at various stages
of event fitting to ensure that the fits actually correspond to physical translocation
events. Events that are flagged by one of these filters are assigned an error code and
are excluded from the main set of outputs, though details of the excluded events can
be found in the rate.csv output file. The error codes are summarized in table 8.1.

When the program is first run, it executes a very simple quality control check that

verifies consistency between dependent configuration parameters. If the relationships
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between any parameters are inconsistent, it will either internally correct the problem,
or issue a warning. In either case, changes and warnings are logged and printed to
the console. It is vitally important to check these messages, as they can change the
outcome of an analysis run. Work is ongoing to reduce the number of configuration
parameters to a minimal set of mutually independent parameters for which these
relationships will be irrelevant.

The first quality control check applied to the actual detected events is to filter
out events that are either too short to be fitted, or too long to be translocations,

which are determined by user-provided event minpoints and event maxpoints

Table 8.1: A list of possible error codes relating to event fitting with CUSUM and
STEPFIT

Code Meaning Possible Solution
0 Successful CUSUM fit
1 Successful STEPFIT fit

2 Baseline before and Increase hysteresis
after event are different Y

Event length longer

i Increase event_maxpoints
than event maxpoints -

Event length shorter

. . Decrease event_minpoints
than event_minpoints -

Decrease cusum_delta,
CUSUM fit fewer than 3 .
5 ] _ i cusum_minstep , and/or

levels including baseline - ) .
subevent _minpoints

6 Unable to read Verify that the data
the current data file was not changed
Unable to extract Decrease concentration
7 : .
sufficient padding of analyte
STEPFIT found a change ,
8 Decrease cusum_minstep

smaller than cusum_minstep

Imfi
9 — 18 mit enc.ountered Submit a bug report
a numerical error
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configuration parameters respectively. These filters are applied twice: once during the
first initial threshold event finding, and again after events have been fitted either by
CUSUM or STEPFIT. The event_minpoints parameter should be set to 2.57g¢ fs
if STEPFIT is used for short events, and to 47z¢ fs if only CUSUM is used.

If CUSUM fitting fails to find at least three distinct current states in a segment
of data, the event is optionally fed to STEPFIT before being labelled a failed fit
and rejected. This optional step accounts for the possibility that due to statistical
fluctuations the event detected was too short for CUSUM to properly fit it despite
passing the initial duration tests. If STEPFIT also fails, the event is rejected. If
the program is generating many of this error type on what should be valid events,
the most likely culprit is either that that cusum_delta and cusum _minstep are
too large, making the algorithm insensitive, or that the subevent minpoints is too
large, precluding CUSUM from properly detecting the second current step change.
A similar error mode occurs if STEPFIT finds a current change that is smaller than
cusum_minstep .

If two events are very close together, such that the program is unable to extract
sufficient padding from the region between them to determine an accurate baseline,
then both events are rejected. Care should be taken when using high concentrations
of analytes to ensure that the time between events is still significantly longer than
the average event duration. Finally, if the baseline current before and after an event
differ by more than 2.50, the event is rejected as incomplete. The most likely cause is
that hysteresis is too small, resulting in the thresholding algorithm marking the
end of an event before it actually returns to baseline.

Finally, the Imfit library has a host of internal error codes related to detection
of various numerical pathologies that can arise when using the black box that is the

Levenberg-Marquardt algorithm.
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It is important to note that the presence of a significant population of events with
particular error codes does not necessarily mean that there is a problem. Indeed, using
parameters that are overly sensitive and relying on the internal quality control metrics
to clean up the resulting data set is a perfectly valid option in some pathological cases.
Determining whether or not the presence of error codes represents a problem with
the fitting or a problem with the data itself requires careful consideration by the user

and depends entirely on the context of the experiment being analyzed.

