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ABSTRACT OF THE DISSERTATION

Improved Detection of Native Conformation

Proteins with Hydrogel Interfaced Nanopores

by

Shiv Jagat Acharya
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2019

Professor Jacob J. Schmidt, Chair

Nanopores are powerful sensors capable of directly measuring the physical characteristics
of single molecules through electrical measurement. Native proteins are particularly interesting
targets because of their relevance in medicine and biology. However, theoretical and experimental
work has shown that proteins translocate through pores too rapidly to be resolved accurately,
resulting in misleading attenuated blockade amplitudes, reduced event frequencies, and incomplete
dwell time distributions. Here, it is shown that a hydrogel placed on the distal side of a nanopore
can sufficiently increase the residence time of proteins to be resolved accurately by typical
measurement apparatus. Measurements of proteins with hydrogel backed nanopores are shown to
have event frequencies that exceeded theoretical predictions at concentrations multiple orders of
magnitude below those used in typical protein studies, dwell time distributions that extend to the

millisecond time scale, and event amplitudes that correctly predict the volume of proteins. It is



demonstrated that IgG and BSA can be measured simultaneously in mixture and current blockades
can inform on the shape of a protein as a result of the improved detection. Analytical and
computational models are used in conjunction with experimental data to investigate the mechanism
of capture, indicating that 1gG and BSA do not penetrate the hydrogel, but instead escape by
diffusion back into the cis chamber. The residence time is also shown to be much more sensitive
to the diffusivity and electrophoretic mobility of the protein as a result of this capture mechanism.
Lastly, a method to analyze nanopore measurements is presented using hidden Markov models
and a modified Canny edge detection algorithm. The method addresses difficulty in analyzing data
that shows significant flicker or capacitive noise or has long duration events, such as data produced
by hydrogel facilitated detection of protein. The methods shown here serve to introduce interfacing
hydrogels with solid state nanopores as an effective, amenable, and robust approach to addressing

issues in protein detection related to short dwell times.
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Preface

This work discussed in this dissertation focuses on interfacing hydrogels with solid-state
nanopores to address the poor detection of proteins in conventional, solid-state nanopore
measurement. This project was my primary research pursuit during the graduate program.
However, | would like to bring notice to other work that is not discussed in this dissertation. This
additional work consists primarily of artificial lipid bilayer research, including published research
on the reconstitution of mammalian ion channels in artificial lipid bilayers, the study of lipid
oxidation on membrane permeability, and the use of a high-throughput artificial bilayer system to
study cell membrane-nanoparticle interactions. These works have been omitted here to keep the

contents of this dissertation concise and cohesive.
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Chapter 1

Introduction

Nanopores are powerful sensors for single molecule measurements and have gained
significant attention for a wide variety of biosensing applications. Their high sensitivity at the
nanometer scale coupled with direct electrical measurement has motivated a range of studies, from
small molecule detection to nucleic acid sequencing. Proteins in native conformation are a highly
interesting target analyte given their medical relevance but are difficult to measure with nanopores
due to the short duration of time they spend inside the nanopore. This chapter provides a
background on nanopores with an emphasis on the measurement of proteins in native conformation
and contextualizes the significance of the work shown in this dissertation, the use of a hydrogel to

increase the residence time of proteins in nanopores.

1.1 Nanopores as single-molecule sensors
1.1.1 Principles of nanopore sensing

Nanopores are smaller scaled relatives to coulter counters,! which are used for the counting
and characterization of micron and submicron sized particles. In the case of both nanopores and
coulter counters, a small hole in an insulating material joins two conductive solutions, typically
aqueous salt buffers. A voltage is applied across the pore, and the resulting measured current has
a magnitude related to the resistance of the pore, which in turn is related the pore’s length and
diameter. The effective resistance of the pore can be calculated with the equation for the resistance

of a cylinder with an adjustment to account for electric field convergence at the ends of the



nanopore. This access resistance was found by Hall to be equal to p/4rpore,> Where p is the resistivity

of the electrolyte and rpore is the radius of the pore, giving a total pore resistance of

p lpore p
> T
TTore erore

R = Rpore T 2Rgccess =
where Ipore IS the length of the pore. The equation shows that longer and smaller radius pores will
have greater resistance and that the relative effect of access resistance is more significant when the
pore radius is similar to or greater than the length of the pore.

When a non-conductive particle enters the pore (Fig 1.1), the effective resistance of the
pore increases, reducing the measured current. Extension of Maxwell’s derivation, which found
the effective resistivity of a suspension of insulating spheres,® has led to an expression for the

change in current when a particle enters the pore,*”’

Vapp6
Al = — app Y 2 S(dpart; dpore)
p(lpore + 0-8dpore)

where Vqpp is the applied voltage across the pore, 6 is the volume of the particle, y is the shape
factor of the particle®° (1.5 for spheres), dpore is the diameter of the pore, and S(dpart,dpore) is a
correction factor that is relevant as the diameter of the particle approaches the diameter of the pore.
The equation shows that the change in current is directly related to the volume and shape of the
translocating particle. The equation also shows, due to the dependence of Al on pore length and
diameter, that detection of nanometer-scale particles (single molecules) becomes more feasible if

measured with a nanometer-scale pore.
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Fig 1.1 In typical experiments, a nanopore separates two electrolyte solutions. A voltage is applied
across the pore and the resultant current, dependent on the size of the pore and the conductivity of
electrolyte, is measured (top). As a particle enters the pore, the current reduces according to the
size of the particle. Once the particle exits the pore, the current returns to the open-pore current
level. In many studies, a translocation event is characterized by the amplitude (Al) of the blockade
current as well as the dwell time of the particle in the pore, given by the duration of the blockade

current.

Blockade currents are also often quantified by their duration, indicating the dwell time of
the particle inside the pore. The dwell time of the particle is affected by diffusion, electrophoresis
if the particle is charged, and electroosmotic flow if the pore is charged. A probability distribution
of dwell times accounting only for diffusion and electrophoresis can derived from the Fokker-

Planck equation,*-3

4Dt

2
Pawen(t) = —=——exp | — 22 -
d ell() tm p(

where D is the diffusivity of the particle, Fe is the electrophoretic force on a charged particle by

the electric field, and e is the electrophoretic mobility of the particle. The equation can be adjusted



to account for electroosmotic flow by scaling the Fe pe term, but otherwise does not account for
other effects on the dwell time, such as particle-pore interaction. This model is discussed in greater

detail in Chapter 3 for measurement of proteins,

1.1.2 Biological nanopores and solid state nanopores

Most nanopore studies use pores that can be categorized as biological or solid-state
nanopores. The first nanopores used for particle sensing were ion channels reconstituted into
artificial lipid bilayers. Study of ion channels in biological and artificial lipid membranes by
measurement of the ionic current passing through them was established prior to the first nanopore
measurements.***®> However, a lipid membrane, which is electrically insulating, and an ion channel
that could remain open for extended times could be exploited as a nanoscale coulter counter. a-
Hemolysin, a pore forming, cytotoxic agent produced by Staphylococcus aureus was first used as
a nanopore in 1996 by Kasianowicz et al. to measure single molecules of single stranded DNA
and RNA.' Since then, a-Hemolysin as well as other ion channels have been exploited for
nanopore sensing experiments.

Biological pores have several characteristics that make them attractive as pore sensors. lon
channels have small diameters (a-Hemolysin has sensing region diameter of 1.4 nm?’), and these
dimensions are highly reproducible because they are determined by the folding structure of the
proteins. Biological pores can also be engineered with molecular biology techniques, such as
mutagenesis of the amino acid sequence, to tailor sensing capability for specific applications.®
Conversely, the fixed size of ion channels can also be regarded as a drawback as sensing larger
molecules requires larger pores, and the measurement signal will be largest when the size of the

pore nearly matches the size of the particle. More importantly, biological pores, and specifically
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the lipid membranes that contain the channels, have limited stability and longevity, especially
regarding external factors such as measurement solution, mechanical stress, temperature, and
application of large voltages. As a result, there has been much work done to improve the stability
of lipid bilayers, specifically addressing mechanical stress and longevity.*2’

The drawbacks of biological pores are addressed by solid-state pores, which have
controllable pore dimensions and significantly greater robustness when compared to biological
pores. Nanopores formed in thin, Silicon Nitride (SiN) membranes are commonly used alternatives
to biological nanopores. Formation of a solid-state nanopore was first demonstrated in 2001 by Li
et al. who formed a nanopore in a SiN membrane with a custom Argon ion beam tool.?® Subsequent
work has shown the fabrication of nanopores in similar ways using standard focused ion beam
(FIB) and transmission electron microscope (TEM) apparatus.?®=! More recently, controlled
dielectric breakdown was shown to be a more accessible method to form nanopores in thin SiN
membranes, with requirement only for a voltage supply and current monitoring apparatus to form

controlled diameter nanopores.3>-3°

1.1.3 Single molecule measurements with nanopores

Nanopores have been used to study a wide variety of molecules, though the primary focus
of most research in the field has been sequencing nucleic acids with nanopores. From the first
paper using a nanopore to detect nucleic acids,'® nanopore-based nucleic acid sequencing has been
a prominent goal as nanopore sequencing would involve low cost, direct, single molecule
measurement of nucleic acid sequence requiring no amplification and low sample volume. For the
majority of the past two decades, sequencing with nanopores was primarily hindered by the rapid

translocation of nucleic acids through nanopores, which did not allow the individual bases to reside



in the sensing region of the nanopore long enough to produce resolved, discriminable current
amplitudes.®®3" Although many different approaches were taken to address the translocation speed
of DNA through a nanopore, an effective method was not discovered until 2012 when it was
shown that a DNA polymerase could be used to control the rate of DNA translocation through a
nanopore. Since then, Oxford Nanopore Technologies has produced commercial, biological
nanopore-based sequencers, and a large number of studies have emerged the company’s
commercialized devices.*>°

In addition to nucleic acid sequencing, nanopores have been used a range of other
applications. A number of studies have performed sequence specific detection of nucleic acids,>*~
5 detection of epigenetic markers,>¢-%% and the study of DNA structures such as hairpins, dumbells,
and knots.®*~%° Nanopores have also been used for the direct and indirect measurement of other
types of molecules, such as non-nucleic acid polymers,®%¢7 proteins,®%8-"> and small molecules and

ions.”®8* The breadth of target analytes and the diversity in mechanisms of detection exemplify

the value and capabilities of nanopore sensors.

1.2 Measurement of native conformation proteins with nanopores

Proteins are highly interesting targets for detection and measurement due to their relevance
in medicine in biology, and in particular, proteins in native conformation are well suited to being
detected by solid-state nanopores. Like nucleic acids, there has been much interest in the detection
and study of proteins with nanopores, and it is an ongoing research area that is drawing significant

interest.



1.2.1 Value in measurement of native conformation proteins

Proteins have a diverse array of functions, including providing structure, facilitating
biochemical reactions, aiding in immune response, signaling, and transport. Proteins are related to
nearly all biological function, and conversely, learning about proteins or protein expression can
inform on biological function. Presence, absence, or mutation of proteins from cell to organism
level has been shown to indicate a number of diseases, making them excellent biomarkers.®+°* In
relation to this, proteome analysis is of significant research interest for its relevance to detection
of disease and biological research.%1% Proteins are also common drug targets, and sensors that
can inform on protein properties and protein interactions can benefit drug development and
discovery.106:107

The relevance of proteins in medicine, biology, and research makes them highly valuable
targets for biosensors. Nanopores are particularly interesting sensors for these applications because
they can probe proteins at the single-molecule level. As a result, sample quantity can be kept very
low. This advantage is especially important for single-cell proteomics, which is an exciting and
developing field in medical and biological research.'®®'° Nanopores also directly probe
information on protein structure and physical characteristics, which is relevant for the study of
proteins in native conformation.

Unlike nucleic acids which are most interesting for their primary sequence of bases (and
epigenetic modifications), the secondary, tertiary, and quaternary structure of proteins are unique
to each protein and inform significantly on protein function. It may be possible to measure the
primary amino acid sequence of a protein with a nanopore, but the difficulty in discriminating
between the twenty unique amino acids is daunting in comparison to discrimination between four

nucleic acid bases. Nivala et al. used a method similar to that used in nanopore nucleic acid



sequencing to investigate the primary structure of proteins, finding that measured currents did not
inform on the sequence directly, but current patterns could be matched to those of previously
measured protein domains.!'*!*2  Kolomogorov translocated denatured protein through
subnanometer diameter pores and found that measured currents correlated to the size of amino acid
quadramers, though the authors suggested, similarly to Nivala’s work, that the blockade current
spectra were best analyzed by matching to previously generated libraries.

In contrast to identifying proteins by primary sequence, measurement of folded proteins is
equally or more informative than probing the primary amino acid sequence of the protein. Solid-
state nanopores can measure the physical characteristics of large single molecules and make
excellent sensors for proteins in folded, native conformations. An additional benefit to measuring
proteins in native conformations is that protein folding is essential for protein function. As a result,
nanopore measurement of native proteins can potentially probe both physical characteristics of

proteins as well as protein activity and interaction with substrates.

1.2.2 Measurements of native proteins with solid state nanopores

Solid state nanopores have been used to measure native proteins numerous times
previously. A wide variety of proteins in native conformation have been directly measured through
plain solid state nanopores, including silicon nitride, hafnium oxide, and glass capillary
nanopores,5687175113-116 proteins have also had facilitated detection using other mechanisms for
capture, such as DNA carriers and aptamer binding sites.”®">!1":118 protein denaturation and
unfolding due to chemical, electrostatic, or other means has also been shown to be measurable
with nanopores.*211%125 Measurements have also shown current blockades affected by protein-

protein interaction and protein interaction with other substrates.®126:127 Although the above list is



not exhaustive, it serves to demonstrate the breadth of studies measuring proteins with solid state

nanopores.

1.3 Inaccurate measurements of native proteins due to limited residence time
Although sensing of proteins is highly interesting in nanopore research, conventional

measurements deviate from theoretical values significantly. The lack of congruency between

conventional nanopore measurements and theory has hindered progress in measurement of native

proteins.

1.3.1 Inadequate residence time of proteins in nanopores

Most previous measurements of native proteins deviated from theoretical expectations,
with models significantly failing to predict measured protein amplitudes, dwell times, and event
frequencies.** The Smoluchowski equation can be used to predict theoretical event rates for
particle translocation through nanopores based on diffusion flux,

] = 2ncDryare

where c is the concentration of the particle, D is the diffusivity of the particle, and rpart is the radius
of the particle. Plesa et al. summarized results from five previous studies as well as their own work,
including 12 different proteins in total, and showed that for these experiments, measurements of
native proteins with solid-state nanopores never exhibited event translocation rates that met or
exceeded the theoretical rate (Fig 1.2).1* This finding is particularly astonishing given that nucleic
acid measurements all exhibited observed event rates greater than the theoretical rate, while some
protein measurements fell 3-5 orders of magnitude below the theoretical event rate. In most
experimentation, the applied voltage should increase the rate of translocating proteins due

9



2 E'o'"go'""-! b AL AL B | L | L | T 4 L '9'5
z 107§ § ga
2 q1f S0 o 3
o) 10 E E
S . of 8 8
=10 **** U
O 4F e 3
E10'} ke . ¥ -
=~ _25 E
D10k X Y 2
s | Fa % o
210 - W i
8 . 4 * £y :
o 10 ¢ e 3
— - * A 3
& 10-5 é-...md sonued s aued s saied 3o .}J AL sl " |n|n: el sl " .é
10* 1° 10*° 10° 10" 10* 10° 10°
c*rp(cm?) Molecular Weight (kDa)

Fig 1.2 Plesa et al. summarized the measured event rate of native proteins through solid state
nanopores from their own data and five previous studies and compared this event rate to a
theoretical, diffusion-based event rate calculated from the Smoluchowski equation. The ratio of the
observed rate to the theoretical rate is plotted above for these experiments as well as for
translocation of double stranded DNA (dsDNA) against the product of the concentration of protein
and the radius of the nanopore (red stars — proteins, white diamonds —dsDNA). Ratios of observed
rates to theoretical rates were all less than one for proteins (in some cases three to five orders of
magnitude below one), while dsDNA measurements all had ratios greater than one. The same ratios
are plotted against the molecular weight of the molecules, showing some correlation between the
size of the protein and the ratio of observed rate to theoretical rate, indicating the measured event
rates deviate more dramatically for smaller molecules (red triangles — positively charged protein,
green triangles — negatively charged proteins, white diamonds — dsDNA). Adapted with permission
from Fast Translocation of Proteins through Solid State Nanopores.** Copyright 2013 American

Chemical Society.
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Fig 1.3 (A) The effect of a 10 kHz Gaussian low pass filter on events of durations from 10-200 ps
is shown. Idealized events before filter all had the same amplitude (an example of a 100 ps duration
event before filtering is shown as a dashed red line). For events shorter than 66 pus (twice the rise
time of the filter), the observed current amplitude is less than the actual amplitude of the event. In
the example shown, events with durations of 20 ps and below have amplitudes that are attenuated
to the point that they fall below the detection threshold and cannot be distinguished from normal
baseline noise. These events would fully evade detection. (B) Simulation of the dwell time
distribution for four proteins shows that almost all translocation events for native proteins will have
durations of 1-10 ps. For a given detection threshold of 20 us, which is an appropriate value for
many nanopore experiments, only a small fraction of events have durations long enough to be
detected, and a smaller fraction will last long enough to produce accurate amplitudes due to
filtering. Adapted with permission from Fast Translocation of Proteins through Solid State
Nanopores.* Copyright 2013 American Chemical Society.
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to electrophoresis, and therefore, the theoretical rates used for reference here, which only account
for diffusion, are still conservative estimates of the event frequency. A preliminary clue from this
analysis can be found in the relationship between the size of proteins and the ratio of the observed
event rate to the theoretical event rate, showing that measurement of larger proteins exhibits event
rates that are closer to the theoretically predicted rates.

A well supported theory proposed by Plesa et al. is that proteins in native conformation
translocate too quickly through nanopore to be resolved by standard measurement apparatus. 14128
The Axopatch 200B amplifier is commonly used in many nanopore experiments and has a
measurement bandwidth of approximately 52 kHz.'?° Experiments using this measurement
apparatus and otherwise also typically include low pass filters to reduce high frequency capacitive
noise. Although these filters can help signal-to-noise ratio, they can also reduce the amplitude of
short duration events. Fig 1.3A shows the effects of a 10 kHz low pass Gaussian filter on events
ranging from 10-200 ps, demonstrating that events shorter than 66 ps (twice the rise time of the
filter) have attenuated observed amplitudes and increased observed dwell times. For the example
given, events with durations of 20 us or less have amplitudes that are reduced sufficiently that
current blockades cannot be discriminated from the baseline noise, and as a result, these events
evade detection entirely. A dwell time distribution model based on the Fokker-Planck equation, as
introduced earlier in Chapter 1, shows that most proteins that translocate through nanopores are
likely to reside in the pore for 1-10 ps, and that is highly unlikely that a protein resides in the pore
for longer than the 20 us detection limit (Fig 1.3B) Of those events that are detected, most are
likely short enough in duration to be affected by the low pass filter, resulting in reduced measured
amplitudes. The congruency of the evidence leads to a simple conclusion that proteins translocate

too quickly through nanopores to be accurately resolved in conventional measurement.
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The effects of this fast translocation significantly hinder further work on native protein
measurement with nanopores. The size of proteins cannot be measured due to misleading
attenuated amplitudes. The observed event rate does not correlate linearly with the concentration
of the protein.*'* Observed dwell time distributions are only a small fraction of the full distribution,
which is predominantly below the detection threshold. These three metrics are integral to nanopore

sensing and all deviate misleadingly from models in conventional sensing of native proteins.

1.3.2 Slowing down nucleic acid translocation through nanopores

The issue of fast translocation of particles through nanopores is not unique to proteins, and
in fact, was the primary obstacle to nanopore nucleic acid sequencing. Although nucleic acids
could be reliably detected as they translocated through nanopores, the time that individual bases
resided in the sensing region of nanopores was too short to leave resolvable and distinct current
blockade amplitudes. Approaches used to slow down nucleic acids may be insightful when
addressing the fast translocation of proteins. A wide variety of methods were attempted to slow
down the translocation of nucleic acids. Decreasing applied voltage, reducing the temperature, or
increasing the viscosity of the measurement solution all increased the residence time of DNA
translocating through a nanopore, but these methods also reduced the amplitude of the
measurement signal, negating the benefits of long dwell time.3® Changing the salt to Lithium
Chloride was shown to reduce the speed of translocating DNA by an order of magnitude, likely
because Lithium cations can bind more closely to DNA than conventionally used Potassium and
Sodium ions, reducing the effective charge of DNA.*® This method may also be effective for
proteins, but the effect is likely much less dramatic for proteins because proteins are typically

significantly less charged than DNA, which has one charge per monomer, and have three
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dimensional, globular structure, providing fewer binding sites for counter ions in comparison to
one dimensional, linear nucleic acids. In addition to these fundamental methods to slow nucleic
acids down, a number of other methods were demonstrated to reduce the speed of translocating
nucleic acids,*321% and these methods have varying degrees of relevance to the detection of
native proteins.

