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1
Introduction

In this introductory chapter, I provide a brief background context for the topics
within this thesis, starting with the discoveries that created the field of molecular
biology. At the heart of this field lie several polymers, DNA, RNA, and polypeptides
which store information, regulate processes, and catalyse reactions. The central
dogma describes the flow of information among these three and establishes the ba-
sic processes behind life. Nanotechnology is a relatively new field of research which
focuses onmanipulatingmatter on scales below 100 nm. This field has increasingly
focused on studying biology using a number of tools including nanopore sensing,
which is the subject of this thesis. This technique uses a nanoscale hole in a thin
membrane to probe biomolecules such as DNA, RNA, and polypeptides, and brings
together aspects from both molecular biology and nanotechnology. I briefly de-
scribe the history and the basic approach, and I outline the primary challenges in
this field. At the end of this chapter, I provide an outline of this thesis.

1
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1.1. Introduction
Molecular biology has revolutionized our view of life. This field was created by a
confluence of different discoveries in genetics and chemistry, starting 150 years ago
when Gregor Mendel first proposed his laws of biological inheritance to describe how
biological traits were passed from parents to their offspring. Each biological trait is
stored as a unit of information which was subsequently termed a gene by Hugo de
Vries and Wilhelm Johannsen. A critical step linking genetics and chemistry came
when Thomas Hunt Morgan showed that these genes could be physically found on
chromosomes inside cells. Chromosomes are large structures which can be seen
inside the nucleus of cells when stained with certain dyes, as shown in Figure 1.1.
Several experiments then established that chromosomes were made from DNA and
proteins and that DNA was the carrier of genetic information within cells. These
discoveries gave birth to molecular biology. After the 1950s, this field experienced
phenomenal growth and was further driven by the major medical treatments which
were enabled by this new knowledge.

Figure 1.1: An illustration of mitosis by Walther Flemming in 1882[1]. Identical pairs of chromosomes
are pulled to opposite side of the cell in preparation for cell division.
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1.2.Molecular biology
1.2.1.Deoxyribonucleic acid (DNA)
A critical point in our present day understanding of the molecular mechanisms be-
hind life was the discovery of the structure of DNA, shown in Figure 1.2, by Watson
and Crick in 1953[2] using the x-ray diffraction images of Rosalind Franklin. Bio-
chemically, it had been known that DNA was composed of four bases (adenine,
guanine, cytosine, thymine), a sugar group, and a phosphate backbone. Watson
and Crick discovered a double helix structure of DNA which has two intertwined
strands with paired bases on the interior. Bases on one strand are complementary
to bases on the other strand, such that the biological information is encoded into
each strand and can be easily replicated. Each adenine base pairs with thymine
through two hydrogen bonds, while cytosine pairs with guanine through three hy-
drogen bonds.

Figure 1.2: A schematic illustration of the structure of a DNA molecule (credit: Richard Wheeler).

1.2.2. Central dogma
After the structure of DNA was discovered, Francis Crick proposed[3] the ’central
dogma in molecular biology’, which states that information is transferred in-between
nucleic acids and from nucleic acids to protein, but never from protein to nucleic
acids, as shown in Figure 1.3. In general the sequence of the bases in DNA is the
primary long-term information storage medium in the cell. DNA is replicated such
that each of the daughter cells has the same DNA sequence after dividing. DNA is
also transcribed into ribonucleic acid (RNA) which acts as both a medium for short-
term information storage as well as having some enzymatic capabilities which can
catalyse some biochemical reactions. Although RNA can adopt a two-strand double-
helix structure similar to DNA, it is often found in single-stranded form inside the
cell. Its high flexibility allows it to easily pair with itself, forming complex secondary
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structures that are defined by its base sequence. The information within some RNA
molecules is translated into protein. Proteins are long chains of amino acids which
fold into well-defined structures based on their sequence and are responsible for
most of the enzymatic activity within the cell. Proteins called polymerases replicate
DNA and transcribe DNA into RNA. A large complex called the ribosome, made
primarily from RNA, is responsible for translating the nucleotide sequence into an
amino acid sequence. Since there are twenty amino acids and only four DNA bases,
each amino acid is encoded within DNA as a sequence of three bases called a codon.
Different codons direct the ribosome to either i) start protein sequence, ii) add a
certain amino acid to the protein chain, iii) or stop the protein synthesis. In addition
to enzymatic activity, proteins also help to regulate transcription and package DNA,
among many other functions. This complex list of roles allows life to emerge from
its molecular constituents.