8.9 Data Visualization and Post-Processing
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Figure 8.9: The main GUI for readevents.py . Red box: the statistics view window,

which allow any two columns from events.csv to be plotted against one another as
scatterplots or heatmaps, or any single column to be plotted as a histogram. Green
box: The single event viewer, which plots the timeseries and fit for each event by
index. Black box: the analysis box, which allows event shapes to be defined by block-
age level, and capture rates to be fitted for a given experiment. Blue box: database

controls, which provides tools for filtering event databases to isolate populations of
interest.
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The output of CUSUM can be visualized with readevents.py, an open source

data viewer and analyzer available at online!s.

When first run, the user will be
prompted to enter an input file, which should be the output file events.csv from
a previous CUSUM analysis run. The main viewer of the GUI is presented in Figure

8.9. There are four main components to this tool.

8.9.1 Data Viewer

The main area of the GUI, outlined in red in Figure 8.9, is the statistics view
window. This area provides plotting controls for the output of CUSUM, allowing any
two columns from events.csv to be plotted against one another either as scatter
plots or 2D histograms, as shown in the example. Plot types and columns to be plotted
are selected via dropdown menus, and scales can be linear or logarithmic. The plot
itself, as well as the data underlying it, can both be easily and independently exported
for use in other software.

On the right, labelled in the green box in Figure 8.9, the user can view the traces

and fits of each individual event labelled by index in order to verify fit quality.

8.9.2 Data Stratification

One of the most useful features of readevents.py is its ability to stratify ex-
perimental data into any number of subsets and view the resulting statistics for
each population at the same time. This data filtering is implemented using SQL-
style database queries entered into the database controls box. Any valid SQL query
of the form select * from [table] where [condition] can be applied, where

[condition] can be any numerical restriction on one or more of the columns in

events.csv . For example, to keep only events with a maximum blockage less than
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2000 pA, the user would enter max_blockage pA < 2000 . Equality must be tested
using the == operator.

More complex filter are also possible. For example, if one wishes to keep only the
events inside an ellipse on an z—y plot with columns x and y corresponding to columns
in events.csv, the user could enter ((x-h)/a)**2 + ((y-k)/b)**2 < 1 6 where
a and b are the desired major and minor axes and (h, k) is the centroid. The filter
also understands elementary trigonometric operations and logarithms. For example,
to select all events within an ellipse on the a scatterplot of x versus logy rotated an

arbitrary angle 6 counter-clockwise about its own centroid, one would enter
(((x-h)cos O+ logy-k)sinf) /a)**2 + (((x-h)sin 6+ (logy-k)cos)/b)**2 < 1.

The user can also use boolean expressions and / & and or / | to combine filters
as needed, or chain filters together successively to build complex conditions out of
simple rules. Subsets can be saved directly into files that can be reopened using

readevents.py at a later date.

8.9.3 Event Shape Fitting

The black box in the example provides controls for two useful functions. The first
allows a user to assign event shapes to every event which encode the blockage states
for every sublevel in order into a single integer. An example is shown in Figure 8.10.
To achieve these results, the user must plot the Blockage Level (pA) column as
a histogram, and indicate in the Num States box the number of discrete states to
fit. Once this is done, the user clicks the Redefine Blockage States button, and
clicks on the graph at the edges of each blockage state that is desired to be fit. Once
this is finished, the user clicks the Redefine Event Shapes button to finish. This

defines two new columns in events.csv, which encodes an integer for every event
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Figure 8.10: a) Fits to the two blockage levels as indicated by the user, which assigns
an integer to each blockage state. b) The resulting event shape classification for a
typical type 21 event.

that indicates to which blockage state each consecutive level belongs to. Events that
contain levels not defined by the user are assigned a shape of —1. Once event shapes
are defined, two new columns are defined in the internal data structure, event_shape
and trimmed_shape . The former encodes an integer for which each digit corresponds
to a current blockage level, while the latter concatenates any repeated levels into a
single one. Once these columns are defined, saving the active subset will save these

columns as well.