The method that first enabled nucleic acid sequencing was the use of a DNA polymerase
to control the speed of translocation through a nanopore.**® Using the enzyme’s kinetics to control
the rate at which the DNA ratcheted through the nanopore, nanopore measurements could achieve
single base resolution. A similar method was implemented for protein measurement, coupling a
protein to an unfoldase enzyme, but the method produced arbitrary current signatures that needed
to be matched to previous measurements to identify protein domains.'***? The method may be
effective at identifying proteins given a large enough library of previously measured protein
domains, but does not inform on the protein’s physical properties and inherently cannot be used

for the study of proteins in native conformation.

1.4 Addressing the rapid translocation speed of native proteins

The short dwell times of proteins hinders further progress in using nanopores as tools for the
measurement of native proteins. A method to resolve nanopore measurements of native proteins
may open avenues towards new research. Previous work has addressed the fast translocation of
proteins, and the improved measurements have led to exciting results such as the determination of
protein shape, dipole moment, and rotational diffusion constant through nanopore measurements.

However, these techniques to improve protein measurement have significant drawbacks in

14



implementation, and a need still exists for an effective and accessible method to address the fast

translocation of proteins.

1.4.1 Tethering proteins to lipid bilayer coatings on nanopores

Yusko et al. demonstrated an innovate method to reduce the speed of translocating proteins
through nanopores using a coating on the nanopore.’? By coating the nanopore in a lipid bilayer
and tethering proteins with long chemical linkages to lipids in the bilayer, the movement of
proteins in free solution was limited by the viscosity of the lipid bilayer rather than the viscosity
of the bulk solution. Because the mobility of lipids in a bilayer is much lower than that of proteins
in solution, the speed of translocating proteins is significantly reduced as well. Using this
technique, proteins can translocate slowly enough through the nanopore to be resolved with
standard measurement apparatus. As a second benefit, proteins are less likely to interact with the
nanopore surface, reducing the likelihood that the proteins irreversibly clog the nanopore by
adsorption. Adsorption of proteins onto solid-state nanopore surfaces is a well studied
phenomenon, and is a frequent mode of failure for native protein measurements.*?6:2

In a follow up study, Yusko et al. also showed that the increased dwell time of translocation
events allowed for measurement of a protein’s approximate ellipsoidal shape, dipole moment, and
rotational diffusion constant.1*% In most studies, a detected particle is treated as spherical when
calculating the volume from measured currents. However, because some proteins are non-
spherical, blockade currents will change as a result of the orientation of the protein. Given adequate
measurement bandwidth and long enough residence times, the amplitude distributions of protein

current blockades can indicate a protein’s ellipsoidal shape, its dipole moment, and rotational
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diffusion constant. The result is particularly significant because it is the first study to show shape

and orientation dependent measurements at the single molecule level using the coulter principle.

1.4.2 High bandwidth measurement of proteins

An alternative to reducing the speed of translocating proteins is increasing the
measurement bandwidth. Larkin et al. used a high bandwidth amplifier to measure proteins
through Silicon Nitride and Halfnium Oxide nanopores at acquisition rates over 4 MHz.'*® The
study also exploited the use of nanopores with diameters only slightly larger than the dimensions
of proteins to increase the interaction between the protein and pore and therefore, the dwell time.
With the high bandwidth amplifier and tailored-diameter nanopores, measurements of proteins
showed amplitudes that matched well with models and full dwell time distributions that were not
cut off by the detection threshold.

In a very recent study, it was shown that by using a low capacitance solid-state nanopore
chip to reduce capacitive noise, measurement bandwidth could be increased sufficiently to also
allow determination of protein ellipsoidal shape and dipole moments.**! This method also
showed that the rotational diffusion constants of free protein were higher than that of proteins
tethered to lipids by long molecular chains. The higher-bandwidth measurement used in this
study led to measurement of tens to hundreds of events greater than 150 ps in duration, the cutoff
suggested by the authors needed to probe shape dependent information. This study is of
particular relevance to the work presented in this dissertation as it is the first study to
demonstrate accurate measurement of protein shape and volume with a label free technique. The

study is discussed further in Chapter 2.
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1.4.3 Drawbacks to previous methods and use of a hydrogel to increase residence time

Though previous methods of addressing the short dwell time of proteins are effective and
can enable accurate measurement of proteins, they also have significant limitations. Tethering
proteins to lipid bilayers requires prior knowledge of the target protein and incorporation of lipids
with specific linkages into the bilayer. As a result, the method only has value when studying known
proteins, and has limited value in studying unknown protein solutions. Measurement with a high
bandwidth amplifier addresses this issue, but these amplifiers are not commonly used in nanopore
research and are an expensive solution. With standard measurement apparatus and a low
capacitance measurement setup, resolved protein measurement is possible, but protein shape and
dipole moment can be determined only from a small fraction of events with the longest dwell time.
Longer events and a greater number of events would improve the capability of nanopore sensors
for the measurement of protein shape and dipole moment. Furthermore, because asymmetrical
proteins will generate current blockades dependent on their orientation, current amplitude
distributions of protein translocations can be broad, and distinguishing proteins in a mixture is
difficult without many long duration events. This is discussed further in Chapter 2.

As a result of these barriers to implementation and use, a label-free method to extend the
duration that proteins reside in nanopores is highly desirable as a more practical solution to the
fast translocation of proteins through nanopores. In the following chapters, it is shown that a
hydrogel placed at the distal side of a nanopore, a method previously used to extend nucleic acid
dwell times, 137138142143 increases the dwell time of proteins sufficiently to be resolved by standard
measurement apparatus. The method is inexpensive, amenable to almost all measurement
apparatus and hardware, and is easy to implement while being effective enough to produce current

blockades that can distinguish proteins in mixture and indicate protein ellipsoidal shape. In the
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following chapters, hydrogel facilitated detection is compared to conventional detection and
explored for native protein sensing. The mechanism of capture is also investigated using
theoretical models and simulations. Lastly, a novel method to analyze nanopore measurements,
especially low signal-to-noise, long dwell time measurements typical in hydrogel facilitated
detection, is presented. This analysis method combines the use of the Canny edge detection
method*** and Hidden Markov Models** to parse nanopore measurements and identify current
blockades. These chapters introduce the use hydrogels with solid-state nanopores as a method to

resolve the issues of short dwell times in the measurement of proteins with solid-state nanopores.
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Chapter 2

Improved measurement of proteins using a solid state

nanopore coupled with a hydrogel

2.1 Introduction

The most significant obstacle to measurement of native proteins is their short dwell time
in nanopores,! which causes incorrect measurement of amplitude, dwell time distribution, and
frequency of translocation events when using typical measurement apparatus. Addressing the short
dwell time of proteins in nanopores is the first step towards the use of nanopores for applied native
protein sensing. This chapter explores the use of a hydrogel placed on the distal side of a nanopore
as a method to increase the dwell time of measured proteins and enable accurate measurement of
proteins.

Because an extremely small fraction of events will have residence times that are long
enough to be resolved, the simplest solution would be extension of experiment durations such that
enough of these rare, long duration events are captured to produce adequate statistics. However,
solid state nanopore measurements are often terminated due to irreversible clogging of the
nanopore, which is more likely as more translocation events occur or as the experiment duration
increases. This is particularly problematic with native proteins, as a large number of translocation
events occur without being resolved. Protein detection is additionally more difficult at lower
concentrations, where the detected event frequency may drop low enough such that non-specific

event frequency due to noise or contaminant may interfere with identification of protein events.
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Previous nanopore measurements of proteins, especially small to medium sized proteins, often
used high protein concentrations, between 0.1-10 uM to observe detection frequencies of 1-10 Hz,
which would be needed to ensure that the majority of events are due to the translocation of protein
and not non-specific contaminants.! These issues with protein detection make it less likely that a
nanopore experiment will last long enough before failure to provide accurate statistics. As the
needs for applications develop, this limitation will become additionally constricting. For instance,
previous work has shown that higher bandwidth measurement can enable the measurement of size,
shape, and dipole moment of freely translocating proteins, but the number of candidate events in
this study was in the tens to hundreds for a given experiment, limiting the statistics of measurement
and the chance to measure multiple proteins in a single experiment.? This study also relied on high
protein concentrations of 1-10 uM to measure event frequencies of 1-5 Hz, and were not able to
produce useful measurements at concentrations below 100 nM. Although measurement bandwidth
could be further increased with improved measurement hardware, a method to extend the residence
times of nanopores would also address this issue.

This chapter explores an approach to extending the residence time of proteins within the
nanopore by interfacing the nanopore on one side with a hydrogel. Previously, hydrogels have
been interfaced with nanopores to improve the sensing of nucleic acids, increasing the dwell time
by multiple orders of magnitude.®® However, hydrogels have not previously been used in
conjunction with solid state nanopores to improve the detection of proteins. Here, it is shown that
a hydrogel dramatically increases protein event rates, improves accuracy of measured blockade
currents, is label free, and enables effective protein detection for typical measurement bandwidths
and nanopores that are not size-specific to the target protein. The hydrogel sterically interferes

with protein transport through the nanopore while leaving the electrical measurement substantially
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unchanged. We show detection of immunoglobulin G1 (IgG), bovine serum albumin (BSA), and
streptavidin at a 10nM concentration with event frequencies orders of magnitude higher than
previous reports® and also clear discrimination of signals resulting from individual proteins in a
mixture. Analysis of individual translocation events may also indicate effects on the detected
currents arising from protein shape, as shown previously,®’ but without the need for protein-

specific labels.

2.2 Results and Discussion
2.2.1 Interfacing hydrogels with nanopores and potential effect on protein detection

We hypothesized that a hydrogel present on the distal side of a nanopore would sterically
interact with translocating native proteins to increase their residence time within the nanopore (Fig.
2.1). Hydrogels have previously been used to reduce the speed of nucleic acids translocating
through a nanopore,®® with the relationship between mesh size of the hydrogel and the radius of
gyration of the nucleic acids directly relating to the resultant dwell time distributions. It was also
shown that dwell time distributions could be tuned by changes to the hydrogel’s pore size or
chemistry.®

In studies measuring nucleic acids with hydrogel interfaced nanopores, results indicated
that the molecule fully translocated through to the trans chamber, but the hydrogel reduced the
electrophoretic mobility of the molecule and therefore, the speed of the molecule through the
nanopore.® A similar mechanism may apply to protein translocation (Fig 2.1B). However, given
protein tertiary and quaternary structure and the smaller hydrogel pore size used here (3.1 nm), it
is also possible that the hydrogel acts as a barrier to complete translocation of proteins through the
nanopore. Instead, upon capture, the protein escapes by diffusing against the net
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Fig 2.1 In typical nanopore sensing experiments, proteins translocate through the nanopore too
quickly to be resolved or accurately measured. Translocation speed as a result of electrophoresis,
electroosmotic flow, and diffusion result in dwell times for typical proteins that are predominantly
under 10 us, too short for typical measurement apparatus to resolve at 10-100 kHz bandwidth. As a
result, current blockade events are typically very short duration with amplitudes that are
misleadingly small. (A). With a hydrogel present on the distal side of the nanopore, proteins are
unable to complete translocation into the trans compartment of the chamber and are forced to exit
the pore to the cis side by diffusion (B, top), or the hydrogel decreases the mobility of the protein
as it translocates (B, bottom). In either case, the presence of a hydrogel increases the residence time
of the protein in the nanopore, increasing the probability that the residence time is sufficiently long

to allow detection and accurate resolution of the blockade amplitude of the translocation event.
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electrophoretic/electroosmotic drag forces back into the cis chamber (Fig 2.1B). Escape by
diffusion against electrophoretic force would yield longer residence times than in traditional
nanopore sensing, where electrophoresis contributes towards protein escape. In either scenario, we
expect the dwell time of translocating proteins to increase. These mechanisms are further explored

in Chapter 3.

2.2.2 Hydrogels on the distal side of the nanopore greatly improve protein detection

To explore the hypothesized steric interaction between translocating proteins and the
hydrogel, we sought to form a hydrogel with a pore size that was close to or smaller than the size
of typical protein analytes. We chose PEG-DMA hydrogels since they are commercially available,
have mesh sizes that can be tuned by the PEG chain length, and PEG is a neutrally charged polymer
known to minimize protein adsorption and interaction.®® In the work described here, we chose a
PEG (1000 MW)-DMA hydrogel which we measured by a method previously shown by Canal
and Peppas'® to have a mean pore size of 3.1 nm, a size that is small enough to sterically interact
with many protein species.

Our experiments utilized two aqueous chambers filled with 2M KCI, 10mM Tris-HCI, pH
10 buffer separated by a 15 nm thick SiN membrane. The trans chamber also contained
PEG(1000MW)-DMA, which was chemically crosslinked. Following hydrogel formation, a
nanopore was formed in the SiN membrane using the dielectric breakdown method.!! After
addition of protein to the cis side and application of a negative electric potential difference to the
nanopore (cis minus trans), conductance measurements showed events much greater in number

and amplitude compared to measurements performed with no hydrogel present (Fig 2.2).
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Fig 2.3 Enhanced measurement of proteins with solid state nanopores interfaced with a hydrogel.
(A) Example current measurement at -60 mV with 10 nM 1gG added to the cis side of a ~24 nm
diameter nanopore in 2 M KCI, pH 10 buffer on both sides (top). We observed an event detection
rate of 0.49 Hz, and a most probable maximum event amplitude of 538+120 pA. Using a second
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nanopore of similar size (~24 nm), we repeated the experiment in identical conditions, but after
polymerizing a PEG (1000 MW)-DMA hydrogel in the trans compartment (bottom; the control
hydrogel experiment without protein is shown in the middle trace). With the hydrogel present, the
event detection rate increased to 418 Hz with a most probable maximum amplitude of 963+470 pA.
(B) Plesa et al. calculated the ratio of the rates of experimentally observed translocation (Jobserved)
to diffusion-dependent translocation estimated with the Smoluchowski equation (Jsmoluchowski) from
5 previous published reports and their own collected data of protein detection with synthetic
nanopores.! These ratios are plotted (black dots) against the product of the protein concentration
and the nanopore diameter in each experiment. We have added data from 14 hydrogel-nanopore
experiments measuring 1gG (red triangles), BSA (blue squares), and streptavidin (green diamond)
to this plot. (C) A scatter plot of the dwell time and amplitude of each translocation event detected
from 25 seconds of the hydrogel (blue, n=11241) and no-hydrogel control (red, n=24) data is shown
in Fig 2A, clearly demonstrating the increased detection frequency, dwell time, and amplitude of

protein translocation events when a hydrogel is present on the trans side of the nanopore.

Fig. 2.2A (top trace) shows results from a representative experiment using a cis-trans
potential difference of -60 mV with 10 nM IgG added to the cis side of a ~24 nm nanopore in 2 M
KCI (pH 10) buffer, with no hydrogel present. We observed an event detection rate of 0.49 Hz,
with a most probable blockade current amplitude of 538+120 pA. Using a second nanopore of
similar size (~24 nm), we repeated the experiment in identical conditions, but after polymerizing
a hydrogel in the trans side compartment. With the hydrogel present, the event detection rate
increased to 418 Hz with a most probable current amplitude of 963+470 pA (Fig. 2.2A, bottom
trace). Current blockade amplitudes of 963 pA would be expected for a spherical molecule with a

hydrodynamic diameter of 10.8 nm given our experimental conditions. This value agrees well
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previously experimentally measured hydrodynamic diameters for IgG of ~11 nm.*>!3 No events
were detected in the presence of the hydrogel when no protein was added (Fig. 2.2A, middle).

The low event frequency of our hydrogel-free control experiment is consistent with the low
event rates observed by other groups measuring native, folded proteins with synthetic nanopores.
Plesa et al. calculated the ratio of the rates of experimentally observed translocation (Jobserved) t0
diffusion-dependent translocation estimated with the Smoluchowski equation (Jsmoluchowski) from 5
previous published reports and their own collected data of protein detection with synthetic
nanopores.* These ratios are plotted in Fig. 2.2B (black dots) against the product of the protein
concentration and the nanopore diameter in each experiment. Plesa et al. found that for these
previous reports, the event rate never met or exceeded the theoretical rate and in most cases was
orders of magnitude less.

With a hydrogel present on the distal side of the nanopore, a greater number of translocation
events are detected. We have added data from 14 hydrogel-nanopore experiments measuring 1gG
(red triangles), BSA (blue squares), and Streptavidin (green diamonds) to this plot. For these
experiments, 7 exceed the theoretical event rate and of the remaining 7 data points, 6 are within an
order of magnitude of the theoretical rate. All 3 proteins have negative charge at pH10 with
isoelectric points of ~8.5,'415 4550, and 5.0-6.0'® for 1gG, BSA, and Streptavidin
respectively. Example traces of hydrogel facilitated measurement of BSA and streptavidin are
shown in Fig 2.3.

Using the Smoluchowski rate equation to estimate rate of diffusion of particles to the
nanopore, we calculated an expected free diffusion (ignoring electrophoresis) translocation rate
for 10 nM IgG of approximately 14 events/s for a 24 nm diameter nanopore, much greater than the

0.49 events/sec we saw without the hydrogel. The presence of the hydrogel causes the event

37



10 nM BSA at -60mV

500 pA |

100 ms

10 nM Streptavidin at -60mV

100pA|

20ms

Fig 2.3 Example traces are shown for measurement of BSA (A) and streptavidin (B) with a hydrogel
interfaced nanopore. Both measurements were conducted in 2M KCI, pH 10 buffer at -60mV at a
protein concentration of 10 nM. The measurements demonstrate the high event frequency observed
when measuring protein with hydrogel interfaced nanopores. Data from these measurements are

included as data points in Fig 2.2B.

frequency to increase to almost 1000 times the rate of the conventional experiment without a
hydrogel and ~17 times greater than the rate expected from diffusion, which we attribute to the
electrophoretic enhancement of the capture rate due to IgG’s negative charge at pH 10 and the
negative applied voltage.

We characterized the detected events by their maximum amplitude and dwell time; a scatter
plot of the amplitude vs. dwell time for events captured in 25 seconds of continuous acquisition
(Fig. 2.2C) further demonstrates the effect of the hydrogel on the measured reduction in current
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Fig 2.4 Dwell time distribution of data in Figure 2.2C of 10nM IgG detection with a hydrogel
interfaced nanopore (n=11241). With a hydrogel on the distal side of the nanopore, event durations
have a most probably residence time of approximately 100 ps with an exponentially decreasing
residence time probability to the millisecond time scale. Although the 100 us peak is near the
detection threshold at our measurement bandwidth, the significant fraction of events with durations
greater than 100 us is dramatically different from conventional measurement, where almost all
detected translocation events would have residence times between 20-50 ps. Inset shows dwell time

distribution from 0 to 1 ms.

and its duration. Without a hydrogel present, the number of events is greatly diminished and the
majority of the measured dwell times was between 20-50 us, with a most probable blockade
amplitude of 538+120. With the hydrogel present, it is immediately apparent that a much great
number of events were detected, but additionally, the population of events extends in amplitude
and dwell time. The dwell time distribution is broader than traditional experiments, with dwell

times extending to the millisecond time scale (the dwell time distribution is shown in Fig 2.4). The
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wide distribution of dwell times is most likely related to the shift of the dwell time distribution to
longer times in the presence of a hydrogel. For traditional protein measurement, theoretical models
predict dwell time distributions with peaks an order of magnitude below the detection threshold of
our measurement apparatus.t'® Here, we expect that the presence of a hydrogel has shifted the true
dwell time probability peak closer to and possibly above the detection threshold, allowing us to
measure a greater fraction of translocation events. Given the large number of events detected with
a hydrogel (n=11241 for Fig 2.2C) and the expected increase in residence time due to the presence
of the hydrogel, it is also not surprising that some events have residence times that extend to the
millisecond time scale.