Figure 1.3: The central dogma in molecular biology states that information only flows from nucleic acids
to protein and not in reverse as shown in this figure from Francis Crick’s 1970 publication[4]. Solid lines
denote the major transfers while dashed lines represent special transfers which only occur in certain
circumstances.

1.3.Nanotechnology
Nanotechnology is our ability to manipulate single atoms and molecules on the
nanometer scale. It is difficult for the human mind to comprehend just how small
a nanometer is. To get an impression, think of the map of Europe on a 10 euro
cent coin. Now imagine you could zoom in to this map on the surface of the coin
and see very fine details. You zoom in to the country of the Netherlands, to the
city of Delft, to a building on the TUDelft campus, and to an office in the building.
In this scenario the size of a typical computer monitor would correspond to about
one nanometer in size on the face of the coin, which is equivalent to the length of
about four copper atoms in a row or the radius of a DNA molecule.

In addition to being incomprehensibly small, the nanoscale world is unlike the
one we are used to. At the nanoscale, the force of gravity is insignificant while elec-
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tromagnetic (van der Waals) forces dominate. Furthermore, quantum and surface
effects become increasingly important. Liquids behave like sluggish molasses as
objects move at low Reynolds numbers. All of this leads to a number of interesting
and often counter-intuitive phenomena.

1.3.1. Tools for nanotechnology
The capacity to understand nanoscale phenomena and engineer nano-devices is
dependent on our ability to observe and manipulate matter at this scale. Tech-
niques capable of imaging at small scales have always been far ahead of our ability
to manipulate at these scales. Light-based microscopy, first developed in the sev-
enteenth century, enabled many of the major discoveries in microbiology. This
technique, which is based on visible light, has a diffraction-limited resolution of
about 200 nm. This resolution limit was surpassed by electron microscopes in the
twentieth century, with modern transmission electron microscopes (TEM) capable
of achieving resolutions below 0.1 nm. This was accomplished by replacing light
with an electron beam in vacuum.

A more recent branch of microscopy is scanning probe microscopy. In this ap-
proach an atomically sharp tip is scanned over a surface to determine its topology
and other properties. In its first incarnation, named scanning tunnelling microscopy
(STM), a tunnelling current was measured between a metallic tip and a conductive
surface. This allowed lateral resolutions of 0.1 nm and even higher resolution in
height. Subsequently the requirement of a conductive surface was removed with
the development of atomic force microscopy (AFM), which is used in several chap-
ters of this thesis. In this approach, a variety of forces (most often van der Waals
forces) between the tip and surface are measured as a function of the distance
between them. When a cantilever, with a tip on the free end, is brought close to
the surface, the interaction between the tip and the surface leads to a deflection
in the cantilever. This deflection is amplified and measured using an optical lever
based on a laser reflected from the back of the cantilever onto a set of photodi-
odes, as shown in Figure 1.4. This provides a simple and powerful way to image
nanostructures on top of a flat surface, such as mica.

Although scanning probe methods are capable of some limited manipulation on
the nanoscale, the bulk of our current nanofabrication abilities are based on lithog-
raphy. In its most simple form, this approach is akin to making an old-fashioned
photograph. First a photosensitive material, termed a resist, is exposed to light
or electrons with an exposure pattern designed to make the desired structure, as
shown in Figure 1.5. By focusing the pattern through optical elements, the ex-
posed pattern can be made much smaller than the mask used to define the pat-
tern. Subsequently the resist is developed, a process which removes either the
exposed or unexposed areas of the resist material depending on the requirement.
This developed resist often acts as a subsequent mask for another type of material
underneath, which is selectively etched away in the regions where it is not covered
in resist. Finally, the resist is removed and we are left with a planar nanostructure.
Improvements to this basic approach have fuelled the increases in computational
power seen since the invention of the integrated circuit. Lithography processes are
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Figure 1.4: Left: Schematic illustration of an atomic force microscope. Right: AFM scan of some 2.2
kbp DNA molecules with bound protein. The scale bar is 500 nm. (Credit: Calin Plesa)

typically referred to as top-down techniques since they start with a large piece of
material and remove material to form increasingly smaller structures.

a light c d

align mask expose resist develop resist etch material

e

strip resist

nanostructure
b

mask

resist
material

substrate

Figure 1.5: Schematic side-view illustration of a photolithography process.