8.9.4 Event Rate Fitting

The event rate for a given experiment is exponentially distributed since in the
concentration regimes studied with nanopores it is limited by the rate of diffusion
of polymers into the capture region of the nanopore. The natural way to determine
the event rate for a given experiment is then to fit an exponential distribution to the
interevent times observed. However, there is a complication arising from the fact that
event fitting occasionally rejects good events due to fitting artefacts that are unrelated

to the physics of passage, resulting in an interevent time that is not representative of
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Figure 8.11: a) Event rate for an experiment fitted using the survival probability,
i.e. the cumulative distribution function of the probability distribution. b) Event
rate for the same experiment fitted using the probability density function after log-
transforming.

the underlying distribution.

In order to avoid this problem, readevents.py internally picks off only interevent
times for which the indices of adjacent events differ by only 1, which indicates that
no events were discarded in between. Because CUSUM has a negligibly small false
negative probability thanks to the sensitive nature of the thresholding algorithm used
to find the events in the first place, this allows us to assume that any such interevent
times are valid. Care should be taken in any situation in which this assumption does
not hold, since the event rate extracted will no longer be valid in that case.

Once valid interevent times are identified, the user can choose to either fit the
distribution using the survival probability, which is related to the cumulative distri-

bution function

s(t) =1 —exp (—At) (8.31)
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or the probability density function

p(t) = Aexp (—At), (8.32)

after log-transforming. These fits are shown in Figures 8.11a and 8.11b respectively.
In either case ) is the capture rate for the given experiment, and should in principle
be the same independent of the method chosen, though sometimes one fitting method
will outperform the other depending on the quality of statistics available. The former
method is more sensitive to outliers, but performs well even with a small dataset,
while the latter method is robust against outliers but requires more comprehensive
statistics to produce meaningful results.

This framework is also able to simultaneously fit the event rate for multiple subsets
simultaneously within the same overall experiment. To do so, good events must be
indicated manually with the Good Events button, after which these events can be
stratified with the database filters and each subset can be independently fitted for

event rate without needing to discard non-consecutive events within each subset.

8.10 Conclusion

This chapter has presented a number of tools for the analysis of nanopore time-
series data and visualization of the results that represent the state of the art in
nanopore signal processing. While development is ongoing in order to streamline the
user experience, these tools should already be useful to researchers in the field.

Planned development going forward consists mainly quality-of-life improvements
to the user experience in order to make it more accessible to newcomers to the field

and to facilitate setup in remote labs. In particular, it is clear from the discussion
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above that in many cases there are dependencies between configuration parameters,
which would allow for streamlining of the setup of configuration files by hiding these
dependencies from the user by default. This relatively simple optimization will be
implemented in the near future. The process by which CUSUM is actually run is
also fairly opaque, and could be integrated into a simple GUI interface from which
configuration files could be generated graphically.

On the backend side, while CUSUM performs very well for long events, and for
short single-file events, it fails when fitting events that contain multiple sublevels
shorter than 47. While this use case is covered by MOSAIC currently, plans exist
to implement a hybrid approach in CUSUM that is able to locally apply STEPFIT
within a subsection of an event containing a single short sublevel in order to extract
these structures without the need to resort to high parameter-count nonlinear fits.

Finally, CUSUM is very nearly in the class of embarrassingly parallel problems
that could achieve linear speedup through parallelism. The groundwork for this im-
provement has already been laid, and should enable a further order of magnitude

speedup in nanopore timeseries analysis.
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9.1 Possibilities

The bar of novelty and complexity that must be met in this field for work to
be of interest has moved at an astonishing and accelerating pace over the past few
years. From early work in which researchers marvelled that the nanopores could
detect DNA at all and sequencing was a seemingly distant pipe dream, nanopore
technology is now at a point where solid-state nanopores can detect genetic markers

1.2 and where biological nanopores have actually

of disease and characterize proteins
been used to sequence human DNA, more or less as originally envisioned?®. The focus
of the solid-state nanopore research in our group has also shifted significantly in the
last few years thanks in large part to the development of CBD, from fabrication and
characterization of the nanopore sensing elements themselves to the development of
novel applications for the single-molecule sensing capabilities of nanopores.