Previous work coupling hydrogels to nanopores formed by dielectric breakdown showed
that yield of experiments was lowered by the presence of the hydrogel, and that nanopores would
irreversibly clog after hundreds to thousands of nucleic acid detection events.® We found that the
yield of useful nanopores was more significantly affected by batch-to-batch variation in SiN
windows and the size (typically >20nm) of the nanopore, which is most likely related to the
formation of pinholes and additional pores during the dielectric breakdown process.? In agreement
with previous work,? effective measurements were usually associated with nanopores exhibiting
linear current to voltage curves. These nanopores were typically lower noise and showed stable
open pore baseline currents, although, on average, we found that pores interfaced with PEG-DMA
hydrogels exhibited greater noise than pores without hydrogels (Figure 2.5). Measurements were
conducted at 100kHz acquisition with a 10kHz hardware filter to aid in noise reduction which is a
common measurement condition for solid state nanopore measurements, and we found the
amplitude detection threshold for conventional, gel-free experiments was typically ~80-100pA and

for gel facilitated measurements it was ~150-200 pA. Experiments typically lasted 2-6 hours before
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Fig 2.5 Measurements of nanopores with hydrogels typically exhibit more noise than nanopores
without hydrogels. The mean power spectra of 5 experiments in which a hydrogel was present on
the trans side of the chamber, and 5 experiments with no hydrogel are shown. All experiments were
conducted in 1 M KCI, pH 10 at -120 mV. We hypothesize that the increased noise is due to motion
of polymer chains immediately adjacent to the nanopore which can cause changes to pore

conductance.

becoming irreversibly clogged. During this time, tens of thousands of events could be collected as
needed. The high frequency of events and long duration of measurement also suggest that proteins
are most likely not able to penetrate the hydrogel as we would expect the mobility of ~5-10nm
proteins in a 3.1 nm mesh size gel would be extremely low if proteins penetrate the gel, and as a

result, the hydrogel would rapidly clog as molecules accumulate in the mesh.
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2.2.3 Measurement of a two protein mixture

The short dwell times of translocating proteins in conventional nanopore measurement can
deter measurement of a protein mixture because incorrectly resolved amplitudes hinders event
discrimination. The extended residence times of proteins in hydrogel-facilitated nanopore
measurements addresses this shortcoming, potentially enabling accurate measurement of solutions
containing multiple particle species. To probe the use of hydrogel-backed nanopores for this
application, we measured a solution containing a mixture of IgG and BSA. BSA, a 65 kD protein
having a hydrodynamic diameter of 6.7 nm,” would be expected to block less current than 1gG in
similarly sized nanopores. In a similar experiment to that described above (Fig. 2.2), we measured
10 nM BSA using a hydrogel-backed, 22 nm diameter nanopore with a -70 mV applied potential
(Fig. 2.6, blue data). We observed current blockages predominantly in the range of 200-800 pA
(full distribution shown in Fig. 2.7).

We then exchanged the buffer containing BSA for one containing 10 nM 1gG, obtaining
much larger blockage currents (Fig. 2.6, orange data), with amplitudes in the range of 250-2000
pA. Finally, to this IgG-containing solution, we added a small volume of concentrated BSA to the
cis chamber to a final concentration of 10 nM without significantly diluting the concentration of
IgG (Fig. 2.6, green data). With the BSA present, we saw a dramatic increase in the frequency of
events with amplitudes less than 800 pA, while still maintaining measurement of events >1500
pA.

A scatter plot of the dwell times and amplitudes of each event shows two separate sets of
data points (Fig. 2.6A) from the measurements of IgG and BSA individually. Data points from the
measurement of both proteins overlapped with the distributions of each individual protein,

although they were significantly denser in the BSA region of the plot. The scatter plot also shows
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Fig 2.6 Simultaneous measurement of BSA and IgG with a 22 nm nanopore having a PEG (1000)-
DMA hydrogel on the trans side. Data shown in blue were taken with 10 nM BSA in the cis chamber
(90 seconds of acquisition); data shown in red were taken when the BSA solution was replaced with
10 nM 1gG (100 seconds of acquisition); data shown in green were taken when and BSA were IgG
both present at 10 nM (200 seconds of acquisition). (A) Each event was characterized by current
amplitude and duration and plotted in a scatter plot. (B) The current data from (A) for all events
with duration longer than 400 ps is histogrammed, showing amplitude distributions that clearly
correlate with the presence of 1gG and/or BSA. All measurements were made with 2 M KCI, pH 10

buffer at -70 mV.

the effect of the 10 kHz low pass filter, with measured current amplitudes significantly decreasing
for dwell times below 10 sec.

The scatter plot also indicates additional narrowing of the distribution of measured currents
for dwell times greater than 200 us, which could be due to protein rotation. This was previously
studied by Yusko et al., who found that non-spherically-symmetric proteins blocked varying
amounts of current in a nanopore depending on their orientation, and that, for 1gG, events with

dwell times over 400 ps were sufficiently long for the protein to permute through all possible
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Fig 2.7 Amplitude histograms for data shown in Fig 2.6 with different dwell time cutoffs show the
importance of long dwell time measurements for separating proteins in mixture. 20nM BSA (blue),
IgG (red), and a mixture of the two proteins (green) were measured sequentially with a hydrogel
backed, 22 nm diameter nanopore at -70mV in 2M KCI pH 10 buffer. The left-most column shows
a histogram of the maximum current amplitude of each event for these measurements. Histograms
of both separate BSA (n=1725) and IgG (n=1343) measurements show unique histograms with
distributions that span different current ranges, but the distributions overlap significantly. The
histogram of the mixture (n=1428) is unique compared to histograms of the separately measured
proteins, but the distribution overlap makes it impossible to confidently discern BSA from IgG.
Removing all events with dwell times less than 0.2 ms (2" column from the left) should leave events
that are unattenuated by the 10 kHz low pass filter used during data acquisition, and the related
histograms show a greater difference between separately measured BSA (n=991) and 1gG (n=774).
Furthermore, the histogram of the mixture (n=1022) now exhibits a more bimodal distribution.

Yusko et al. found that 1gG events longer than 0.4 ms (middle column) were long enough to allow
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measurement of shape dependent effects from single events.” Removing events shorter than 0.4 ms
yields histograms that show more separation and stronger bimodal characteristics in the mixture as
compared to the previously generated histograms (BSA: n=883; 1gG: n=626; mixture: n=890).
Removing events at increasingly longer dwell times (2 right-most columns) creates additional
separation between modes in the histogram of the protein mixture (2 ms cutoff, BSA: n=789; IgG:
n=313; mixture: n=487). With hydrogel facilitated detection, we were able to remove all events
shorter than 10 ms (right-most column) and still produce distinct and clear distributions for BSA

and 1gG separately (BSA: n=516; 1gG: n=106) and in mixture (n=123).

orientations. As a result, the recorded maximum current amplitude most likely corresponds to the
protein orientation that produces the maximum blockade current. In Figure 2.6B, we have selected
all events from Figure 2.6A with dwell times greater than 400 ps in order to reduce orientation
effects of the current amplitude distributions. Figure 2.6B shows the current histogram for BSA
alone ranging from 400-800 pA, and a histogram for 1gG alone ranging primarily between 900-
1950 pA; the histogram for the mixture of the two proteins shows two separated distributions with
ranges of 300-550 pA and 1300-2000 pA. The separated distribution allows clear association of
events with BSA and 1gG and demonstrates that events longer than 400 ps can be assigned as BSA
or 1gG detection events with high confidence. Histograms of the currents shown in Figure 2.6A
for different dwell time cutoffs are shown in Figure 2.7.

As discussed above, the measured blockade current is proportional to the protein volume
and is also affected by the protein orientation. Fitting the histograms in Figure 3B to Gaussian
distributions yields a most probable amplitude of 644+17 pA for BSA alone, 1690+15 pA for IgG
alone, and 40116 pA and 1732+42 pA for BSA and 1gG mixture, respectively. The ratio of the

IgG and BSA most probable amplitudes is 2.62 (95% confidence: 2.53 - 2.72) for the proteins
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measured separately and 4.32 (95% confidence: 4.15 — 4.48) when they were measured in a
mixture. The change in amplitude ratio between separated protein and mixture appears to be
related to the reduction in amplitude of BSA capture events, though we cannot speculate on the
reason why the amplitude reduced for BSA events and remained the same for IgG when in mixture.
It is possible that the presence of a second protein affected the capture of BSA, or that the protein-
pore or protein-gel interaction changed over the duration of the experiment. We also have also
measured amplitude ratios of ~2.6 for the proteins in mixture in other experiments. The ratios are
comparable to previously reported volumes of BSA and IgG approximated by dynamic light
scattering of 143 and 391 nm? (ratio of 2.73),"?! approximate volumes calculated by the
hydrodynamic radii of the proteins, 3.35 nm and 5.5 nm (volume ratio of 4.3), and volume
measurements determined by other experimental means of BSA and 1gG of 109 and 347 nm?®
respectively (ratio of 3.18).21?? The agreement with the literature-reported volumes indicates that
the hydrogel enables accurate measurement of protein blockade amplitudes and simultaneous
measurement of a protein mixture.

Although not demonstrated, we expect that previous work addressing the rapid
translocation of proteins may also enable simultaneous measurement and discriminations of
proteins in a mixture, but measurement of proteins with a hydrogel would be the simplest and most
efficient method. It is worth noting that a high-bandwidth amplifier would provide accurately
resolved blockade currents, but because rotational motion induces wide blockade amplitude
distributions, discrimination of multiplexed proteins using amplitudes would still require dwell
times long enough to ensure that the protein had permuted through all possible orientations. As a
result, a technique to increase the residence time of proteins or another method of analysis, possibly

including intraevent analysis, would still be necessary in order to identify proteins in a mixture
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even if a high-bandwidth measurement could resolve very short duration events. Here, we rejected
all events under 400 us duration and still retained over 883 (52% of captured events), 626 (47%),
and 890 (62%) events when measuring BSA, IgG, and a mixture of the two respectively.

Longer measurement times or a method to increase the number of events with sufficiently
long dwell times may allow for measurement of more than two proteins in a mixture. Although,
here, we have shown simultaneous measurement of two relatively different sized proteins, future
work may require discrimination of a larger set of proteins in mixture or two proteins that are more
similar in size. Given the separation in amplitude distributions that is shown in these histograms,
measurement of a mixture of 3 or 4 proteins should be possible without modification to the protocol
given that the proteins are differ in size. For this experiment, we were able to produce useful
histograms even after removal of events shorter than 10 ms (Figure 2.7), with these histograms
showing stronger separation in the amplitude distributions for IgG and BSA in mixture. At dwell
time cutoff points that are this long or longer, maximum amplitude may be a less effective
measurement than average amplitude. As dwell times get longer, maximum amplitudes will
typically increase due to random noise fluctuation. Average amplitude may be a stronger metric
because these durations are multiple times longer than the time required for proteins to permute
through all rotations, and as the durations get longer, the average amplitude distribution should

narrow.

2.2.4 Shape information from hydrogel enhanced measurements
Recently, Yusko et al. found that increased residence times of proteins within nanopores
can enable inference of a protein’s 3D ellipsoidal shape, rotational diffusion coefficient, and dipole

moment.” The study drew upon DeBlois and Bean’s work showing that ionic current through a
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submicron diameter pore was affected both by the size of a particle located inside of the pore and,
in the case of asymmetrical particles, the orientation of the particle inside the pore.?® Their
measurements utilized proteins tethered to a lipid bilayer coated on the nanopore surface,
increasing the protein’s residence time within the pore and enabling accurate measurement of
current blockade amplitudes and analysis of current fluctuations within a blockage event. They
used histograms of each event’s maximum current to determine protein size and shape. In a more
recent study, the same group demonstrated that measurements of protein shape and dipole moment
were possible with free protein in solution, using low capacitance measurement setups to increase
the bandwidth of the measurement.? In this work, intraevent currents of events with durations over
150 ps, the cutoff suggested by the work to be long enough to allow protein permutation through
all orientations, were analyzed. The group also used the maximum amplitude of individual events
longer than 30 s to determine protein shape and dipole moment.

With hydrogel facilitated measurements, we observe asymmetrical current amplitude
distributions that we hypothesized correlate to the shape of the protein. To explore this hypothesis,
we measured spherical 10 nm gold nanoparticles and 1gG, creating maximum amplitude
histograms from the data for each (Figure 2.9A and 2.9B, respectively). The maximum currents
measured with gold nanoparticles were normally distributed, as expected for spherical particles
with ellipsoidal semi-axis ratios equal to 1.2 In contrast, the maximum currents measured with
IgG were asymmetrically distributed, consistent with IgG’s aspherical shape.”?® For data in Fig.
2.9B, the asymmetrical current distribution can be described by a model developed previously for
Coulter counting?®?® and then reapplied to protein measurement with nanopores by Yusko et al.’
The model predicts varying current blockade amplitudes dependent on the orientation of the

nanopore with orientations where the ellipsoidal semi-axes are parallel to direction of translocation
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Fig 2.9 Particle shape dependence of measured blockade currents. Histograms of the maximum
change in current of each blockade event for (A) 10 nm gold nanospheres measured at -40 mV
(n=234) and (B) IgG measured at -50 mV (n=717) (B). The distribution in (A) is unimodal,
symmetric, and gaussian, which would be expected for a spherical particle. The distribution in (B)
is bi-modal, as may be expected for a non-spherical protein.” The cumulative distribution was fit to
an orientation-dependent current blockade model (B, inset) with a lower peak of ~250 pA and upper

peak of ~1210 pA.

are more probable. Here, the cumulative distribution of blockade amplitudes in Fig. 2.9B was fit
to the model as described by Yusko to determine a Almin 0f 250 pA and a Almax of 1210 pA, (R? =
0.992, errors in fitted parameters are <1pA) (Fig. 2.9B, inset) and the corresponding protein shape
factors. The measured currents predict an ellipsoidal semi-axis ratio, a/b, of 0.14, agreeing well
with measurements found by Yusko.’

The fitted distribution predicted a dipole moment of only 90+32 D, significantly less than
dipole moments measured and predicted by Yusko around 850 D, and more importantly, the height
of the Almax peak is larger than the Almin peak, predicting a dipole moment that aligns with the
wrong ellipsoidal semiaxis.” The incorrect prediction is likely due to two causes. Firstly, the

increased dwell time distributions of hydrogel facilitated detection are broad, with non-negligible
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Fig 2.10 Data in Fig 2.9 shows measurement of 1gG in 2M KCI, pH10 at -50 mV with a hydrogel
back nanopore produces current blockades with orientation dependent maximum amplitudes.
However, the data only predicts Almin and Almax accurately and fails to predict the magnitude and
orientation of the dipole moment. A possible cause for this misprediction may be interaction
between the protein and hydrogel, changing orientation preference for the protein. A second cause
may be the wide dwell time distribution because longer dwell times will bias the distribution
towards Almax. This is more clearly demonstrated by plotting a scatter plot of dwell times against
maximum amplitude for all data points (A). For dwell times longer than 1 ms, almost all data points
are near or greater than 1000 pA. To address any filtering effects and to reduce the dwell time bias
in the data, the same analysis and fitting was performed on data points with dwell times greater
than 100 ps and less than 400 ps (shown in Fig S4B, n=189). A histogram of this subset shows an
asymmetrical distribution, and fitting the data similarly to data shown in Fig 4 gives a Almin of
238pA and Alpax of 1127pA (R? = 0.995), predicting an ellipsoidal semi-axis ratio of 0.15 which
agrees well with previous work.” However, the bias towards Almax has increased in this subset of
data which may indicate that dwell times under 100 ps are needed for determination of dipole
moments or that protein-hydrogel interaction significantly affects the orientational preference of a
protein inside a nanopore. Further work would be required to elucidate the exact steric effect of the

hydrogel and if determination of the dipole moment is feasible with hydrogel backed nanopores.
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probability up to the millisecond time scale. As dwell times get longer, it is more likely that the
protein will have, at some point during capture, aligned in the maximum blockade orientation,
biasing maximum amplitude distributions towards Almax. Yusko et al. tethered proteins to a lipid
bilayer to increase the dwell time of translocation events, but they report that the majority of
translocation events producing their maximum amplitude distributions were 50-100 ps. These
durations were short enough to produce accurate distributions to predict the dipole moment of the
protein. In contrast, only 20.2% of events in Fig 2.9B are 50-100 ps in duration, and 50.2% of
events are longer than 150 us, which is the time previously found to allow the protein to permute
through all orientations (scatter plots of data in Fig 2.9B are shown in Fig 2.10).2 As a result of
long dwell times, the maximum amplitude distributions produced by hydrogel facilitated
measurements are biased towards the Almax peak. Fig 2.10 shows the maximum amplitude
histogram for events that are 100-400 us in duration, showing that the bias towards Almax iS
increased when events shorter than 100 ps are removed, leading to a more significant
miscalculation of the dipole moment.

In addition to the bias caused by longer dwell times, it is also likely that there is some
hydrogel-protein interaction or that longer dwell times lead to greater chance of protein-pore
interaction. Given that we hypothesize that the long dwell times observed with a hydrogel backed
nanopore are due to steric effects, we also expect that this interaction will also affect protein
rotation, possibly biasing the orientation probabilities and therefore leading to incorrect dipole
moment predictions. Houghtaling et al. also showed that shape estimations could be affected by
protein interaction with pore surfaces, and used lipids to prevent this interaction.? It is likely in our
experiments, especially with the long durations that proteins reside inside nanopores, that many

events involve some interaction of the protein with the pore surface.
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The discussion here serves to show that hydrogel facilitated measurement of proteins can
inform on protein shape, but further work is needed to fully explore these measurements with
hydrogel interfaced nanopores. The recent work by Houghtaling et al. explores measurement of
the shape and dipole moment of freely rotating proteins with nanopores, and offers insight on
further work.? The study capitalized on a low capacitance measurement setup for higher
measurement bandwidth and lipid coated nanopores to enable their shape and dipole moment
measurements. The study found that proteins in free solution rotate more rapidly than when
tethered to lipids and that low pass filtering can attenuate the predicted length-to-diameter ratios
of proteins, specifically for intraevent analysis. A second, relevant finding in the study was that
proteins located near pore surfaces could cause significant deviations in the measured protein
shape, and that lipid coatings could prevent this undesirable behavior. The study also concluded
that a greater number of candidate events and longer residence times can lead to more accurate
analysis. Interfacing hydrogels with nanopores is amenable with low capacitance setups and lipid
coatings, and coupling these techniques may lead to improved measurement of protein shape and
dipole moment due to the increased number and duration of candidate events and the higher

available measurement bandwidth.

2.3 Conclusion

All proteins and nanoparticles used in this study were negatively charged in pH 10 buffers
and were larger than the mean PEG 1000-DMA hydrogel mesh size. We saw very few to no events
when a positive potential was applied (cis > trans), and a large number of events with a negative
applied potential. In negative applied potentials, negative particles experience an electric force
through the pore from cis to trans, and a drag force within the pore due to electroosmotic flow
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from the negatively charged SiN nanopore that is directed from the trans chamber to the cis
chamber. Since we saw events only at negative potentials, we concluded that the electrophoretic
force was greater than the electroosmotic drag for these particles.

The materials and technique described here are especially attractive because they are easy
to implement with conventional nanopores, measurement apparatus, and a wide range of protein
analytes. As the technique is label-free, the identity of the protein analyte does not need to be
known for the measurement to be successful. As implemented here, the only modification from
typical solid state nanopore measurements is the exchange of the aqueous solution on one side of
the nanopore with hydrogel precursor solution. Once polymerized, we found that allowing at least
12 hours for the hydrogel to swell yielded best results. The presence of the hydrogel typically
resulted in increased baseline noise during measurement (Fig 2.5), but the measured protein events
were still clearly identifiable from the baseline. In this study, we used nanopores formed using
dielectric breakdown primarily because the technique allows convenient formation and growth of
the nanopore.'?52" Dielectric breakdown can also occur after the polymerization and swelling of
the hydrogel, reducing the chance that the hydrogel expands into the nanopore and prevents
proteins from entering.

Protein translocation through conventional synthetic nanopores occurs over short
timescales, resulting in a large number of missed events and incorrectly resolved blockade
currents. Here we show that the presence of a hydrogel on the distal side of the nanopore can
sufficiently increase the residence time of proteins introduced to the proximal side to enable orders
of magnitude increased detection rates and improved resolution of current blockage amplitudes.

We used this system for the label-free detection of BSA, 1gG, streptavidin, and gold nanoparticles.
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We also showed identification of proteins measured from a mixture, and event analysis exhibited
indications of particle shape.

Future work may include further investigation of the interaction between the hydrogel and
protein. This kind of investigation may help in interpretation of currents for better identification
of protein shape, dipole moment, and rotational diffusion constant given that protein-hydrogel
interaction may affect rotation of the protein. In an effort to improve measurement of protein shape
and dipole moment, using higher measurement bandwidth and lipid coatings on the nanopore may
address issues in identifying the dipole moment of a protein using a hydrogel interfaced nanopore.
Previous work has also shown that changing the mesh size and chemistry of a hydrogel allowed
tuning of the dwell time distribution of translocating nucleic acids.® A similar approach may be
applicable to protein sensing, especially given the diversity in physical protein characteristics such
as charge, size, and shape.

The hydrogels used in this work are inexpensive, commercially available, easy to
implement in existing measurement apparatus, and applicable to a wide range of nanopore
substrates and unknown, un-labeled protein targets. In future work, we will explore effects of
hydrogel mesh size on the detectable range of proteins, and the effect of gel type of capture rate
and dwell time. Further experimentation is also required to understand the mechanism by which

the hydrogel affects the residence time of particles within the nanopore.

2.4 Materials and Methods

All materials were purchased from Sigma-Aldrich unless otherwise noted and used as

received unless otherwise noted. Immunoglobulin G 1 (IgG) and bovine serum albumin (BSA)
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were solubilized in 50% glycerol, 50% 5 mM NaCl, pH 7, and streptavidin was solubilized in 5

mM NaCl, pH 7. All proteins were stored at -20°C at 40-50 pM.