With these advances comes the possibility of a revolution in medical diagnostics,
in which treatment can be easily and cheaply tailored to an individual genomic profile.

However, standing between solid-state nanopores and these promised applications are

still several major problems.

9.2 Open Problems

9.2.1 Consistency

Even though nanopores formed with CBD are now easy to make and use, they
suffer from issues of instability and inconsistency that make them difficult to deploy
in a clinical setting where highly repeatable and consistent performance is of utmost
importance. Because nanopores are small enough to make the atomic nature of matter

relevant to their performance, even slight dissolution of the nanopore material will
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result in a significant change in size alter its performance as a sensor*. The exact
chemical and physical processes by which this size instability occurs have not been
explored in great detail in the nanopore field. While the work presented in Chapter
6 begins to address this by decoupling sensor performance from stability, it still does
not present a solution for the long term stability required for clinical use. While
in principle CBD could be used to fabricate pores at the point of care directly and
thus avoid the long term stability problem entirely, this runs into regulatory problems
with fabricating the sensing element for a test on the fly, which makes quality control
challenging.

In addition to pore size changes, small differences in the pore geometry (local
membrane thickness variation, deviation from cylindrical geometry, etc.) can cause
the shape of signals generated by translocating molecules to differ between two differ-
ent pores, or even between signals generated on the same pore at different times. This
makes it difficult to automate and quality-check analysis of nanopore signals, which is
a requirement for any medical assay based on a nanopore sensing element. Geometry
differences and other uncontrolled factors also lead to wildly varying capture rates for
DNA between ostensibly identical pores and operating conditions, making it difficult
to relate capture rate of a target molecule to its concentration with any degree of
accuracy.

Some work on alternative membrane materials has shown that there exist more
stable options than SiN,, such as HfO,?, though there is limited data available on this
type of membrane as compared to SiN,. A thorough exploration of novel membrane
types and architectures will be needed in order to find one that is suitable for clinical
use. The near-infinite variety of transition metal dichalcogenides will provide a fertile
ground for experimentation, with MoS,; being the first to be explored as a poten-

tial basis for nanopores®. The ideal material must be highly inert and non-reactive
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with the target analyte and permit the existence of stable, free-standing membranes
with nanometre thickness while being highly resistant to dissolution in an aqueous
environment. Needless to say, this is a challenging problem given the size of the avail-
able parameter space, but one that certainly has a solution waiting to be discovered,

though it may require some complex layered structure to achieve the ideal electrical

properties.
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Figure 9.1: Two similar nanopores prepared with the same protocol can have dra-
matically different power spectra in the low-frequency regime, with one being entirely
useless for biomolecule sensing. Despite having lower RMS noise, the pore with high
low-frequency noise is useless for sensing and will likely not allow DNA passage at all.
The left axis corresponds to the power spectrum, while the right axis corresponds to
the integrated RMS noise.

The second major problem facing nanopores as clinical sensors is inconsistency in
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the noise performance between ostensibly identical nanopores. Two pores made using
the same protocol and from the same membrane source can have dramatically differ-
ent low-frequency noise spectra, for reasons that are poorly understood at best. Even
worse, pores with high %—type noise often fail to pass DNA at all. The nanopore field
has a serious knowledge gap when it comes to the low-frequency part of the nanopore
power spectrum, a gap that accounts for a significant segment of failed nanopore
experiments. While some very elegant experiments have identified nanobubbles as a
source of low-frequency noise”, there are certainly more noise sources in this frequency
range that are not yet understood. While some effort has been put toward under-
standing the specific low-frequency noise sources that correlate to failed nanopores™®,
it’s clear that additional work is needed in order to eliminate this issue.