2.4.1 Nanopore fabrication

A thin layer of PDMS was painted and cured onto the silicon nitride face of commercially available
15 nm (Norcada) and 15 nm (TedPella) thick TEM windows, exposing only the area of the
window, to reduce capacitive noise.? The TEM windows were plasma treated for 20-30 seconds
at 30 W and promptly mounted in a home-built Teflon fluidic chamber. The chambers were filled
with ethanol and placed under vacuum to evacuate any trapped air bubbles in the chamber. The
ethanol was replaced with 2 mL measurement buffer on both halves of the chamber and
capacitance and resistance were measured to ensure proper wetting of the membrane. The
measurement buffer was removed from the silicon nitride-facing half of the chamber and the
hydrogel was polymerized as described below. For all steps where the chamber was filled with
measurement buffer or ethanol, a silver chloride wire bridged the two halves of the chamber to

minimize pinhole formation from charge imbalance across the two halves of the chamber.?°

Nanopores were formed by controlled dielectric breakdown through LabVIEW with a NI USB-
6251 (National Instruments), a simple current to voltage converting op-amp circuit with a OPA111
opamp, and silver chloride electrodes. For all measurements, the silicon nitride face of the window
was grounded. A 100-200mV voltage was applied while monitoring currents, which remain <20pA
before a nanopore has formed. A 100ms -4-7V voltage pulse was applied at 2Hz until currents

increased above 20pA, which indicated formation of a nanopore. Further pulses of £3-5V were
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applied to enlarge the pore until conductance indicated the nanopore was approximately the target

diameter, typically 22-30 nm.

2.4.2 Hydrogel preparation

PEG (1000 MW) Dimethacrylate (PEG-DMA) was dissolved in measurement buffer, 2M KClI,
10mM Tris-HCI, pH10 or pH12, at 10% wi/v. This gel precursor solution was vortexed thoroughly
to ensure complete dissolution and then sonicated under vacuum for at least 10 minutes to degas
the solution. Gel precursor solution was mixed with the APS solution and
tetramethylethylenediamine (TEMED) so that final concentrations of APS and TEMED were both
10mM. 1.4mL of the mixture was then pipetted into the side of the chamber facing the silicon
nitride side of the TEM window and allowed to polymerize for 10 minutes. After polymerization,
600uL of measurement buffer was pipetted into the hydrogel half of the chamber to balance the
volumes of solution on either side of the chamber and to allow swelling of the hydrogel. Hydrogels

were allowed to swell for at least 12 hours before further protocol.

Gel mesh sizes were determined by a method as described previously.'° Briefly, gels were prepared
exactly as described above. Masses were measured after polymerization, again after allowing at
least 24 hours for swelling, and again after lyophilization. Weights after lyophilization were
adjusted for expected salt content. For reference, swollen equilibrium polymer volume fractions
were 0.093 = 0.009. All mass measurements were conducted in centrifuge tubes to mimic the

nanopore fluidic chambers.
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2.4.3 Measurement of nanopores

Meaurement of nanopores was conducted using an Axopatch 200B amplifier, Digidata 1440B or
1322A, and data was acquired in Clampex at 100 kHz with a 10 kHz hardware low pass filter. The
side of the chamber adjacent to the silicon nitride face of the TEM window, and also containing
the hydrogel, was grounded for all measurements. Voltages between -100 mV and -30 mV were
held across the nanopore to determine baseline current characteristics of the nanopore. These
control measurements were performed for at least 5 minutes at each relevant voltage.
Subsequently, protein or 10 nm diameter, PVP or Citrate functionalized gold nanoparticles
(NanoComposix) were pipetted to the side of the chamber facing the silicon side of the TEM
window. For gold nanoparticles, if volumes of analyte solution exceeded 10 L, the same volume
of measurement buffer was pipetted to the opposite side of the chamber to ensure minimal change
in hydrostatic pressure across the nanopore. Voltages applied during measurement of open pore
baseline were repeated, with at least 30 minutes of total measurement time following the addition
of analyte to allow capture rate to reach steady-state. If events lasted for longer than 10 seconds,
the zap button on the Axopatch (+1.3V for 50ms) was used to electrophoretically force the analyte
out of the pore to reduce risk of clogging. If no events were observed by 30 minutes, the experiment

was terminated.

2.4.4 Data analysis

All data was analyzed in MATLAB. For all traces, traces were unfiltered or otherwise unprocessed
after acquisition. Event starts and ends were marked by points where currents deviated and
returned from the baseline, so events where a second analyte entered the pore were not processed

uniquely from single analyte events, though events with second level step changes, which may be
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caused by a second analyte entering the pore, were not common in our measurements. In some
experiments, analyte residence times were long enough that second level events were common,
but these experiments were not included in this work as second analyte events may have differing
characteristics from first analyte events. Because the long observed dwell times can result in
misleading deviations from the Smoluchowski rate equation due to reduced event frequency, the
inverse of the average interevent time (1/torf) was calculated and reported as an equivalent to the
event frequency that is independent of the dwell time. Where most probable amplitudes are
reported, histograms of event amplitudes were fit to a Gaussian distribution, and the mean was
reported. In the case of simultaneous measurement of two proteins, the data was fit to a bimodal
distribution. Hydrodynamic diameters were calculated from these most probable amplitudes using
models previously used in pore sensing by DeBlois and Bean?® and later by Yusko et al.” assuming
spherical particle shape. Protein shape factors were calculated by fitting to models as described by

Yusko et al. without assuming shape of the protein.’
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Chapter 3

The mechanism of capture and study of dwell time for

hydrogel facilitated detection of proteins

3.1 Introduction

The presence of a hydrogel on the distal side of a nanopore has been shown in the previous
chapter to address many of the issues in protein detection related to short dwell times. Although
the presence of a hydrogel on the distal side of a nanopore is effective at increasing the dwell time
of proteins in nanopores, the exact mechanism by which it does so is still unknown. Elucidating
and understanding this mechanism has significant impact on future work. The most immediate
benefit is better interpretation of results, specifically in relation to dwell times of detected events.
Dwell times may be able to offer additional insight into the physical characteristics of proteins or
possibly be used in helping identify proteins in mixture. Additionally, understanding the
mechanism of capture could enable tailoring of dwell times for specific applications and possibly
enable new types of measurements altogether.

The increase in dwell time is most likely a result of steric interaction between the hydrogel
and protein. It is unlikely that there is a electrostatic or chemical interaction between the PEG-
DMA hydrogel and protein as PEG minimizes protein adsorption and interaction>? and is neutrally
charged. Previous work has shown that the relationship between the mesh size of the hydrogel and
the radius of gyration of the translocating nucleic acids had significant impact on the dwell times,

further supporting that increased durations are a steric effect.®® In these studies, nucleic acids were
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expected to fully complete translocation and residence times increased because the mobility of the
nucleic acid reduced in the presence of the gel. These studies showed that reducing the mesh size
of the hydrogel could increase the average dwell time of translocating nucleic acids.®
However, the PEG-DMA hydrogel used previously had a mesh size of 3.1 nm, smaller than
the size of all proteins measured previously. Unlike nucleic acids, the tertiary and quaternary
structures of native proteins make it unlikely that the molecule unfolds to fit into smaller hydrogel
pores. As a result, the hydrogel may completely prevent translocation of proteins into the trans
compartment. Conversely, it is also possible that the hydrogel mesh may have enough variance to
have pores large enough or PEG chains that are flexible enough to allow protein penetration.
Here, we show explore these two possible mechanisms, one in which the protein penetrates
the hydrogel and the electrophoretic mobility is reduced and one in which the protein cannot
penetrate the hydrogel and must diffuse back into the cis chamber. A partial analytical model based
on the Fokker-Planck equation is presented and COMSOL simulations are used to predict dwell
time behavior for both mechanisms. We show that for proteins that we have measured,
immunoglobulin G 1 (IgG) and bovine serum albumin (BSA), the dwell time behavior suggests
that the proteins cannot penetrate the PEG-DMA hydrogel. As a result, dwell times increase
exponentially with voltage and the dwell time distribution is much more sensitive to the diffusivity
and electrophoretic mobility of the protein. We show both behaviors experimentally with IgG and
BSA, showing that the dwell time is more sensitive to protein diffusivity and electrophoretic

mobility when compared to conventional nanopore sensing.
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3.2 Results and Discussion
3.2.1 Analytical models for dwell time distribution

The residence time distributions of proteins detected by nanopores can be derived from the
Fokker-Planck equation, describing 1-D diffusion under force,

dP(x,t) _ OP(x,t) 0%P(x,t)
ot feHe—5 D52

where, Fe is the force of the electric field, pe is the electrophoretic mobility of the protein, and D
is the diffusivity of the protein. The equation has been solved for numerous conditions including
the first passage time of charged particles through nanopores.”® Here, we have reproduced the
solution and expand on it in relation to the effect a hydrogel may have on the translocation of
proteins.

For equations shown here, the origin is the boundary of the nanopore to the trans
compartment. The initial condition is defined as P(x, t=0) = d(x-lp), where x=I;, is the cis entrance
of the nanopore. A solution for this initial condition with boundary conditions as P(x=+o0,t) = 0 is

shown here:

2
(x -1, - FE,uet)
expl — 4Dt
vanDt

In typical nanopore measurements, the protein is unlikely to move against the force

P(x,t) =

produced by an electric field and therefore irreversibly translocates through the nanopore into the
trans compartment. As a result, for nanopore measurements, an absorbing boundary condition can
be defined at the trans boundary of the nanopore, P(x = 0,t) = 0. An image source at x=-l, provides

a method to satisfy the boundary condition, resulting in the solution,
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and a dwell time distribution,

d o L (1, FE,uet)
Payen(t) = <1 —f P(x,t) dx) = m ( iDt )

These results were previously shown by Talaga et al. (a correction to the original result

was produced by Ling and Ling®) and used to model the dwell time distribution of tranlocating
proteins in typical nanopore measurements (Fig 3.1B).” A PEG(1000 MW) DMA hydrogel placed
on the trans side of a nanopore improves measurement of proteins with nanopores by increasing
the residence time of detected proteins. PEG is a neutrally charged, unreactive polymer known to
be nonfouling,'? and therefore, the increased residence time in PEG-DMA facilitated
measurements is most likely not due to a chemical or electrostatic mechanism. Instead, we suggest
two possible steric mechanisms that explain the increased residence time of proteins when a
hydrogel is on the trans side of the nanopore. In one case, the hydrogel acts only as a steric
hinderance to the protein, allowing the protein to penetrate the hydrogel and fully translocate from
the cis side to the trans side of the nanopore (Fig 3.1C). The hydrogel effectively reduces the
mobility of the protein, and the above solution would be applicable though D and pe would be
reduced relative to the mobility of a protein in a typical measurement without a hydrogel.
Alternatively, the hydrogel may act as an impenetrable steric barrier to translocation. The
protein will be electrophoretically driven into the pore, but will not be allowed to exit the nanopore
through the distal side due to the presence of the hydrogel (Fig 3.1D). In this case, the protein can

only exit the pore through the cis opening of the nanopore, diffusing upstream against the
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Fig 3.1 Proteins detected by nanopores have movement dictated by diffusion, dictated by the
protein’s diffusivity, D, electrophoresis, determined by the applied voltage and the protein’s
electrophoretic mobility, ug, and electroosmotic flow, determined by the applied voltage and the
nanopore surface charge. Here, to simplify the model, electroosmotic flow is not included, though
effects of electroosmotic flow can be estimated in the model by subtracting the electroosmotic flow
speed from the electrophoretic speed to yield the net convection. An equivalent effect is achieved
by linearly attenuating the electrophoretic terms such as pe or the applied voltage. (A) Diffusion
results in random forward or backward movement of the protein, leading to variance in the time the
protein resides in the pore. Electrophoresis will push the protein towards the trans chamber with a
constant drift velocity. (B) In traditional nanopore measurements, a detected protein is highly likely
to complete translocation due to the electrophoretic force. (C) With a hydrogel at the distal side of
the nanopore, it is possible that the protein can still penetrate the hydrogel, though the
electrophoretic and diffusive terms may be reduced in the presence of the hydrogel, resulting in a
slower translocation. (D) The protein may also not be able to penetrate the hydrogel, and as a result,
can only exit the nanopore by diffusion against the direction of electrophoretic force, also resulting

in longer dwell times.
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electrophoretic field. As a result, a no flux boundary condition at the trans boundary of the
nanopore,

dP(x =0,t)

0
dx

accounts for the impenetrable hydrogel barrier. The boundary condition, P(x=00,t) =0, is still valid.

The solution for a rebounding boundary condition has been previously solved,®

2 2
1 (x — L, — Fgpet) 4L, Fpupt — (x + L, + Fgpipt)
P(x,t) = "411Dt {eXp <_ p4Dt —— | +exp| ———— 4Dt - -

Fru, 2Fgu.x X+ 1y + Fguet
+ exp ( ) [1 — erf( )]
2D 4Dt \2Dt

though an analytical solution for the dwell time distribution cannot be solved, and instead a
computational approach must be taken to predict dwell time distributions for a rebounding wall

boundary condition.

3.2.2 COMSOL models for dwell time distribution

Because an analytical solution for the dwell time distribution with a rebounding wall at the
trans compartment boundary is not available, a COMSOL model provides a way to determine a
theoretical dwell time distribution for all cases, including when particles are not able to complete
translocation into the trans compartment. The finite element model tracks diffusion of particles
under electrophoretic force, calculating the particle’s probability density over time (P(x,t)). The 1-
D model includes two regions. As shown in Fig 3.2A., a 15nm long region from x=0 to x=L
represents the nanopore, where x=0 is the cis side boundary of the nanopore and x=L is the trans
boundary of the nanopore. For all COMSOL simulations here, L=15nm to match the nominal

length of nanopores used to collect experimental data in this article. A second region extends left
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Fig 3.2 COMSOL was used to simulate the movement of proteins through a nanopore as a result of
diffusion and electrophoresis. The probability density distribution was calculated over a space
including the nanopore and a region on the cis side that approximates the extent of the electric field,
and over times up to a point when the probability was 0 over the calculated space (steady state
solution). (A) In all simulations, a narrow gaussian pulse at the cis entrance of the nanopore was
used to approximate a delta function initial condition. The probability was also fixed at 0 at the far

left boundary of the cis region to represent the boundary condition at x=-o. (B) For simulations of
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traditional nanopore experiments with an absorbing boundary at the trans boundary, the probability
at the boundary was fixed at 0. (C) For simulations of hydrogel facilitated measurement where the
protein cannot penetrate the hydrogel, a no-flux boundary condition was defined at the trans
chamber boundary. Probability densities for a simulation of a protein with a diffusivity of 3*10-!
m?/s and electrophoretic mobility of 3*10-° m?/(V*s) with an applied voltage of 50mV (the electric
field is calculated from this value accounting for pore length and access resistance) are shown in
the upper plots of panel B and C, with colors from blue to red showing 20 sequential, logarithmically
spaced, time points from 0s to steady state (~50 ps for the absorbing boundary condition and ~3ms
for the rebounding boundary condition). The corresponding predicted dwell time probability
distribution is shown below these plots. For conventional nanopore sensing, the majority of proteins
are expected to have dwell times under 10 us, agreeing well with previous experimental and
theoretical results.”1%11 For protein sensing with an impenetrable hydrogel, the dwell time

distribution extends to times two orders of magnitude larger.

from x=0 to x=-d, (pore diameter) to account for access resistance and to keep space finite for the
boundary condition at x=-c0. All simulations shown here assume that this second region extends
between -25nm and Onm. An electric field exists over the entire space, with magnitude according
to an applied voltage divided by a length and corrected for access resistance according to equations
by Hall.!2 The electric field persisting over the full length of the cis side region works as a
compromise between Hall’s assumption that the access resistance acts within a semispherical
volume outside the entrance of the pore!? and another report by Hyun et al. which found that the
effects of access resistance persist as far as 5 pore diameters away from the entrance of a
nanopore.'® In lieu of a true delta function at x=0, a normal distribution with a standard deviation

of 0.025 nm acts as the initial condition (Fig 3.2A, top).
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It is worth noting, that for COMSOL models, we have opted to not simulate electroosmotic
flow, which would oppose and attenuate the electrophoretic velocity in our experimental
conditions, in order to simplify the simulations. Given the presence of the hydrogel, it is difficult
to guess at the flow profile as it moves from flow resistant solution on the hydrogel side to free
solution on the cis side. In the case that hydrogel does not interrupt electroosmotic flow entirely,
experimental results have shown that that electroosmotic flow should contribute to the movement
of proteins through nanopores,'* but the magnitude of electroosmotic flow is expected to change
based on pore shape’> " and decrease at higher salt concentration.'® Additionally, variances
experimental parameters, such as pore length, which affects the strength of the electric field, and
pore diameter, which may encourage protein-pore interaction,%%2° make one-to-one translation
of simulation to experimental results unlikely. Because of these obfuscating factors, estimating the
electroosmotic flow is nearly impossible and it must be measured experimentally to be quantified.
If measured, the electrophoretic and electroosmotic terms can be added to describe the net
convective movement of the protein. In this case, the dwell times distribution would be expected
to increase for absorbing boundary condition solutions and reduce for rebounding wall solutions
as electrophoresis and electroosmotic flow oppose each other, effectively attenuating or reversing
the convection due to electrophoresis alone.

We replicated the same boundary conditions as used in the analytical solution. An
absorbing boundary at the trans boundary of the nanopore simulates traditional nanopore sensing
measurements where the particle translocates fully to the trans compartment. Fig 3.2B shows the
COMSOL predicted probability density function over time (with line colors from blue to red
representing forward progress in time) for a particle with a diffusivity of 3*10'! m?/s and

electrophoretic mobility of 3*10° m?/(V*s). As expected, the distribution functions show a
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gaussian shape that broadens over time due to diffusion and a mean that moves in the direction of
electrophoretic force. Over the course of the simulation, the area under the probability distribution
curve decreases as a result of the two absorbing boundary conditions, with much greater flux at
the trans boundary. Similarly to the analytical solution shown above, we can use the COMSOL
output to produce a theoretical dwell time distribution by taking the integral of the probability
density function inside the nanopore to find the probability that particles are inside the nanopore.
1 minus this value is the probability that the particle is not inside the pore, which is the cumulative
distribution function of the dwell time. The derivative of this function is a dwell time probability,
which is shown in the bottom most plot of Fig 3.2B. The predicted dwell time distribution agrees
well with the analytical solution, including solutions shown previously,”!* and predicts that the
majority translocating proteins will not reside in the nanopore long enough to be resolved
accurately by standard measurement apparatus acquiring signal at 10-100kHz bandwidth.

Adding a hydrogel may have two possible effects. In the case that the protein can penetrate
the hydrogel and the effective electrophoretic mobility and diffusivity decreases, the dwell time
distribution should shift towards longer dwell times as the protein moves more slowly than
previously. The effect on the electrophoretic mobility would be similar to adjusting voltage or
making the protein less charged or neutral by titrating the pH of measurement solution as shown
before.1* The reduced electrophoretic mobility and diffusivity may explain the increased dwell
times and capture rate of proteins that we have previously observed when measuring IgG and BSA
with a hydrogel.

It is also possible that the hydrogel entirely prevents translocation. Using the COMSOL
model, we also investigated the effects of a rebounding wall (no flux boundary condition) at the

trans boundary of the nanopore. The probability distribution and dwell time distribution are shown
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Fig 3.3 (A) For simulations with a rebounding boundary condition at the trans chamber boundary,
the probability that the protein is inside the pore has a delay before reaching a maximum. This
rising time leads to negative calculated dwell time probabilities, which we address by setting these
probabilities to 0. This deviation does not significantly affect the dwell time distribution as the
dwell times that are set to 0 are 1-3 orders of magnitude below the relevant dwell time scales for a
given simulation. (B) Dwell time distributions for the two different boundary conditions are shown
on the same plot to highlight the potential difference that can arise from the presence of a hydrogel
at the trans boundary of the nanopore. Dwell time distributions shown here are for proteins with the
same diffusivity and electrophoretic mobility as those in Fig 3.2B and 3.2C (D = 3*10-11 m2/s and
Me = 3*10-9 m2/(V*s)) at an applied voltage of -50mV. (C) Varying the voltage has significantly
different effects on the dwell time distribution depending on the boundary condition. Here, medians
are plotted against voltage as a metric to quantify the dwell time distribution. For an absorbing

boundary condition, the median dwell time decreases linearly with respect to voltage, as is expected
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since the applied voltage helps to drive the protein through the nanopore. Conversely, for a
rebounding boundary condition, the median dwell time increases exponentially with respect to

voltage because increasing voltage acts to trap the protein inside the nanopore.

in Fig 3.2C. With a rebounding boundary condition at the trans boundary, the probability density
accumulates against the trans boundary as a result of electrophoretic force. Once the peak of the
gaussian distribution reaches the trans boundary, the probability density is maximum at the
boundary with an exponential decay away from the boundary. Over time, diffusion results in a
broadening of the distribution and leads to flux at the left most boundary on the cis side. With a
rebounding wall at the trans boundary, the dwell time distribution increases by two orders of
magnitude for the same protein and applied voltage. The difference is significant and shows that
the improved detection of proteins with a hydrogel may also be caused by the hydrogel preventing
translocation of proteins into the trans compartment.