Fortunately, there is a shortcut that can allow solid-state nanopores to overcome
these challenges without actually solving them. Due to the ease with which solid-
state nanopores can now be integrated into complex fluidic geometries using CBD, it
is in principle possible to massively parallelize nanopore fabrication, with techniques
already existing for quickly serially fabricating many nanopores on a single support
membrane® !'. The only thing standing between these integration schemes and true
parallization is the development of appropriately miniaturized and parallelized CMOS

electronics, which is already well underway 2.

Given a sufficiently large number of
pores, the failure of many of them will not compromise sensor performance. This
approach is already being used by Oxford Nanopore in their commercial nanopore
sequencers, which employ several thousand biological nanopores in parallel, of which
some fraction fail in every device without causing complete failure of the sequencer.
Solid-state nanopores are cheap and require only only simple, low-bandwidth electron-

ics to fabricate using CBD, so the limits in their potential degree of parallelization

are of an engineering nature rather than one requiring any additional fundamental
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research.

9.2.2 Nanopore Theory

There exists a significant divide in the nanopore field between theoretical work
on translocation dynamics and experimental results. In particular, there is currently
very little experimentally validated theoretical work that attempts to address the
problem of mapping temporal information in the electrical signal to spatial position

13717 This is due in large part to the complexity of

along the analyte in the pore
analysing a dynamic object such as a polymer translocating a nanopore theoretically.
So many idealizing assumptions must be made to make progress theoretically that
the results are difficult to match up with experiments performed on non-ideal pores
(i.e. pores which are not cylindrical, surface charge variations, etc.). As nanopore
sensor consistency and characterization methods improve so will agreement between
theory and experiment, but significant efforts will be required both from theorists
and experimentalists to find a middle ground.

L1822 " where the po-

This is especially important for analysis of tagged polymers
sition of tags along the DNA backbone can only be approximately matched to the
position of corresponding signals within a translocation event, a problem further com-
pounded by the contribution of stochasticity in the polymer motion. Further compli-
cations arise from folded passage of polymers, since in order to have sufficient SNR
to accurately resolve translocation events the driving voltage must be high enough
that DNA can form hairpins during translocation. Elimination of these hairpins can
greatly increase the rate at which usable translocation events can be collected in a

single experiments. Chapter 6 is a step in the right direction in both motion control

of the polymer and suppression of folding, but the folding suppression property of the
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nanofilter is still poorly understood and is the subject of ongoing work?3.

9.3 Ease of Use

a)

Figure 9.2: a) An early version of a three-channel fluidic cell which holds nanopore
support chips and electrodes in place for both fabrication and sensing. The two half-
cells are contained in a simple clamping mechanism which provides enough force for
a fluidic seal. b) The nanpore fabrication and sensing instrument, containing the
clamped flow cell from a). One of the lids permits 3-channel fabrication of solid-state
nanopores, while the other allows for serial sensing on one of the channels.

The ultimate goal of most nanopore research is to achieve a sensor for use in a
clinical or industrial setting, and the field is sufficiently mature that this is a realistic
goal within the next few years. Since it is unreasonable to assume that everyone who
might use these tools will be an expert, methods of nanopore fabrication, sensing,
and analysis must be developed that are sufficiently simple and automated that a
non-expert user can obtain useful results quickly, hiding most if not all of the detail
of the backend from the user. Our lab has taken the first steps toward that goal,

developing instrumentation and software which simplifies the task of fabricating use-
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ful nanopores to the point that a group of high school students were able to make
and use a solid-state nanopore on their first attempt. The workflow that has been
developed is detailed in Figure 9.2, which depicts fluidic cells and electronics that en-
able simple assembly and fabrication of three solid-state nanopores in parallel. The
current process flow requires minimal user intervention to perform quality control
during fabrication of the nanopores, in the near future the fabrication process and
quality control processes will be automated to the point that no user intervention
will be required at all between insertion of the nanopore chips into the flow cell and

sensing of clinically relevant samples.

9.4 Ongoing Work

Addressing the issues raised in the previous section will provide for several years
of research alone, some of which has already begun. First, driven mainly by Matthew
Waugh, a research associate in the lab, an invited manuscript is currently in prepa-
ration for Nature Protocols which explores the fabrication and operating conditions
and membrane properties which promote consistent noise performance and nanopore
stability, and which will present the instrument detailed in Figure 9.2 to the commu-
nity. Preliminary data suggest that the surface properties of the membranes correlates
strongly to noise performance, and that yield of stable, low-noise pores can be greatly
improved with careful preparation of nanopore chips prior to CBD fabrication.

Second, a manuscript is in preparation which explores the possibility of using an
internal calibration standard of a known concentration of DNA of a particular length
in order to normalize away the influence of pore geometry on molecular capture rate.
Preliminary data show that the ratio of capture rates of two molecules simultaneously

has lower time-variation than either capture rate alone, allowing for more sensitive
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Figure 9.3: DNA that has been trapped in the cavity can be made to react with
biomolecules such as methyl-binding protein (top) before recapture and analysis of
the reaction products (bottom).

concentration measurements, consistent with theory work which shows that capture

rate depends sensitively on pore geometry, a dependence which is lost when taking a
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ratio of the capture rates of two species in the same pore?*.

The work presented in Chapter 6 in particular has given rise to a host of interesting
projects regarding the kinetics of polymer translocation in confined environments.
Among the many possible avenues of research to which the nanofiltered nanopore
device could be applied, a few stand out as being particularly interesting given the
open problems already discussed.

In collaboration with Simpore Inc. and the Univeristy of Rochester, a manuscript
is being drafted which describes monolithic fabrication of the nanofiltered nanopore
device on the wafer scale, obviating the need for manual assembly of complex nanoflu-
idic devices and greatly speeding up the process of further exploring the novel translo-
cation kinetics available to the serial nanopore device.

Folding suppression in DNA translocations through the nanofilter needs to be
better understood and controlled, since being able to reliably suppress folding will
greatly facilitate analysis of nanopore translocation results??. Recent work with neu-
ral networks has resulted in the development of analysis tools that can deconvolute
folded translocation signals with attached tags?®, but a solution that simply removes
the folding entirely at the source would obviate the need for extensive training of
neural networks and would greatly simplify analysis.

The nanofiltered nanopore device can also be run in reverse as an entropic trap,
pulling polymers through the sensing pore to trap polymers in the gap between the two
membranes. While the field can drive polymers to escape through the filter, as long as
the field can be removed faster than the polymer can transit the gap, the nanofilter
will serve as an excellent entropic trap for any polymers with radius of gyration
smaller than the nanofilter pore size. This could be used as a nanoreactor, pulling
DNA or other target biomolecules into the gap to react with small molecules that

diffuse in through the NPN. The reaction products could then be recaptured in order
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to analyze the results of single biomolecular reactions one at a time, as illustrated in
Figure 9.3. One can then not only study single molecules with a nanopore, but also
study the kinetics of biomolecular reactions one at a time in an environment with a
controlled degree of confinement. A manuscript is currently being prepared, driven
mainly by Michelle Lam, a co-op student in the lab.

This entropic trap could also be used as a means to vary the level of confinement
experienced by the polymer by changing the trap geometry, which would in turn
provide a way to vary the Flory exponent for trapped polymers and serve as a sensitive
method by which to test and compare the various competing models of polymer
translocation kinetics on the single-molecule level. Similar entropic traps have been
studied in the past?, but the unique combination of high entropic cost of passing
through the unbiased NPN makes this system a more stable long term trap, while the
easy wetting of the cavity between the two membranes due to the high permeability
of the NPN allows for more complex and more confining geometries to be explored
than have previously been accessible.

As is clear from the sheer number of interesting questions to be explored by just
the first novel nanodevice enabled by CBD nanopore fabrication, the completion of
a thesis represents not so much having reached a conclusion as it does the acknowl-

edgement that the rabbit hole is truly bottomless.
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