For rebounding wall simulations, there is a time delay before the probability that the
particle is inside the pore reaches a maximum (Fig 3.3A). As a result, the calculated dwell time
probability would be negative for all times before this time point. For the absorbing wall, because
the trans boundary is a sink, the delay until reaching this maximum is very short in duration, about
107 s for particles with a diffusivity of 3*10** m?s and electrophoretic mobility of 3*10°
m?/(V*s) at an applied voltage of -50mV. In the case of a rebounding wall, the delay is
approximately 10 s for the same type of particle at the same voltage. To account for the delay
before the probability of particles inside the pore reaches a maximum, these negative dwell times
are set to 0. Though this leads to some error in the predicted dwell time probabilities, the portion
of the dwell time distribution that is changed is typically 1 to 3 orders of magnitude smaller than

the remaining dwell time distribution, and we expect that this error does not significantly alter the
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predicted dwell time distributions.. The dwell time distributions for the absorbing and rebounding
conditions are shown more clearly on a log scale in Fig 3.3B, showing the effect of the delay
correction, with the shortest non-zero probable dwell times being different based on the boundary
condition. The two distributions also show the increased dwell times as a result of the rebounding

boundary condition.

3.2.3 Relationship between voltage and dwell time

The two mechanisms both result in longer residence times of the protein in the sensing
region of the nanopore, but in the former’s case, the protein escapes the pore in the direction of the
electric field, and in the latter, the protein escapes against the direction of the electric field. As a
result, if the protein can penetrate the hydrogel, the dwell time of events should decrease as the
applied voltage increases. Conversely, if the hydrogel is impenetrable, then the dwell time of
events should increase as the voltage increases. The analytical and COMSOL models both show
this behavior. The median dwell time predicted by COMSOL is plotted against applied voltage in
Fig 3.3C for the absorbing and rebounding boundary conditions. The median was chosen to
quantify the dwell time distribution as it is a metric that does not assume an underlying distribution
and is easily interpretable on a cumulative distribution function as the 50 percentile value. For an
absorbing boundary condition, increasing voltage correlates with a decreasing median dwell time,
though increasing the voltage from 0 to 100 mV decreases the median dwell by only a fraction of
the median dwell time at OmV. Conversely, with a rebounding condition, the median dwell time
increases exponentially with voltage. In this case, doubling the voltage results in an order of

magnitude increase in the median dwell time.
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Fig 3.4 1gG and BSA were measured on two pores each (4 pores total), one with a PEG-DMA
hydrogel in the trans compartment and one with traditional measurement conditions (without a
hydrogel). 1gG was measured with a 24nm diameter nanopore facilitated with a hydrogel at 2mV
increments from 32mV to 70mV (top left). The median dwell time of the protein inside the nanopore
increased exponentially with respect to voltage. Similarly, BSA was measured with 23nm diameter
nanopore with a hydrogel in the trans compartment from 20 to 70mV in 10mV increments, and
median dwell times were also shown to increase with respect to voltage. These results support the
rebounding wall mechanism, suggesting that IgG and BSA cannot penetrate the hydrogel. In
contrast, when measured without a hydrogel, both 1gG (23nm diameter nanopore, 20 to 70mV by
10mV increments) and BSA (17nm diameter nanopore, 30 to 90mV by 10mV increments) exhibited
no clear trend in dwell time with respect to voltage. Median dwell times for these experiments were
around 100 ps, less than an order of magnitude away from the detection cutoff of 20 pus and near

the timescale cutoff of the 10kHz low pass filter applied during measurement. The lack of a trend

75



between voltage and median dwell time when no hydrogel is present is most likely because most

translocating proteins reside in the nanopore too briefly to be detected.

We measured 1gG and BSA with each two nanopores, with and without a hydrogel. The
median dwell times for these measurements are plotted against voltage in Fig 3.4. Without a
hydrogel, there is no measureable trend between median dwell time and voltage, but we expect
that the median dwell time should decrease with increasing voltage. The deviation from theory has
been addressed previously by Plesa et al., suggesting that due to the limitations of the measurement
apparatus, only the tail end of the distribution is observed in nanopore experiments.! The majority
of the distribution is below the 20 ps detection threshold because the proteins reside in the pore
too briefly to be detected. As a result, only the longest events in a given distribution are detected,
and of those that are detected, the majority are at or near the detection threshold. For both IgG and
BSA measurements without a hydrogel, the median dwell time is within an order of magnitude of
the detection threshold. With a hydrogel, experimental data and the COMSOL simulations suggest
that a greater fraction of events are captured, and a greater fraction of the dwell time distribution
lies above the detection threshold. In contrast, for both IgG and BSA measured with a hydrogel,
there is a noticeable positive trend between median dwell time and voltage.

This relationship between median dwell time and voltage with hydrogels matches the
model predicted behavior with a rebounding wall boundary condition at the trans boundary,
suggesting that neither IgG nor BSA can penetrate the hydrogel. In particular, the 1gG
measurement shown in Fig 3.4 shows an exponential increase in median dwell time with respect
to voltage that closely matches the exponential trend predicted by the COMSOL model. The

rebounding wall mechanism is particularly interesting because of the relationship between voltage
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and dwell times. In traditional nanopore sensing, including nucleic acid sensing with biological
and solid state nanopores, high voltages lead to larger event amplitudes and better signal-to-noise,
but lower voltages lead to longer residence times which allow looser bandwidth requirements for
accurate measurement of the analyte. The opposing effects of these two behaviors makes
addressing measurement problems with nanopores difficult. However, in the case of hydrogel
facilitated detection of native proteins, it is possible to have detection where increasing voltage
yields larger amplitudes and longer dwell times. This unique behavior allows for experimental
opportunities previously not possible, specifically in regard to long duration, single molecule
measurement. Long duration events should result in reduced amplitude error from noise, which
should in turn lead to fewer needed events to produce adequate statistics. This advantage coupled
with the increased detection frequency when measuring with hydrogel backed nanopores may lead
to significantly increased measurement throughput, reducing times that proteins need to be

measured before having enough data for statistical significance.

3.2.4 Increased dwell time sensitivity to diffusivity and electrophoretic mobility

In a traditional nanopore measurement, motion of the protein is affected by diffusion,
electrophoresis, and electroosmostic flow, and modeling and experimental data shows that once
proteins are inside the nanopore, the probability that the protein completes translocation to the
trans chamber is much higher than its return to the cis chamber for charged proteins.” %
However, in hydrogel facilitated detection where the hydrogel is impermeable, the electrophoretic
force on the protein contributes to the protein capture and diffusion is the only mechanism of

escape. As a result of their competitive contribution, changes to the electropohoretic mobility and
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Fig 3.5 Because experimental evidence supports that for IgG and BSA, the protein cannot penetrate
the hydrogel, the relationship between protein diffusivity and electrophoretic mobility and the
residence time is significantly different than for traditional nanopore sensing. (A) A plot of the
median dwell time (log scale) against diffusivity (e fixed at of 3*10°° m?/(V*s)), as simulated in
COMSOL, shows that as diffusivity increases, the median dwell time decreases exponentially.
Conversely, as electrophoretic mobility increases (D fixed at 3*10°1* m?/s), the median dwell time
increases exponentially. (B) The results suggest that relatively small changes in either of these
protein characteristics may lead to observable changes in dwell time. Plotting the COMSOL

predicted dwell time probabilities for a protein with a diffusivity of 3*10-!! m?/s and electrophoretic
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mobility of 3*10-° m?/(V*s) next to dwell time probabilities for a similar protein with a diffusivity
of 4*10°1! m?/s and another with electrophoretic mobility of 4*10-° m?/(V*s) shows the effect on
dwell time of these relatively small changes in physical properties (all at -50 mV applied potential).
(C) 1gG and BSA were measured sequentially on the same, 23nm diameter nanopore with an applied
voltage of 70 mV in 2M KCI, pH10 buffer. Dwell time histograms show that BSA was more likely
to have longer events than 1gG, which agrees well with models because, although BSA is smaller
than 1gG (larger diffusivity), it has a much greater charge at pH10 than 1gG (higher electrophoretic
mobility). (D) At 30mV, the difference in dwell time distribution was significantly attenuated due
to the relatively lower contribution of electrophoresis. (E) Plotting the median dwell times for this
experiment at voltage between 30 to 70 mV in 10 mV increments highlights these results, showing
that at lower voltages, 1gG and BSA have similar median dwell times, though at higher voltages,
the median dwell time for BSA is increasingly greater than 1gG, most likely due to the larger
electrophoretic mobility of BSA. Error bars show the 95% confidence interval for each data point
as calculated by bootstrapping. The increased width of error bars for BSA is not a result of the
number of data points collected as there is no clear correlation between number of points and width
of error. Instead, the error bars are more likely related to the shape of the dwell time distribution,

which is broader for BSA.

diffusivity of a protein will have relatively greater effect on the residence time of the protein in the
nanopore as compared to traditional sensing.

Simulated results in COMSOL show that the dwell time of proteins in the nanopore is
affected exponentially by the diffusivity or the electrophoretic mobility (Fig 3.5A). Doubling the
electrophoretic mobility of a protein results in an order of magnitude increase in the median dwell
time, and extrapolating the plot shows that, as expected, a protein with no charge will still have
non-zero dwell time with motion entirely dependent on diffusion. The diffusivity of the protein
has an exponential relationship with the log of the median dwell time, showing that, especially for
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smaller proteins, the dwell time will change significantly for proteins of different sizes. The
exponential relationship with the log of the median dwell time is intuitive because a translocating
particle cannot have 0 diffusivity, and therefore, there should be no y-axis intercept. The y-axis is
expected to act as an asymptote for the median dwell time.

A simulated dwell time distribution is shown in Fig 3.5B for a particle with a diffusivity of
3*101t m?/s and electrophoretic mobility of 3*10° m?/(V*s) at an applied potential of -50mV.
Simulated dwell time distributions are also shown for two more particles with the same parameters,
though one with a diffusivity 4*10"** m?/s and another with electrophoretic mobility of 4*10°
m?/(V*s). Increasing the diffusivity of a protein while keeping electrophoretic mobility constant
(for example by reducing the size while adjusting protein charge to compensate) leads to a dwell
time distribution that has increased probability at lower dwell times. Increasing electrophoretic
mobility (for example by increasing the charge) results in a dwell time distribution that has lower
probability at lower dwell times and extends to longer dwell times. The changes in modeled dwell
time distribution due to varying electrophoretic mobility and diffusivity reflect the fact that, under
the rebounding wall mechanism, an increased electrophoretic mobility elongates protein residence
time while an increased diffusivity reduce overall residence time, though the shape of the dwell
time distribution remains unchanged. This latter point is significant as it shows that dwell times
cannot be used alone to identify proteins in a mixture, unlike amplitudes which we previously used
to identify 1gG and BSA in mixture. The dwell time distributions for each protein overlap too
significantly to associate given events with particular proteins by dwell time alone. However, given
the expected sensitivity of the dwell time distribution to protein characteristics, it is possible that
dwell time can be used in conjunction with amplitude to make a higher confidence analysis of

protein mixtures.
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We measured IgG and BSA sequentially on the same 23nm diameter nanopore to
investigate if dwell time distributions between the two proteins would be significantly different
due to their differing physical characteristics. As was shown previously, in traditional sensing
experiments, the majority of translocation events evade capture, and as a result dwell time
distributions do not typically offer any useful information about the protein.** At pH 10, we expect
IgG to have a diffusivity of 4.2*101! m?/s and electrophoretic mobility of 2.5*10° m?/(V*s) and
BSA to have a diffusivity of 5.52*10"** m?/s and electrophoretic mobility of 4.48*10°8 m?/(\V*s),
calculated as shown previously'! from measured protein diameters and charges.?*2% Dwell time
distributions for the two proteins with a 70mV applied potential are shown in Fig 3.5C, and BSA
has a higher probability of longer dwell time events as compared to 1gG. Fig 3.5D shows data from
the same experiment, but at 30mV, and the dwell time distributions are no longer distinguishable.
The results agree well with predictions from the model because we expect electrophoretic
contribution to scale with voltage, but the diffusive contribution should remain constant regardless
of voltage. Although BSA is smaller than 1gG and therefore has a larger diffusivity, the difference
in charge at pH 10 results in a much greater difference in electrophoretic mobility. At 70 mV, the
difference in electrophoretic mobility results in an observable different in dwell time due to the
increased electrophoretic mobility of BSA. However, at 30mV, the electrophoretic contribution
diminishes, and the effect of BSA’s greater electrophoretic mobility is also reduced, yielding
distributions that are very similar.

Fig 3.5E shows the median dwell times for both proteins from 30 to 70 mV with 10 mV
steps, further showing the effect of the difference in electrophoretic mobility. Both proteins show
increasing dwell time with respect to voltage, agreeing with previous results shown in Fig 3.4.

However, the rate at which the median dwell times increases in greater for BSA due to the protein’s
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greater electrophoretic mobility, which results in median dwell times that are greater for BSA than
IgG at larger voltages. Another significant difference is the width of the error bars, which are the
95% confidence intervals determined from bootstrapping the median. The larger error bars for the
BSA data points are not a result of a smaller number of detected events. The event count is highest
at 70mV for both proteins and BSA has a greater number of events than 1gG at that voltage, and a
comparable number of events at the remaining voltages (with an order of magnitude). The greater
variance in median dwell time is most likely related to BSA’s broader dwell time distribution,

which in turn may be related to BSA’s greater diffusivity in comparison to IgG.

3.2.5 Protein-pore interaction and effect on dwell time

The experimental data suggests that proteins cannot penetrate the hydrogel, and therefore,
the presented models that have a rebounding boundary condition at the trans boundary of the
nanopore apply to this measurement system. However, these models only account for diffusion
and electrophoresis and, if needed, can be adapted to account for electroosmotic flow. A significant
omission from these models is the effect of protein-pore interaction, which has been shown
previously to have a significant effect on observed dwell times.'%1°20 To study this behavior with
hydrogel facilitated detection of proteins, we measured 10nM IgG with a 23 nm diameter nanopore
with a PEG-DMA hydrogel in the trans compartment at -60 mV. Initially, the measurement buffer
was 2M KCI, pH 9.5, and measurements were conducted until several hundred current blockades
were observed. The buffer in the cis chamber was changed to 2M KCI, pH 7 with 10nM IgG, and
data was further collected until several hundred blockade currents were observed.

The empirical cumulative distribution function of dwell times for both the pH 9.5 and pH

7 conditions are plotted in Fig 3.6. The distribution functions show that at pH 7, dwell times are
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Fig 3.6 Measurement of 1gG with a hydrogel backed nanopore at pH 9.5 and pH 7 shows that 1gG
typically has longer dwell times at pH 7 than at pH 9.5. IgG was measured with a 23 nm diameter,
hydrogel backed, nanopore at -60 mV in 2M KCI, 10mM Tris-HCI, pH 9.5 buffer and subsequently
in 2M KCI, 10mM Tris-HCI, pH 7 buffer. Empirical cumulative distribution functions are shown
for dwell times at the pH 9.5 condition (blue) and pH 7 condition (red), showing that dwell times
for 1gG at pH 7 are typically 3-4 times longer than for IgG at pH 9.5. The longer dwell time at pH

7 is most likely a result of increased protein-pore interaction at that pH as compared to pH 9.5.

more likely to be longer than at pH 9.5, with dwell times from the pH 7 data likely 3-4 times larger
than dwell times from the pH 9.5 data. This result directly contradicts the theoretical predictions.
Because 1gG has an isoelectric point of ~7-8,4?" 1gG is expected to be negatively charged at pH
9.5 and neutral to slightly positively charged at pH 7. As a result, at pH 9.5, 1gG should have a
greater electrophoretic mobility than at pH 7, and the model predicts that the residence time of IgG

should be greater at pH 9.5.
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However, the negatively charged SiN surface (pl ~ 5)* would repel IgG at pH 9.5 and
would have very low electrostatic interaction with IgG at pH 7. We expect that the differences in
dwell time distribution between the pH 9.5 and pH 7 condition are a result of the increased protein-
pore interaction at pH 7. The result shows that protein-pore interactions can have significant
impacts on residence time, and that the model presented here is not a fully robust model. This
model can act as a theoretical guide to interpretation of molecule behavior with hydrogel facilitated
detection. It is possible that the model would have greater accuracy in predicting dwell times for

lipid coated nanopores, where protein-pore interaction is greatly reduced.?®?°

3.3 Conclusion

This chapter explores the possibility of two mechanisms for the increase of protein
residence time in nanopores when interfaced with a hydrogel - one in which the mobility of
proteins is reduced due to the presence of the gel, and one where the gel prevents translocation of
proteins and forces proteins to diffuse back into the cis chamber. Measurement of IgG and BSA
showed that both proteins had increasing dwell times at increasing voltages, suggesting that neither
protein can penetrate the PEG-DMA hydrogel. This finding is particularly interesting because it
provides an opportunity in nanopore sensing that increasing the applied voltage can lead to larger
dwell times and larger amplitudes. In conventional sensing, changes to voltage lead to a tradeoff
between amplitude and dwell time. Hydrogel facilitated detection, specifically with solid-state
nanopores, may benefit from high voltage measurement as a single molecule can be measured for
very long duration without sacrificing signal-to-noise.

It is important to note that the model presented here only acts as a guideline for hydrogel
facilitated measurements. Measurements of neutral and negatively charged 1gG showed that
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protein-pore interaction can have a significant effect on residence time. Future work studying lipid
coated pores interfaced with hydrogels may allow the theoretical models to be more accurate, as
protein-pore interaction would be significantly diminished. Small protein measurement has yet to
be explored as well, and it is likely that proteins smaller than the hydrogel’s pore size will penetrate
the hydrogel. In this case, we would expect that the conventional model with an absorbing
boundary condition at the trans boundary would apply, with the protein’s mobility being reduced
due to the presence of the gel. Further work on the relationship between the size of the protein and

the hydrogel mesh size will help in predicting and interpreting measurements.

3.4 Materials and Methods
All materials were purchased from Sigma-Aldrich unless otherwise noted and used as received
unless otherwise noted. Immunoglobulin G 1 (IgG) and bovine serum albumin (BSA) were

dissolved in 50% glycerol, 50% 5 mM NaCl, pH 7 and stored at -20°C at 40-50 pM.

3.41 COMSOL model

All COMSOL simulations were run with COMSOL 5.3. The model consisted of a 1-D geometry
with two regions, one from 0 to 15 nm representing the pore, and one from 0 to -25nm representing
the cis side of the nanopore where an electric field is present. All physics were handled by the
transport of diluted species module in COMSOL, which tracks the concentration distribution of
particles under diffusion and convection. To translate the results from the transport of diluted
species, the computed concentration distributions were normalized such that the area under the
curve at t=0 was equal to 1. The convection velocity over the full computation space was equal to
Me*V/(Ip+la), where pe is the electrophoretic mobility of the protein, V is the applied voltage, I, is
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the pore length, and la is the cis side region representing the access resistance. The concentration
at the x=-25nm was fixed to 0 mol/m? to represent an absorbing wall. At x=15nm, either the
concentration was fixed to 0 mol/m? for absorbing wall boundary condition simulations or set to
be a no flux boundary for reflecting wall boundary condition simulations. A gaussian pulse with a

standard deviation of 0.025 nm was centered at x=0 as the initial condition.

The mesh nodes were located at 0.05nm intervals over the entire space. For simulations that
reached steady state in less than 1 ms, computed time values were set linearly from 0 to 1ms with
108 s intervals. For simulations that reached steady state at times between 1 ms and 100 s,
computed time values were set logarithmically from 102 s to an appropriately long time value,
with 500 to 700 times computed per decade. In occasional cases where steady state was reached
at times greater than 100 s, the same logarithmic spacing was used as described, though only 300
time points were computed per decade. Two domain probes were used in COMSOL to calculate
the integral of the concentration in the nanopore region and over the full space. These values along

with the concentration distribution at the given space and time points were saved.

The values were imported into MATLAB 2016a to determine dwell time distributions and
medians. To determine the dwell time distribution and medians, the integrals of concentration in
the nanopore were first normalized to the maximum value of the area under the curve of the initial
condition. The normalization turns the integrals of concentration into the probability over time that
the particle is inside the pore. 1 minus this probability gave the cumulative distribution function
of the probability that the particle was not inside the pore, and can be interpreted as the cumulative

distribution function of the dwell time. The median was the interpolated dwell time for which the
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distribution function equaled 0.5. The derivative of this distribution function was the dwell time
probability distribution, and values of the dwell time distribution at the shortest dwell times that

were negative were set to 0.

3.4.2 Formation of Nanopores

Experimental measurements were conducted as described previously. Briefly, commercially
available 15nm thick silicon nitride TEM windows (TedPella, Norcada) were coated with PDMS
on the silicon nitride face of the chip, leaving a small area of approximately 100 x 100 um, to
reduce capacitive noise. The chip was mounted in a teflon chamber which was then filled with
2mL 2M KCI, 10mM Tris-HCI, pH 9.5 on both sides of the chip. A LabView setup including an
NI USB-6251, an op-amp circuit to double the applied voltage from the LabView DAQ, and a
current to voltage op-amp circuit was first used to apply voltages from -500mV to 500mV while
measuring the resultant currents to verify that these currents were <20 pA, ensuring that the
window was intact and that there was no pinhole formation.® For hydrogel facilitated
measurements, a solution of degassed 10% polyethylene glycol (1000 MW) dimethacrylate (PEG-
DMA) (PolySciences, Inc.) in 2M KCI, 10mM Tris-HCI, pH 9.5, 10mM ammonium persulfate in
water, and 10mM tetramethylethylenediamine were mixed briefly, and 1.4 mL of this solution was
used to replace the buffer in the measurement chamber adjacent to the silicon nitride face of the
chip (trans side of the chamber). The hydrogel solution was allowed to polymerize for 10 minutes
before 600 pL of measurement buffer was added to the same side of the chamber, ensuring that

the hydrogel did not dry over the course of the experiment.
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Nanopores were formed by the dielectric breakdown method.3! Using the same LabView
controlled measurement setup, a voltage of -5 to -7 V was applied until breakdown was observed,
indicated by a sudden increase in conductance. 100ms pulses of 3 to 6V were applied to enlarge
the pore until the conductance indicated that the pore had reached the desired size, typically 20-

30nm in diameter.

In all measurements, the silicon nitride face of the nanopore was referenced as ground. A short
Ag/AgCl wire also bridged the two halves of the measurement chamber at all times that

measurements were not being taken to prevent pinhole formation.°

3.4.3 Measurement of Protein

All nanopore measurement of proteins was conducted with an Axopatch 200B amplifier, Digidata
1440B or 1322A, and the Clampex software suite at 100kHz and a 10kHz hardware lowpass filter.
Measurements were conducted in 2M KCI, 10mM Tris-HCI, pH 9.5 or pH 7. Upon formation and
growth of the nanopore, baseline currents were measured at measurement voltages to ensure that
no non-specific events were present and that baseline currents were stable for at least 10 minutes.
Applied voltage protocols included a 5 second segment where the measurement voltage was held,
typically between -20 and -70 mV, and a 2 second segment at +180 mV to electrophoretically eject
and proteins and reduce the chance of irreversible clogging of the nanopore. The sequence was
repeated, cyclically applying different measurement voltages during each iteration. After the 10
minutes of baseline measurements, immunoglobulin G (IgG) or bovine serum albumin (BSA) was
added to the cis chamber such that the final concentration of protein was 10nM. In experiments

were multiple proteins were measured sequentially with the same nanopore, the solution in the cis
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chamber was replaced with measurement buffer between protein additions to ensure that no

residual events were detected from the previous measured protein.

All data was analyzed with MATLAB 2016a, with in-house scripts (described in detail in Chapter
4) that identify events and record their amplitudes and dwell times. Error bars for median vs
voltage plots were generated by bootstrapping the dwell time distributions, with n=10000, and
taking the 5% and 95% quantiles of the median distribution as the lower and upper bounds of the

error bars.

89



10.

11.

12.

13.

14.

Benjamin, C. J. et al. Nonfouling NTA-PEG-Based TEM Grid Coatings for Selective
Capture of Histidine-Tagged Protein Targets from Cell Lysates. Langmuir 32, 551-559
(2016).

Bernhard, C. et al. Repelling and ordering: The influence of poly(ethylene glycol) on
protein adsorption. Phys. Chem. Chem. Phys. 19, 28182-28188 (2017).

Waugh, M. et al. Interfacing solid-state nanopores with gel media to slow DNA
translocations. Electrophoresis 36, 1759-1767 (2015).

Squires, A. H., Hersey, J. S., Grinstaff, M. W. & Meller, A. A Nanopore—Nanofiber Mesh
Biosensor To Control DNA Translocation. J. Am. Chem. Soc. 135, 16304-16307 (2013).

Tang, Z. et al. Gel mesh as “brake” to slow down DNA translocation through solid-state
nanopores. Nanoscale 7, 13207-13214 (2015).

Al Sulaiman, D., Cadinu, P., Ivanov, A. P., Edel, J. B. & Ladame, S. Chemically Modified
Hydrogel-Filled Nanopores: A Tunable Platform for Single-Molecule Sensing. Nano Lett.
18, 60846093 (2018).

Talaga, D. S. & Li, J. Single-Molecule Protein Unfolding in Solid State Nanopores. J. Am.
Chem. Soc. 131, 9287-9297 (2009).

Ling, D. Y. & Ling, X. S. On the distribution of DNA translocation times in solid-state
nanopores: an analysis using Schrodinger’s first-passage-time theory. J. Phys. Condens.
Matter 25, 375102 (2013).

Cox, D. R. (David R. & Miller, H. D. (Hilton D. The Theory of Stochastic Processes.
(Methuen, 1965).

Larkin, J., Henley, R. Y., Muthukumar, M., Rosenstein, J. K. & Wanunu, M. High-
bandwidth protein analysis using solid-state nanopores. Biophys. J. 106, 696704 (2014).

Plesa, C. et al. Fast translocation of proteins through solid state nanopores. Nano Lett. 13,
658-663 (2013).

Hall, J. E. Access Resistance of a Small Circular Pore. J. Gen. Physiol. 66, 531-532 (1975).

Hyun, C., Rollings, R. & L1, J. Probing Access Resistance of Solid-State Nanopores with a
Scanning-Probe Microscope Tip. Small 8, 385-392 (2012).

Firnkes, M., Pedone, D., Knezevic, J., Doblinger, M. & Rant, U. Electrically facilitated
90



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

translocations of proteins through silicon nitride nanopores: Conjoint and competitive
action of diffusion, electrophoresis, and electroosmosis. Nano Lett. 10, 2162—2167 (2010).

Ai, Y., Zhang, M., Joo, S. W., Cheney, M. A. & Qian, S. Effects of electroosmotic flow on
ionic current rectification in conical nanopores. J. Phys. Chem. C 114, 3883-3890 (2010).

Lin, D.-H., Lin, C.-Y., Tseng, S. & Hsu, J.-P. Influence of electroosmotic flow on the ionic
current rectification in a pH-regulated, conical nanopore. Nanoscale 7, 14023-14031
(2015).

Laohakunakorn, N. & Keyser, U. F. Electroosmotic flow rectification in conical nanopores.
Nanotechnology 26, 275202 (2015).

van der Heyden, F. H. J., Stein, D. & Dekker, C. Streaming Currents in a Single Nanofluidic
Channel. Phys. Rev. Lett. 95, 116104 (2005).

Balme, S. et al. Influence of adsorption on proteins and amyloid detection by silicon nitride
nanopore. Langmuir 32, 8916-8925 (2016).

Niedzwiecki, D. J. & Movileanu, L. Monitoring Protein Adsorption with Solid-state
Nanopores. J. Vis. Exp. 3560 (2011). doi:10.3791/3560

Sung, J. H., Chun, M.-S. & Choi, H. J. On the behavior of electrokinetic streaming potential
during protein filtration with fully and partially retentive nanopores. J. Colloid Interface
Sci. 264, 195-202 (2003).

Yusko, E. C. et al. Real-time shape approximation and fingerprinting of single proteins
using a nanopore. Nat. Nanotechnol. 12, 360-367 (2017).

Chun, M.-S., Il Cho, H. & Song, I. K. Electrokinetic behavior of membrane zeta potential
during the filtration of colloidal suspensions. Desalination 148, 363-368 (2002).

Mathes, J. & Friess, W. Influence of pH and ionic strength on IgG adsorption to vials. Eur.
J. Pharm. Biopharm. 78, 239-247 (2011).

Yadav, S., Shire, S. J. & Kalonia, D. S. Viscosity analysis of high concentration bovine
serum albumin aqueous solutions. Pharm. Res. 28, 1973-1983 (2011).

Fologea, D., Ledden, B., McNabb, D. S. & Li, J. Electrical characterization of protein
molecules by a solid-state nanopore. Appl. Phys. Lett. 91, 5-8 (2007).

Danielsson, A., Ljungléf, A. & Lindblom, H. One-step purification of monoclonal 1gG
91



28.

29.

30.

31.

antibodies from mouse ascites: An evaluation of different adsorption techniques using high
performance liquid chromatography. J. Immunol. Methods 115, 79-88 (1988).

Yusko, E. C. et al. Controlling protein translocation through nanopores with bio-inspired
fluid walls. Nat. Nanotechnol. 6, 253-260 (2011).

Houghtaling, J. et al. Estimation of Shape, Volume, and Dipole Moment of Individual
Proteins Freely Transiting a Synthetic Nanopore. ACS Nano acsnano.8b09555 (2019).
doi:10.1021/acsnano.8b09555

Matsui, K., Yanagi, I., Goto, Y. & Takeda, K. I. Prevention of dielectric breakdown of
nanopore membranes by charge neutralization. Sci. Rep. 5, 17819 (2015).

Kwok, H., Briggs, K. & Tabard-Cossa, V. Nanopore fabrication by controlled dielectric
breakdown. PLoS One 9, €92880 (2014).

92



Chapter 4

Nanopore measurement data analysis method based on

Hidden Markov models and Canny edge detection

4.1 Introduction

Noise in nanopore measurements results in variance in the measured blockade amplitudes,
and as a result, most studies rely on the measurement of a large population of events to accurately
quantify their data. Analysis of a large population of events is even more essential for shape
dependent measurements and dwell time analysis (such as those shown in Chapters 2 and 3) where
the entire distribution of event characteristics is important, rather than just the mean. To produce
adequate statistics, typically hundreds to tens of thousands of events must be acquired and
quantified. Parsing nanopore measurements to identify and quantify these events is almost always
performed computationally as analysis by hand is impractical given the large number of blockade
events found in most experiments.

A variety of computational techniques are used to analyze nanopore measurements. Most
studies use analysis methods that involve a threshold, set at a fixed distance from the open pore
baseline, to identify current blockades (Fig 4.1).2* Thresholding algorithms are excellent methods
of data analysis for nanopore measurement as they are typically simple, effective, and
computationally fast. However, these methods inherently cannot analyze data where the signal-to-
noise ratio (SNR) is not much greater than 1, as a satisfactory threshold will not exist to separate

blockade currents from the baseline if the data is too noisy (Fig 4.1B). Furthermore, thresholding
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Fig 4.1 (A) Simulated data that includes capacitive noise (high frequency noise that raises the noise
floor) and flicker noise (low frequency noise that appears as baseline fluctuations) is shown, with
the underlying, open pore baseline, without high frequency noise, shown in red. The time that the
pore is open, toff, and the time that the pore is occupied,ton, are indicated below the data in purple
and green marks respectively. The effect of flicker noise can be clearly seen as the fluctuations in
the red line. A baseline without flicker noise would be perfectly flat. In data with large signal
amplitude compared to noise, a threshold can be used to identify events. Here, a suitable threshold
is shown in blue, and all data below the threshold would be considered an event. Analysis with a
threshold on this data would identify events without error (B) A simulated, trace is shown with
similar flicker noise but significantly increased capacitive noise (event amplitudes and durations
are the same as in A). Threshold analysis is not possible on this data as noise spikes frequently
cross the threshold, causing the incorrect identification of too many events. Furthermore, flicker
noise in this trace causes the baseline to fall to a value near the threshold near the end of the trace.
This would lead to dramatic over detection of events as the threshold crosses the noise floor of the

baseline. This is demonstrated further in Fig 4.2.

methods rely on accurate tracking of the open pore baseline, which can fluctuate as a result of low
frequency (flicker) noise®® or drift if the pore size is unstable. Flicker noise exhibits 1/f spectral
density and in nanopore measurement, has most significant effect on the signal in the 1-1000 Hz

range. In measurement, significant flicker noise results in fluctuating baselines and higher noise
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floors. Incorrect baselines can lead to incorrect thresholds, which in turn can lead to significant
error in identification of events. Fig 4.1A and B use simulated data to show the effects of flicker
noise and capacitive noise when analyzing data with thresholding. Methods to account for baseline
fluctuation used in conjunction with thresholding compose more robust analysis methods than

thresholding alone.

The analysis methods used in Clampfit (Molecular Devices)’ and Transalyzer, a MATLAB
script published by Plesa et al.,? both account for baseline fluctuations or drift over the course of
measurement. Both methods adopt some form of a moving average to estimate the baseline,
however, these averaging methods alone can fail to estimate the baseline accurately in certain data
sets. In order for baselines the be estimated accurately by averaging, the time that the pore is open
(torf) must be much greater than the time that the pore is occupied (ton), or the estimated baseline
will deviate towards the blockade current level. Similarly, in a moving average calculation, if the
baseline shifts significantly within the window, a single average value will incorrectly approximate
the baseline over the window. As a result, data sets that have lower SNR and those that have long
duration events relative to the time scale of the baseline fluctuations can cause averaging
techniques to poorly estimate the baseline. Both Clampfit and Transalyzer employ additional
methods to account for baseline fluctuation and long duration events when analyzing data with
significant flicker noise or baseline drift. However, these additional baseline estimation techniques
still rely on thresholding, and as mentioned previously, thresholding methods can fail to accurately
parse noisy data sets. As a result, Clampfit and Transalyzer can analyze data with either long
duration events or significant flicker noise, but struggle to analyze data with both long duration
events and significant flicker noise. In some cases, this poor baseline estimation leads to incorrect

quantification of individual event amplitudes or dwell times. In more severe cases, the poor
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Fig 4.2 Threshold based methods are the most common approaches to analysis of nanopore
measurements. (A) Analysis is shown for a simple thresholding analysis (top) and for Clampfit
(bottom) which also uses thresholding, but includes baseline and event level adjustment (blue is the
threshold, black is identified baseline, red is identified as an event). Data in the left column is of
10nM IgG measured with a nanopore interfaced with a PEG-DMA hydrogel in 2M KCI, pH 10 at -
50mV (data is normalized to positive currents for consistency throughout this chapter). This data
segment shows successful analysis by both methods. Data on the right is measurement of 10nM BSA
with a hydrogel interfaced nanopore in 2M KCI, pH 10 at -20mV (data is normalized to positive
currents for consistency throughout this chapter). For this data segment, both methods incorrectly
considered noise during the event as open-pore baseline current, leading to no correctly identified
events and many false-positive detections. (B) A short segment of IgG measured with a PEG-DMA

backed nanopore at -70mV in 2M KCI, ph 9.5 is shown. This data is used here and later in this
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chapter as an example measurement that shows clear events but has significant capacitive and flicker
noise. (C) A segment of data from the same experiment as the data in (B) is shown and analyzed by
Transalyzer, which first uses an iterative method using a moving average, threshold, and event
subtraction to estimate the baseline (green line). Events are identified in a second thresholding step
(blue line is the threshold). The red dots indicate data points that were assigned to events.
Transalyzer produces a mostly accurate approximation of the baseline, but small errors in the
baseline estimate coupled with noise lead to many incorrect events. (D) ~7 seconds of data from
this experiment were analyzed by hand as a control analysis method, yielding 43 detected events.
A histogram of the average amplitude of these events is shown, with a most probable amplitude of
~1350 pA and a non-normal distribution (E). Analysis of this same segment of data by thresholding
yields 1649 events. The histogram of the average amplitudes is shown, with a most probable

amplitude near 950 pA and a normal distribution.

baseline estimation can lead to significant under- or over-detection of events. For data where the
event amplitudes are similar to or less than the noise, all threshold-based methods (such as
Clampfit and Transalyzer) cannot discern events accurately without low pass filtering, though
filtering can reduce amplitudes of short duration events making them indistinguishable from
noise.2® Example analysis of experimental data is shown in Fig 4.2, showing successful and
unsuccessful analysis with thresholding methods.

In addition to thresholding methods, other approaches to parsing hanopore measurements
have been demonstrated.>* In particular, Hidden Markov models (HMMs) are well suited for
nanopore analysis, being frequently used for intraevent analysis of nucleic acid sequencing data.'®-
12 HMMs have also been shown previously for data analysis of high-bandwidth measurements

where SNR is low.*® This method was very effective for parsing noisy measurements, but it was
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demonstrated on measurements with biological channels, where baseline fluctuations are very low.
In solid-state nanopore measurement, baseline fluctuations can be significant in relation to event
amplitude, and HMMs will fail to identify events accurately in data sets with significant baseline
fluctuations. HMM analysis of nanopore measurements is discussed in greater detail later in this
chapter.

We have developed a program that improves the parsing of nanopore data by addressing
issues in thresholding and HMM-based analysis methods. Our method uses unsupervised HMM
and a highly modified Canny edge detection* together to estimate a baseline and accurately
identify event locations in noisy data traces with short and long duration events. HMM and Canny
edge detection work together to addresses weaknesses in each technique to yield a robust analysis
algorithm. Here, we discuss the implementation of HMM and Canny edge detection separately,
and also show a data analysis algorithm that exploits both methods. We demonstrate these analysis
methods on measurements of protein with nanopores interfaced with polyethylene glycol
(1000MW) dimethacrylate (PEG-DMA) hydrogels. These measurements typically exhibit more
noise than conventional solid-state nanopore measurements and event durations range from tens
of microseconds to over ten milliseconds, making these measurements difficult to analyze by
previous analysis methods. The algorithm presented here accurately parses these data sets,

demonstrating the robustness of the method.

4.2 Results and Discussion
4.2.1 Common methods of nanopore data analysis

Most commonly used methods of nanopore data analysis rely on thresholding, defining
events by regions where the measured current exceeds a fixed value above the baseline. As
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discussed previously, thresholding methods can fail when analyzing noisy data sets. Below, we
use Clampfit” and Transalyzer,? both using thresholding in conjunction with other methods, as
examples to demonstrate limitations of threshold analysis (Fig 4.2).

Clampfit, a data analysis software included in the pClamp (Molecular Devices) software
suite used commonly in nanopore research, identifies events by comparing currents to user defined
values for the baseline and the event amplitude, marking the location of events by a threshold
placed halfway between these two current values.” Clampfit handles drifting baselines and flicker
noise by updating the defined baseline and event levels while parsing through the trace, setting the
baseline level as the average current between any two events. This method leads to accurate
detection of events if the baseline does not shift significantly between events but is not accurate if
events are spaced significantly apart or there is significant flicker noise. Also, in our experience,
for events that are particularly short (< 4 data points), Clampfit does not accurately mark the start
and end of events, leading to incorrect recorded dwell times and amplitudes. Lastly, as this method
relies on a threshold to identify events, event amplitudes that are near to the noise floor of the
baseline can lead to poor event identification.

Plesa et al. have also developed an effective tool in MATLAB to analyze nanopore data,
Transalyzer.? Transalyzer calculates a moving average to approximate baseline currents. A simple
moving average method to determine baselines can have significant error if the time that the pore
is occupied (ton) is similar to or larger than the time that the pore is free (toff). To address this,
Transalyzer calculates the baseline is multiple steps. The first step involves a simple moving
average to provide an initial guess at the baseline and the location of events. In subsequent steps,
the regions that are previously determined to be events are replaced by the value of the calculated

baseline at the start of the event, effectively removing the events from the current trace. This
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method is very effective for baselines that do not drift significantly. However, when flicker noise
is significant, the moving average window must be shortened to ensure that the baseline is correctly
approximated, but if an event is longer than the moving average window, the baseline will not be
correctly calculated and Transalyzer will miss the event. Therefore, Transalzyer will fail to
correctly locate events if the baseline exhibits significant flicker noise or if the event durations are
long enough to exceed the moving average window length. As with all thresholding algorithms,
Transalyzer will also fail to correctly identify events if the event amplitudes near the noise floor
of the baseline.

Two example data traces analyzed by Clampfit and Transalyzer are shown in Fig 4.2A. For
traces where the baseline has relatively low noise and event amplitudes clearly exceed the noise
floor, both methods can effectively identify blockade events and their boundaries. If the SNR
decreases, flicker noise increases, or ton t0 toff ratio increases, these methods are unable to
accurately identify event locations from the baseline, resulting in analysis that can have significant
error. Fig 4.2B shows a short segment of data from a measurement of IgG with a hydrogel backed
nanopore at -70mV in 2M KCI, pH 9.5. This data set is used throughout this chapter as an example
data set that shows clear events, but the presence of significant flicker noise and capacitive noise
leads to poor analysis with most methods. A segment of this data from this experiment, analyzed
by Transalyzer, is shown in Fig 4.2C. Transalyzer’s method of subtracting events to estimate the
baseline is mostly effective, but because the method uses thresholding and a moving average, small
deviations in the baseline estimation and significant noise in the data lead to a significant number
of errors in detection. Approximately 7 seconds of data from this experiment was analyzed by hand
as a benchmark analysis method and also analyzed by thresholding, setting the threshold at 3.5 the

standard deviation of the baseline currents. The threshold was determined iteratively to produce
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the least error. The 7 second data set contained 43 events, but when analyzed by thresholding,
1649 events were detected with only 2 events correctly identified. This massive over-detection is
a result of the high flicker noise and low SNR, which results in frequent misidentification of noise
as events, regardless of where the threshold is set. Histograms of the average amplitude as found
by both analysis methods are shown in Fig 4.2D and E, demonstrating the significant error caused
by the poor analysis with the thresholding method.

The threshold-based methods of nanopore data analysis have been very effective for many
types of solid state nanopore data. For example, nucleic acid measurements are often analyzed
successfully by thresholding because these events are typically short in duration relative to the
time in between events, and the blockade amplitudes can far exceed the capacitive noise of solid
state nanopores. We have recently demonstrated that a hydrogel placed on the distal side of a
nanopore can significantly increase the duration of protein translocation events, from ~20-40 ps
to 40-10000 us (as shown in Chapters 2 and 3). The presence of the hydrogel also increases the
noise as well, and as a result, thresholding methods are not effective for identification of these long
duration protein events (as shown previously in Fig 4.2). Proteins are also able to induce varying
current blockades within a translocation event due to shape-dependent effects, as shown
previously,'>® which can additionally make it difficult to accurately identify single events with a
threshold based analysis method. These orientation changes coupled with baselines that can
fluctuate significantly make Clampfit ineffective at analyzing this data. The large ton relative to tos
makes it difficult for Transalyzer to correctly identify the baseline, even through iterative baseline
recalculation. As mentioned previously, both methods cannot successfully analyze measurements

where the SNR is near or less than 1.
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4.2.2 Hidden Markov modeling

We address this problem by utilizing Hidden Markov Models (HMMs), which are well
suited for nanopore measurements'®*!’ as these measurements can be considered Markov
processes. In a Markov process, the probability of the value of any given data point is dependent
only on the data point immediately preceding it. Data from nanopore measurements does not
exhibit any “memory” and therefore can be considered a Markov chain; the value of the next data
point depends only on whether, at the previous data point, a particle was inside the pore and the
chance that a particle leaves/enters the pore. Markov models can be defined by the possible states,
the emission probabilities of those states, and the probabilities that, given a data point, the
subsequent data point remains in the same state or switches states (transition probabilities).

In the case of typical nanopore measurement, the system has two states, open pore
(baseline) and occupied pore (event), where the emissions are the measured currents (Fig 4.3A).
Each state, baseline and event, has unique emissions with different means and distributions
(measured current distributions) that describe the noise and characteristics of those states. For
example, for a perfectly flat baseline with capacitive noise in hanopore measurement, the emission
probability distribution for this state would be a gaussian distribution with the mean as the mean
of the baseline and the standard deviation of the distribution set dependent on the noise
characteristics. Similarly, an event will have its own unique emission distribution with a mean and
possibly standard deviation different from the baseline emission distribution. The ton and toff
characteristics of nanopore data can be translated to transmission probabilities, where, for example,
a data set with a low toff would have a higher transition probability from baseline to event state and

a lower transition probability of remaining in the baseline state.
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expectation maximization algorithm can take just the measured currents (emissions) and train the
HMM parameters (1 and o for each state, transition probabilities) and also infer the hidden states
of the data (typically baseline and event states, as shown in panel A). (C) HMMs were used to
analyze two measurements of 1gG with hydrogel interfaced nanopore. Analysis of a data set where
the baseline is relative low noise and flat compared to event amplitudes shows that the baseline
(black) and events (red) were identified well without significant number of false-positive or missed
event detections (measurement at -45 mV). Inset shows the emission distributions for the two states.
(D) Analysis of a nosier data segment, with particularly significant flicker noise and longer dwell
time events, shows poor identification of baseline and events, and HMM incorrectly labels regions
within the two longest events as baseline. These errors lead to a high number of false positive events
and therefore, significantly affect measurement statistics. (Same data as shown in Fig 4.2B for

comparison)

Although nanopore measurements can be described well by Markov models, the states are
not directly observable and only the emissions (measured currents) can be observed. HMMs and
their associated algorithms can help solve problems associated with observable emissions with
underlying states (Fig 4.3B. Specifically, unsupervised HMMs can use expectation maximization
algorithms to take the observed emissions (the measured currents) and find the best fit parameters
for a Markov model (the emission spectra of the states, transition probabilities) and provide a guess
for the underlying sequence of hidden states (identify which data points are baseline currents and
which data points are event currents). Here, the HMMSs used assumed Gaussian emission spectra,
where each state has a unique mean and standard deviation. Because event currents are inherently
lower in magnitude than the baseline, the HMM will typically converge on a solution separating

the baseline and event currents due to differences in their means. It is worth noting that blockade
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currents will not always exhibit Gaussian emission spectra, for instance when measuring the shape
of proteins,'>® but in our experience, this assumption does not interfere effective data analysis.

An additional advantage of HMMs as compared to thresholding methods is that Markov
models account for both the amplitude of the events (the emission distributions) as well as the time
during and in between events (transition probabilities). As a result, analysis using HMMs reduce
the chance of identifying random noise as events, while still being able to identify large, short
dwell time current blockades as events. In contrast, threshold-based methods only look at the
amplitude of the data to identify events.

We opted to use the hmmlearn package in python because functions have already been
developed for unsupervised training of hidden markov models using the Baum-Welch algorithm.*8
This unsupervised training only requires the data to be analyzed and the number of states. Initial
guesses for a set of solvable parameters - the mean of both states, the variance of both states, and
the transition probabilities - can be provided or default guesses can be used. The learning algorithm
starts with the given initial guess for these parameters and iteratively adjusts the parameters until
convergence is reached. In our experience, typical nanopore measurements and hydrogel
facilitated measurements do not require optimized initial guesses for these parameters to yield
converged and accurate analysis. Because efficient algorithms for solving parameters are well
known and nanopore data is well suited for this method, implementation of HMMs to nanopore
data is simple and computationally fast.

Figure 4.3C shows event detection by HMMs on hydrogel facilitated detection of 1gG, with
analysis assigning current regions as baseline and event without error. The data set is optimal for
HMM as the events are clearly distinguishable from baseline and the baseline does not

significantly fluctuate. The inset shows the emission distributions of the two states of the data (all
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points histograms). This data set is a trivially analyzed by HMM because the baseline distribution
is Gaussian and the emission spectra of both states are strong separated.

Because HMMs assume that the emissions distributions are the same for the entire duration
of the data trace, HMMs fail when baseline drift or flicker noise has an amplitude similar to or
larger than the event amplitudes. In these cases, the true mean of the emission distribution for the
open pore and the occupied pore state is changing over the course of the experiment, but HMMs
do not account for any change in emission spectra over time. Given data that exhibits significant
baseline change, HMMs will converge on a set of state guesses that do not correctly identify the
baseline and event regions. Fig 4.3D shows an example trace where HMM was not able to correctly
identify the event and baseline regions of the data trace. Although the majority of the trace is
assigned accurately, the errors in the two longest events of this trace result in the fragmenting of
those long events into many shorter events. As a result, the statistics in analysis are significantly
affected. The emission spectra shown in the inset of Fig 4.3C overlap significantly, and notably,
the spectra meant to be associated with the baseline is non-Gaussian as a result of the significant
flicker noise and partial inclusion of event data in this state. This further indicates that HMM was

not able to converge on a satisfactory guess at the hidden state sequence.

4.2.3 Canny edge detection and baseline reconstruction

The issues HMM suffers with high variance baselines can be addressed if the baseline can
be accurately estimated through a second computational method. Once an accurate baseline is
resolved, this baseline can be subtracted from the raw data, leaving a baseline adjusted data set
that is suited for HMM. The fluctuating baselines make thresholding methods ineffective, so a new

method of calculating event locations and the baseline is needed. Because translocation events are
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most easily visually identified by obvious, sudden shifts in current, we opted to utilize an edge
detection algorithm to identify events.

Canny edge detection has been an established and effective algorithm for edge detection in
images and is still effective for 1-D data analysis.** This method typically occurs in five steps: 1)
filter out noise by convolving the data with a Gaussian filter (smoothed data) 2) convolve the data
with a second filter that has the shape of the first derivative of a Gaussian in order to generate
signal where there are edges (edge plot) 3) set all data points that are not local maxima to 0 (non-
maximal suppression plot) 4) Use a threshold to identify which edges to keep 5) remove low
intensity edges that are not connected to high intensity edges. For 1-D data, the last step does not
apply.

This edge detection method can fail to adequately identify edges in certain types of data
and has been modified previously to suit different applications.**?* Our method also modifies the
algorithm to increase the quality of analysis for nanopore measurement data because the core
algorithm does not adequately handle the varying noise, amplitude, and dwell times of nanopore
current blockade events.

For consistency, we first sign-correct the data so that all currents are positive, and events
are facing downwards (toward zero) relative to the baseline (Fig 4.4A). The raw data is then
convolved with a Gaussian kernal with a fixed standard deviation (o) (Fig 4.4B), reducing noise
in the trace. We then subject the filtered data to another convolution, this time with the first
derivative of the Gaussian operator with the same ¢ (Fig 4.4C), which is referred to as an edge plot

from here forward. The convolution produces local maxima in the edge plot corresponding to the
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Fig 4.4 A modified Canny edge detection method can be used to analyze nanopore measurements
and identify events. (A) Example measurement used here is IlgG measured with a hydrogel interfaced
nanopore in 2M KCI, pH 9.5 at -45mV. Data is sign corrected to positive currents for consistency.

(B) The data trace is first convolved with a Gaussian kernel to reduce noise (kernel shape shown in
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box on right). (C) The filtered trace is then convolved with a first derivative Gaussian kernel (shape
shown in box to the right) to extract the gradient information of the data. Larger values in this step
indicate the presence of edges. A threshold is calculated from a segment of event-free data. Values
in the post-convolution trace that are less than this threshold are set to 0, and the remaining values
exceeding the threshold are set to 1. (D) The previous steps are repeated, but for convolutions
kernels of varying o. The resultant traces are added point-by-point to produce an edge plot that has
contribution from the convolution steps with different o kernels. (E) All local non-maximum values
are set to 0, and if a local maximum is over a plateau, the data point corresponding to the steepest
slope in the raw data is identified as the local maximum. (F) A final thresholding step identifies the
strongest edges, and events are identified by taking pairs of rising and falling edges that leave and

return to values near the baseline.

locations of edges, with the sign (+/-) of each peak indicating the edge’s direction (“rising” or
“falling”, i.e. the sign of the derivative with respect to time). Identical convolutions are also
performed on a segment of data where no events are present. The maximum value from the edge
plot of this control data segment is used as a threshold. All points in the edge plot below this
threshold and all points that are not local maxima are set to 0, and the remaining points, which
should all correlate to the location of detected edges, are set to 1, producing a binary edge plot
indicating the locations of detected edges.

Different values of o for the convolution filter result in increased or decreased contrast of
certain edges dependent on the number of data points between two edges (Fig 4.5). For example,
convolution filters with a large ¢ (200 data points or greater) will obscure edges associated with
events shorter than 4 data points or particularly high frequency event translocations, while a
smaller ¢ (10 data points or less) will not have significant contrast for signal of edges that are

associated with long duration events and will introduce more false-positives. To ensure that all
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Fig 4.5 The edge contrast in the edge plot depends significantly on the width of the convolution
filters used to generate the edge plot. (A) A measurement of IgG is shown with relatively short
duration events. (B) Deriving the edge plot with convolution kernels with a ¢ of 2 data points shows
clear signal for the location of the edges. (C) Convolving the same data with filters with a ¢ of 200
data points produces a trace with no identifiable edge locations and low intensity at the edges. (D)
A different measurement of 1gG is shown where event durations are typically longer. (E) The edge
plot of this data when convolved with kernels with a ¢ of 2 data points show clear signal for the
event edges. (F) The same data can be convolved with filters with a ¢ of 200 data points, and the
signal for edges is very prominent compared to background, especially for longer duration events.
Large o convolution filtering can show edges in extremely noisy data if event durations are

sufficiently long.
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types of events are accurately identified, a data trace is convolved multiple times with filters of
varying ¢ from 1 to 500 data points. The binary edge plots for each ¢ are summed up point-by-
point, and the resulting summed edge plot should show significant signal for edges regardless of
the event and interevent durations (Fig 4.4D).

This summed edge plot then undergoes non-maximal suppression (NMS) and thresholding
to determine the location of event edges (Fig 4.4E). In cases where there is a plateau at the local
maximum, the first derivative is taken in the region, and the edge is assigned to the point with the
highest derivative as we expect the center of the edge to have the steepest slope. A thresholding
step is conducted on the NMS plot to retain the strongest edges. In our experience, thresholds of 3
to 4 (three to four of the various o convolutions agree on the presence of an edge) usually have the
least number of false-positive events while still detecting nearly all edges in typical measurements.
As a final check to ensure the elimination of false positive edges, the amplitude of each edge is
calculated; edges with amplitudes below a minimum threshold, set at 2.8 times the standard
deviation of the event-free data (an approximation of the noise level of the nanopore measurement)
are removed.

This method can analyze traces with high signal-to-noise ratio successfully without any
additional processing, but noisier measurements may yield unacceptable error rates. As a result,
we use this modified Canny edge detection to produce a high-quality estimate of the baseline
currents. By identifying the locations of blockade currents and their associated edges, events can
be subtracted from the data trace, leaving an event-free baseline estimation. Because an undetected
event during this event subtraction has a higher penalty than a false-positive event detection, we

do not threshold in the last step of our modified method when estimating baselines. Instead, all
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Fig 4.6 Data of 1gG measured with a PEG-DMA backed nanopore in 2M KCI, ph 9.5 at -70 mV is
shown. Analysis of this segment of data with the modified Canny edge detection algorithm shows
accurate analysis of all events (top, events highlighted in red). Here, no threshold was used in the
final step, and all edges were accepted to ensure that no events are missed. Data during events are
subtracted by the average height of the leading and trailing edges of each event. The resultant trace
is low pass filtered, yielding an estimate of the baseline that does not include capacitive noise but
retains low frequency noise (middle, green line is the baseline estimation). The estimated baseline
can be subtracted from the original trace to produce a trace that has a perfectly flat baseline and

retains all events and their characteristics (bottom).

edges that produce non-zero signal after the NMS step are accepted. This ensures that all current
blockades are captured.
After edge detection, events are then defined by two criteria (Fig 4.4F). Events must have

both a leading edge (decrease in current) and trailing edge (increase in current) that are in opposite
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directions, and the trailing edge must return to a current value that at least within the noise (2.8
times the standard deviation) of the baseline before the leading edge. Once events are identified
by assigning edge pairs according to these conditions, each event region is subtracted by the
average amplitude of each event’s leading and trailing edges, effectively removing events from
the experimental data. The trace is the low pass filtered at 25 Hz to produce a baseline that retains
the flicker noise of the original data set but not the high frequency noise characteristics. As a final
step, the entire baseline calculation method is repeated on the newly calculated baseline to ensure
that any previously unidentified events or events in which two conductance steps are present (such
as when two analytes occupy the pore simultaneously but have unique entrance or exit times) are
removed in the second iteration. Figure 4.6 shows baseline estimation and subtraction on
experimental data.

The result of the edge detection-based baseline is a significant improvement over other
baseline reconstruction approaches that rely on averaging methods because the edge detection-
based baseline only makes adjustments at event locations. As a result, baselines can be successfully

estimated for measurements with significant flicker noise and long duration events.

4.2.4 Hidden Markov modeling with edge detected baseline correction

Subtracting the baseline predicted by the edge detection method produces good HMM
candidate data for measurements that would otherwise fail with HMM. Figure 4.7A shows the
same trace in Fig 4.2B and Fig 4.3D that was not successfully analyzed by thresholding or HMM
alone (Fig 4.7B reproduces the HMM analysis for comparison). Analysis with these methods led
to a falsely high number of detected events. Fig 4.7C shows analysis of the same segment of data

using only edge detection. Edge detection also has an unacceptable error rate, with a large number
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Fig 4.7 HMM can be used with the modified Canny edge detection algorithm to analyze data traces
with significant noise. (A) A measurement of IgG with a hydrogel backed nanopore is shown (same
data is shown in Fig 4.2B) (B) Analysis of this data with HMM inaccurately identifies event regions
as baseline (black regions are identified as baseline, red regions are identified as events). (C)

Analysis of this data with edge detection also fails to accurately identify all events, with a
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significant number of identified false positive events in the baseline. (D) Events detected by edge
detection can be removed, and the resulting trace can be low pass filtered to produce a good estimate
of the baseline (green line). Subtracting this baseline from the original data can remove effects of
flicker noise while retaining all events in the data (shown in Fig 4.6). HMM can analyze this data
with minimal error. (E) A ~7 second segment of data from the same experiment as the data shown
in Fig 4.5A was analyzed by hand to ensure accuracy, and a histogram of the average amplitude of
events is shown. 43 events were identified. (F) Analysis of the same data with HMM produces an
average amplitude distribution that has a lower most probable amplitude and is significantly
different in shape and due to a significant false-positive event rate. (G) Edge detection alone is
more accurate than HMM or thresholding at analysis of this data with 40 detected events, but 10 of
these events were incorrectly assigned, and the histogram shows significant difference from the true
histogram. (H) Estimating the baseline with the modified Canny edge detection algorithm and then
analyzing the data with HMM is the most accurate method and identifies 44 events, 42 of which are
accurately assigned. The histogram of amplitudes identified with this method closely matches the
histogram in (E). (1) For comparison, the data was also analyzed using Transalyzer? which also
estimates the baseline through event subtraction before analysis, though the method uses
thresholding methods for all event detection. Transalyzer detected 82 events, of which only 25 were
accurate, and the histogram does not match the true amplitude histogram. The method outperforms
HMM alone for data with significant flicker noise, but is still not accurate enough for analysis of

data that exhibits significant flicker noise along with capacitive noise and long duration events.

of false positive events generated by baseline noise. The baseline can be estimated by subtracting
the events detected by edge detection, and this baseline can be subtracted from the original trace.
The baseline adjusted data retains all events but does not have any flicker noise, and HMM can

accurately analyze this data without any error (Fig 4.7D).
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The need for accurate analysis is highlighted by the amplitude distributions of events
detected by these methods. For reference, Fig 4.7E shows the average amplitude distribution of a
~7 second segment of data from the same experiment as the data shown in Fig 4.7A which was
analyzed by hand to ensure accuracy (the same segment analyzed in Figs 4.2B-E and 4.3D). The
histogram shows a most probable average amplitude of ~1350pA and an asymmetrical distribution.
The same segment of data was analyzed, in 7 separate, one second long segments with HMM alone
(segmenting the data like this increased accuracy), detecting 253 events and yielding the histogram
shown in Fig 4.7F, where amplitudes were calculated as the average amplitude during an event
subtracted by the mean current of the baseline state in the segment. The histogram shows a most
probable average amplitude of ~650pA, significantly different than the true average amplitude.
Using edge detection alone, with edge thresholds optimized for accuracy, 40 events were detected,
though only 30 of these events accurately identified the bounds of the event. The histogram for
this analysis is shown in Fig 4.7G with event amplitudes calculated as the difference of the average
event current and the baseline current preceding the event. The amplitudes have a most expected
value of ~1250pA, but the shape of the distribution is noticeably different from the true
distribution. Fig 4.7H shows a histogram from the analysis of this data using the hybrid Canny
edge detection and HMM method which identified 44 events, of which 42 were accurately
analyzed. As a result, the histogram shows agreement with the true histogram (Fig 4.7E).
Amplitudes were calculated similarly to the edge detection analysis. It is worth noting that this
data set was selected as an example as it exhibits significant flicker noise, low SNR, and long
duration events, and as a result, none of the methods were fully accurate, though the 95.5%
accuracy of the baseline adjusted HMM provides adequate statistics when interpreting the data. In

measurements that exhibit fewer of these difficult measurement characteristics, the methods here
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Correctly Identified Incorrectly

Analysis Method % Correct
Events Identified Events

Manual Analysis 40-43 - -

Thresholding 2 1647 0.1%
Transalyzer? 25 57 30.5%
HMM 34 219 13.4%
Edge Detection 30 10 75.0%
Baseline Adj. HMM 42 2 95.5%

Table 4.1 Comparison of analysis methods. Table shows number of correctly identified events,
incorrectly identified events, and the percentage of correctly identified events from all events for a
~7 second segment of data measuring 1gG with a hydrogel backed nanopore at -70 mV in 2M KClI,
pH 9.5. The data segment exhibits significant flicker noise, low SNR, and has long duration (> 1
ms) events. (Example traces shown in Fig 4.1B and 4.5A. Histograms shown in Fig 4.1C and Fig

5E-H).

would all most likely increase in accuracy. The method presented here using modified Canny edge
detection and HMM is robust enough to accurately analyze a wider range of measurements without
modification. A summary of the analysis methods on this data, including thresholding, is shown
in Table 4.1.

In our experience, this method, which exploits both HMM and a modified Canny edge
detection algorithm, is robust enough to analyze most nanopore measurements. However, there are
two cases where the method fails to adequately analyze data. If the edge detection algorithm cannot
accurately estimate the baseline, HMM will also fail to accurately identify events. Typically,

baseline miscalculation occurs over the region of a single event or a few events, and we address
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this by correcting the estimated baseline by hand. HMM can also fail to accurately parse data if
event frequency is very low or if event duration is extremely long. In these cases, the HMM’s
transition probabilities converge on incorrect values, regardless of initial guesses. This failure
mode is particularly catastrophic, as HMM will detect a large number of false positive events in a
low frequency data trace, entirely masking the true event statistics. For data sets that have low
event frequency and long dwell times, down-sampling the data can resolve this issue. However,
we can estimate event duration and event frequency by edge detection to determine if HMM can
successfully parse the data. Since edge detection is already performed on the data trace for baseline
estimation, this calculation does not add significant additional computation time. In cases where
the mean tofr Or ton iS OVer 3 seconds at an acquisition rate of 100 kHz, which is a conservative
threshold, we use edge detection as the only analysis method and omit HMM. Figure 4.7
summarizes the full data analysis workflow.

This workflow ensures that all traces can be analyzed by the method introduced in this
chapter. For most data, the algorithm can successfully parse data sets and identify events without
error. In especially noisy data, the algorithm typically outperforms other methods, but can still
miss or incorrectly identify some events. In these cases, manual supervision of the analysis, usually
adjustment of poor baseline estimations around single events, is needed to ensure high quality
analysis. Although this manual supervision increases time commitment for analysis, we find that
for these difficult data sets, the method presented here is still the most efficient method for analysis

with minimal error.
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Fig 4.8 A summary of the data processing workflow is shown. Edge detection steps are shown in
blue and HMM related steps are shown in red. Data first undergoes the modified edge detection
described in this chapter, using a user provided event-free data set to determine the threshold of the
edge plot. The final threshold is set at 1 to ensure all detected edges are retained and ensuring that
no events are missed. Using this analysis as an approximation, the average ton and toss times are
estimated, and if either is over 3 seconds, edge detection is used to identify events, though the final
threshold is set at 3 or 4 in this iteration to reduce the number of false positive events. In cases
where the average ton and tosr times are below 3 seconds, the identified events are subtracted from
the raw trace, and the data is filtered to produce a baseline estimate. To ensure all events are

removed, the entire edge detection process is repeated, and additional detected events are also
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subtracted from the trace. The baseline estimate can then be subtracted from the raw data, and HMM
can be used to identify the event locations. If needed, the baseline estimate can be manually
adjusted, and the baseline adjusted data can be reanalyzed by HMM without repeating the entire

workflow.

4.3  Conclusion

HMM, edge detection, and thresholding methods are all capable of accurate analysis of
lower noise nanopore measurements with no other facilitated methods. However, for traces with
low signal-to-noise ratio, thresholding can fail to accurately identify events. Here, we capitalize
on HMMs and a modified Canny edge detection algorithm to make a more robust data analysis
method, especially for noisier measurements. The methods address weaknesses that either method
would have when used alone. HMM is only effective when the baseline fluctuation is smaller than
event amplitudes. Edge detection, as discussed earlier, misidentifies events on noisy data with
enough frequency to cause deviations in event statistics. However, because edge detection can still
yield a reliable event-free baseline, the method can be used with HMM to produce high accuracy
event identification.

Although thresholding-based methods can be effective for many nanopore measurements,
the method shown in this chapter is effective on a greater range of data sets. For example, hydrogel
facilitated measurements of proteins, as shown in Chapter 2 and 3, can exhibit high event
frequencies and long dwell times (ton/tofr Can be near or greater than 1), and, because the
measurements are performed with solid state nanopores, flicker noise and capacitive noise. We
have found these measurements to be difficult to analyze with other methods, and therefore used
these data sets as benchmarks for this work. For measurements of nucleic acids and more recently,

proteins, studies are using high bandwidth measurement to enable new measurements.®2>% High
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bandwidth measurements may also require a more robust analysis method as these measurements
are plagued by increased capacitive noise at higher frequencies.

Further work would include exploring how HMM handles multi-level current blockades,
as may be seen from multiple particles occupying the pore simultaneously. A potential advantage
of HMM may be the ability to separate current blockade levels within an event without additional
processing. The method here also requires a control, event-free data trace to determine appropriate
thresholds, but many methods that use Canny edge detection determine these thresholds by
processing the raw data.?*?*?" Including a method to determine the best thresholds from raw data
would increase convenience of analysis and may reduce issues in analysis when poor event-free

traces are provided.

4.4 Materials and Methods

4.4.1 Data analysis

All analysis was conducted using MATLAB 2016a and Python 3.6. HMM training was performed
using the hmmlearn package in Python with the GaussianHMM model. Training was conducted
for two states for all data, and all initialization parameters for the HMM model were left to default
except for transition probabilities, which were set to 102° for transition between states and to 1-
102 for probability to remain in state. Adjusting initialization parameters, including transition
probabilities, did not significantly affect the learned parameters, and we did not have to adjust

initializations for each data set.

The data analysis method discussed in this paper was integrated into a graphical user interface
(GUI) which could accept data, perform the analysis, adjust estimated baselines, plot detected
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events, and export event statistics. The HMM functions were called from MATLAB using built in

support for Python. Modified Canny edge detection was conducted entirely in MATLAB.

4.4.2 Data collection

Measurements were taken as described previously in Chapter 2. Briefly, 15nm thick silicon nitride
TEM windows (Norcada, Tedpella) were coated in PDMS to reduce capacitive noise?® and
mounted in Teflon fluidic chambers. The chamber was filled on both sides with ethanol and placed
under vacuum to remove any air bubbles and to ensure wetting of the TED window. The ethanol
was then replaced with 2M KCI, pH 9.5 on the cis half of the chamber and a PEG (1000)-DMA
hydrogel in the same buffer on the trans side. Gel was polymerized with 10mM ammonium
persulfate and 10mM tetramethylethylenediamine. After polymerization, additional buffer was
added to the side of the hydrogel to ensure that the hydrogel does not dehydrate during the course
of the experiment. Nanopores were formed by dielectric breakdown?®-3! and grown to a ~25nm
diameter. Nanopores were subsequently measured with an Axopatch 200B (Molecular Devices)
amplifier and Digidata 1440B digitizer (Molecular Devices) to ensure that currents were stable
and free of any contaminant. Protein was then added to the side of the nanopore opposite of the
hydrogel and measurements were taken until at least several hundred events were acquired.

Measurements were taken at voltages between -70 and -20 mV typically.
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Chapter 5

Future Directions

5.1 Summary

Nanopores are powerful single molecule sensors, with the ability to directly probe physical
characteristics of molecules through electrical measurement. Proteins are particularly interesting
targets because of their relevance in medicine and biology, and in contrast to nucleic acids, which
have been extensively studied with nanopores, their folding structure informs greatly on their
identity and function. Nanopores, in theory, can probe the size, shape, volume, charge, and dipole
moment of proteins in native conformation,'? making them highly capable tools to measure native
proteins. However, theoretical and experimental work has shown that proteins translocate through
pores too rapidly to be resolved accurately. Here, it is shown that a hydrogel placed on the distal
side of a nanopore can sufficiently increase the residence time of proteins to be resolved accurately
by typical measurement apparatus. Measurement of IgG, BSA, Streptavidin showed event
frequencies that exceeded diffusion-based theoretical predictions at concentrations multiple orders
of magnitude below those used typical protein studies. Dwell time distributions extended to
significantly greater times, with events extending to tens of milliseconds in duration. Event
amplitudes agreed with the volume of proteins as calculated from current blockade models.>® As
a result of the enhanced detection with a hydrogel, 1gG and BSA could be measured simultaneously
in mixture and current blockades informed on the particle shape, though the dipole moment was

incorrectly measured.
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A model was presented to describe the capture mechanism and dwell time of protein
measurement with hydrogel backed nanopores. It was shown that, for IgG and BSA, the median
dwell time of measured events increased with increasing voltage, suggesting that neither protein
could penetrate the hydrogel. The result is particularly interesting because the mechanism allows
for increased dwell time and increased blockade amplitude at increasing voltages, in contrast to
conventional sensing. Because the hydrogel is impermeable, the residence time was also shown to
be much more sensitive to the diffusivity and electrophoretic mobility of the protein.

In Chapter 4, a novel method to analyze nanopore measurements was presented using
hidden Markov models® and a modified Canny edge detection algorithm.” The method addresses
difficulty in analyzing data that shows significant flicker noise, capacitive noise, or has long
duration events at high frequency, such as data produced by hydrogel facilitated detection of
protein. The presented method uses two steps: 1) a modified Canny edge detection to estimate a
baseline and remove flicker noise from the baseline, and 2) an unsupervised hidden Markov model
to analyze the baseline adjusted traces. The method is robust enough to analyze a large variety of
data, including noisy traces or traces with long dwell times which cannot be analyzed by other

computational methods.

5.2 Future Work
5.2.1 Exploring limits of hydrogel facilitated detection of proteins

Subsequent work should investigate the limits of hydrogel facilitated detection. Here, aside
from the addition of the hydrogel, our measurement protocols were similar to those used in
previous studies. In previous measurement, the range of measurable conditions was significantly
limited by the difficulty in measuring proteins. For example, concentration of protein and the size
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of measurable proteins had limited ranges defined by the need to produce detectable signals above
background. With hydrogel facilitated detection, results already indicate that the range of
measurable conditions is significantly increased and that the work shown so far has not approached
protocol limits. Exploring these protocol limits as well as other measurement parameters, such as
applied voltage, will define the scope of application for hydrogel facilitated detection of native
proteins.

In our work, we measured protein at a concentration of 10 nM. While this concentration is
already 1-4 orders of magnitude below protein concentrations used in other studies,?° our high
measured event rates suggest that protein concentration can still be reduced further. The
concentration detection limit is one of the most important parameters that defines the scope of
application for a sensor. For instance, a wide variety of relevant biomarkers circulate at the
picomolar concentration range, such as vascular endothelial growth factor, whose expression
levels can indicate rheumatoid arthritis and certain cancers,®'? and human epidermal growth
factor receptor 2 (HER2/neu), which can indicate for breast cancer.!®>!* Reduced concentration
detection limits are also generally important for research or clinical applications where sample
volume is limited.

Future work should also investigate size limits of detection. To our knowledge, there are
no known reports measuring small proteins (<40kD) using standard measurement apparatus.
Although Larkin et al. have measured smaller proteins in the 10-30 kD size range, their
measurements specifically relied on use of a high-bandwidth amplifier not commonly used in most
nanopore studies and nanopores with diameters that were specific to the size of the measured
proteins. The long dwell times of blockade events in hydrogel facilitated detection may make

measurement of smaller proteins possible without tailoring the size of the nanopore specifically to
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target proteins. Additionally, hydrogel facilitated detection has the unique property of increased
amplitude and dwell time with increased voltage (for proteins measured thus far). Exploiting this
behavior may reduce both the size and concentration detection thresholds. Similarly to
concentration limits, exploring the size limit of hydrogel facilitated detection informs on use-cases
in the future.

In addition to the size detection limit, the size resolution of the technique should be
investigated to determine the capability of discriminating proteins in mixture. In our measurements
of BSA and IgG in mixture, we could reject events with dwell times as long as 10 ms and still
retain enough events to produce adequate statistics. These distributions suggest that many more
proteins could be measured in mixture, and the smallest discernable size difference would be much
smaller than the ~70kD difference between BSA and 1gG. Exploring and maximizing this size
resolution is highly relevant for clinical and research applications where purified protein is not
available. In most practical situations, the solution to be measured will contain a mixture of
proteins, and either the solution must undergo sample preparation to separate the proteins or the
nanopore must be able to discriminate amongst the mixture. In a case where nanopores can
discriminate amongst a diverse mixture of proteins with low error, simultaneous measurement is
preferred to sample preparation as it significantly increases throughput and reduces labor.
Additionally, it has been shown that detecting a panel of biomarkers can indicate for disease with
significantly higher confidence than a single biomarker.*>-!8 Either separately or simultaneously,
the capability of a nanopore sensor to detect and quantify a suite of biomarkers would make the
sensor significantly more attractive for diagnostic applications. In general, one of the primary goals

of nanopore sensing is discrimination and identification of proteins in mixture. The work shown
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here is one of the first studies to show label-free discrimination amongst a mixture of proteins with
a nanopore, and further investigation is warranted given the promise of the technique.

Lastly, because 1gG and BSA cannot penetrate the hydrogel, increasing voltages can yield
larger signal amplitude and longer dwell times. This was briefly mentioned previously as a method
to potentially decrease the size and concentration limits of detection. This behavior also poses a
unique opportunity in nanopore measurement to get extremely long, single-molecule
measurements with large current blockade amplitude, which may also significantly improve the
size resolution. It is possible that these measurements may lead to clogging of the nanopore given
the extreme residence time of the protein in the nanopore. Coating the nanopore with a lipid bilayer
may prevent this clogging®® and enable interesting, long duration measurements of a single
protein.

Increasing the voltage to increase dwell time can also have drawbacks in relation to
throughput, especially for event population studies (as opposed to single-event/intraevent
analysis). For applications where the highest frequency of events is desired, increasing voltage can
reduce the time in between events for charged particles because electrophoresis enhances capture
rate. However, as shown by measurements of IgG and BSA, some proteins will also reside in the
pore for longer times, potentially reducing the frequency of events if these durations are significant
relative to the time in between events. As a result, there will be an optimal measurement voltage
for throughput, balancing the time between events and the time during an event. Investigating this
hypothesis for various proteins, nanopore diameters, and nanopore lengths may provide insight on
best protocols for measurement and may further reduce the concentration detection threshold and

increase the dynamic range of measurement.
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5.2.2 Novel directions in protein detection with hydrogel backed nanopores

Hydrogel facilitated detection is also amenable with other techniques to improve nanopore
detection. Lipid coatings on the surface of the nanopore have been shown to prevent clogging and
protein-pore interactions, which are still issues in hydrogel facilitated detection. These coatings
coupled with hydrogels can facilitate long duration, single molecule measurement as mentioned
previously. It was also shown recently that measurement of a protein’s dipole moment is inaccurate
in bare pores but can be measured accurately in lipid coated pores due to edge effects as the protein
approaches the pore wall. This finding may explain the incorrect dipole measurements of proteins
measured with hydrogel interfaced nanopores, and lipid coating a hydrogel backed nanopore may
lead to accurate measurements of the protein dipole moment.

The same study demonstrated that protein shape, volume, and dipole moment could be
measured from individual blockade events that are at least 150 ps in duration. In contrast to shape
and volume measurements shown in this dissertation which relies on population analysis, this
method of analysis which analyzes each event separately is highly attractive because it may allow
for measurement of shape and dipole moment of proteins in a mixture. As a result, individual event
analysis may allow for discrimination of similarly size proteins in a mixture if the proteins have
differing shapes. However, this previous study was limited to analysis of only tens to hundreds of
blockade events due to rapid translocation of proteins, and protein concentrations were in the 1-10
UM range. Their results indicated that having a greater number of events, and more importantly,
longer duration events, led to more accurate measurement of protein shape and dipole moment.
Coupling a hydrogel to a lipid coated pore would produce significantly more events and longer
events without issues related to protein-pore interaction and protein-pore proximity effects. As a

result, this joint technique may yield more precise measurements of protein shape and dipole
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moment from individual events. As a note, in our experience, coating nanopores formed by
dielectric breakdown with lipids is difficult with very low yield, and therefore, the proposed
method of exploiting lipid coatings and hydrogels would require nanopores formed by ion or
electron beam. We do not anticipate this to be an issue as our results indicate that interfacing
hydrogels with ion beam drilled nanopores is still effective at increasing the residence time and
observed frequency of captured proteins.

In previous measuring nucleic acid with hydrogel interfaced nanopores, it was shown that
changing the characteristics of the hydrogel such as charge and pore size can change the residence
times of nucleic acids.® The same technique could be used to tune dwell times of translocating
proteins or add partial selectivity to protein measurements with nanopores. Thus far, we have used
amplitudes to identify proteins, though the results shown in Chapter 3 suggest that dwell time
distributions can change significantly between proteins based on charge and size. The differences
in dwell time were not significant enough between IgG and BSA to allow discrimination between
the proteins based on dwell time. However, as an example, incorporation of a charged hydrogel,
and possibly reducing the pH until it is near the isoelectric point of one of the proteins, may lead
to significant enough differences in dwell time that it can be used to identify proteins. Even with
some overlap in dwell time, it may be possible to use both dwell time and amplitude in conjunction
to increase confidence in identifying proteins in mixture.

Adjusting the mesh size of the hydrogel may also allow for selectivity of analyte. Thus far,
we have only measured proteins with dimensions larger than the mesh size of the hydrogel, but we
expect that for smaller molecules and polymer chains such as nucleic acids,'*2? the molecule will
penetrate the hydrogel. At higher applied voltages, larger proteins would be expected to increase

in dwell time, but smaller molecules and polymer chains would reduce in dwell time. This
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separation in dwell time may be distinguishable in mixture. Adjusting the mesh size of the hydrogel
would determine the size threshold of molecules that increase or decrease in dwell time at larger
voltages, possibly creating a greater measured separation between two molecules that would
otherwise be difficult to separate.

An example of exploiting dwell time behavior is the measurement of streptavidin or avidin
with biotin terminated nucleic acids. In a mixture of these molecules, the avidin molecules would
be expected to bind with the nucleic acids, though some free protein and polymer will remain in
solution. Measurement of this mixture would be difficult without a hydrogel present, as the radius
of gyration of nucleic acids can approach the size of proteins. However, if measured near the
isoelectric point of the avidin and at high voltage (>80 mV), the free nucleic acids would penetrate
the hydrogel and have short dwell times. The uncharged free protein would not be able to penetrate
the hydrogel but would have short dwell times as there would be no electrophoretic force
enhancing capture. However, avidin bound to the nucleic acids would have very long dwell times
as the protein would not be able to penetrate the hydrogel and the nucleic acid would add a large
negative charge to the particle, significantly increasing the electrophoretic force on the molecule.
A measurement of this mixture of molecules would include short duration events, which could be
the result of free nucleic acid, free protein, or rarely a nucleic acid bound protein, and very long
duration events (most likely greater than 1 second) that would almost all be captured avidin with
bound nucleic acid. Exploiting the relationship between the mesh size of the hydrogel and the size
and type of molecules may allow for similar novel measurements with other molecules.

The example of measuring avidins and nucleic acids in mixture demonstrates a method to
exploit hydrogel backed nanopores for improved labeled measurement of proteins and other types

of analytes. Tethering nucleic acids to analytes by biotin linkages, antibodies, or as aptamers can
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allow for long duration, direct measurement of analytes. This type of mechanism has been
exploited multiple times previously with biological pores for detection of single molecules,?-25
though in these measurements, the nucleic acid tether was measured and the target of interest
remained outside the sensing zone of the nanopore. The same method was exploited for the sub-
picoampere resolution discrimination of nucleotides.?’~*° Hydrogel facilitated detection can enable
the same mechanism of capture but now with direct measurement of the bound target rather than
the nucleic acid tether. As a result, high resolution and long duration measurement of single
molecules may be feasible. In previous cases where the nucleic acid was in the sensing region,
discriminating between multiple targets required engineering nucleic acid strands with reliably,
identifiable markers. However, with hydrogel facilitated capture, the target is measured directly,

and additional tagging would be unnecessary if the target particles are different in size.

5.2.3 Development of data analysis methods

In Chapter 4, a method to analyze data was presented that uses a modified Canny edge
detection algorithm and hidden Markov models (HMMs) to locate events in noisy data. HMMs
can be further developed to improve event detection and to parse additional information from
nanopores. In the HMMs used for data analysis, emission spectra from both states are assumed to
be normally distributed. This assumption has not interfered with the quality of analysis, but is not
ideal for measurement of asymmetrical particles, such as proteins. In the case of these particles,
the emission spectra of the blockade state can be non-normal, as modeled previously.* Modifying
the hmmlearn package so that one state is fit to a normal distribution (the baseline state) and one
state is fit to the orientation-dependent current blockade model (the event state) should increase

accuracy of analysis for asymmetrical particles. Furthermore, because the unsupervised HMM fits
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the data to these emission models, it doubly acts as a curve fitting algorithm to determine Almax,
Almin, and the dipole moment during analysis.

In our implementation of HMM, we also always solved for 2 available states, but HMM
can be expanded to solve for additional states as needed. This can have relevance in parsing data
where more than one particle can exist in the nanopore. In these situations, HMM could identify
the baseline, the first level blockade, and any additional blockade levels from each other to make
separated analysis of levels possible. A more exciting implementation for multistate HMM is the
analysis of individual event data from a mixture of proteins. In a mixture of proteins, each detected
event should have a current distribution that is unique to a given protein. HMM may be capable of
separating events from baseline and attributing individual events to particular proteins in mixture
without knowing the identity of those proteins before analysis. In situations where the number of
proteins in mixture is unknown, likelihood-based methods such as the Akaike information criterion
can be used to guess at the number of different detected proteins.3! Although experimental methods
and data for this analysis has yet to be shown, HMM promises to be an excellent tool for analysis

of this type of data.

5.3 Concluding remarks

This work presented in this dissertation introduces interfacing hydrogels with nanopores to address
the fast translocation of proteins in conventional measurement. The issue of short dwell times
obstructs further work on protein measurement with nanopores. Unlike other methods to address
this issue, hydrogel interfaced nanopores are amenable to almost all measurement apparatuses,

easy to implement, inexpensive, label-free, and highly sensitive. Although the technique has only
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begun to be explored, these characteristics are highly desirable as research on protein measurement

approaches more ambitious applications, such as biomarker detection and single-cell proteomics.
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