1.3.2.DNA origami
An alternative to the top-down approaches are bottom-up techniques were small
parts are combined to make a larger structure, much like Lego. Since it would be
prohibitively time consuming to assemble nanostructures by adding pieces one by
one, most bottom-up techniques rely on self-assembly. The nature of the com-
plementary interactions in nucleic acids makes them ideal building materials for
this approach. Ned Seeman first outlined many of the principles necessary to cre-
ate structures using DNA in the 1980s[5] in an attempt to improve crystallography
techniques. More recently, a technique called DNA origami has been introduced
which uses many short single-stranded DNA oligonucleotides (staples) to fold a
much longer single-stranded DNA scaffold[6]. Through the sequence design of
the staples, this approach can be used to create well-defined two-dimensional and
three-dimensional nanostructures with high yield. DNA origami is used in two of
the chapters in this thesis to create designed nanostructures.
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1.4.Nanopores
A nanopore can be broadly defined as a small hole with diameter < 100 nm in
a thin membrane with a thickness < 100 nm. Nanopores are versatile nanoscale
sensors capable of probing a wide variety of molecules and phenomena. Many of
the principles underlying nanopores can be traced back to the development of the
Coulter counter by Wallace H Coulter starting in the 1950s[7]. In this approach, cells
in a solution could be quickly counted and sized by passing them through a small
hole between two chambers containing solution, while simultaneously measuring an
electrical current through the hole. The passage of a cell through the orifice results
in a drop in the current signal proportional to the cell’s volume. This technique
is now generally known as resistive pulse sensing. Nanopores are scaled down
versions of this approach which enable detection of much smaller objects such as
individual biomolecules.

The initial breakthroughs in this field came from experiments with 𝛼-hemolysin,
a biological nanopore produced by Staphylococcus aureus. This pore can insert
itself into lipid bilayers, resulting in the formation of a 1.5 nm pore in the mem-
brane. Addition of single-stranded DNA molecules to one side of the membrane
and application of an electric field results in detectable translocation events caused
by the molecules passing through the pore[8]. Much of the progress in this field
was pushed by the realization in the 1990s that this approach may be used for low-
cost long-read-length sequencing of DNA[9]. In this approach, a DNA strand would
translocate through the pore, with each base producing a unique signature in the
ionic current, allowing a long linear readout of the molecule’s sequence. Follow-up
experimental studies revealed that translocation through 𝛼-hemolysin could dis-
criminate between different homopolymers[10, 11], taking the first step towards
sequencing.

Solid-state nanopores were developed to address some of the limitations of bi-
ological nanopores. These include the small fixed size of the pore, the stability of
the pore, and the limited range of conditions in which the pore and lipid bilayer
are functional. Solid-state nanopores are made by creating a hole in a thin insu-
lating membrane. A number of fabrication techniques exist, but the most popular
methods use either a focused beam of electrons (TEM) or ions (FIB) to create the
nanopore[13, 14]. Silicon nitride (SiN) has been the material of choice for the
membrane, although pores have also been created in SiOኼ, AlኼOኽ, HfOኼ, graphene,
MoSኼ, and other materials. Pores created with these approaches can be made with
almost any diameter. The membrane themselves are made with the photolithog-
raphy processes described earlier, which create a free-standing membrane in the
center of a silicon chip.

After fabrication, the membrane is placed into a flowcell such that the nanopore
is the only ionic connection between two aqueous chambers. These are filled with a
high-concentration salt solution, typically 1M KCl. If an electric field is applied across
the membrane using silver/silver-chloride electrodes, a steady ionic current can be
measured corresponding to the passage of ions through the open pore. When DNA
is added to one of the solutions, transient blockades are observed in the ionic current
due to the passage of DNA molecules through the pore (Figure 1.6). These events
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Figure 1.6: a) Schematic side-view illustration of DNA translocating through a nanopore. b) Typical
ionic current trace showing DNA molecules translocating through a nanopore. c) A close-up of one DNA
translocation event[12].
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are only observed in one polarity, were the electrophoretic force on the negatively
charged DNA causes it to translocate through the pore. These blocakde events are
digitized and recorded. Their amplitude carries information about the volume of
the molecule, while the duration can be related to the molecule’s length. This is the
basic approach used in this thesis, aspects of which are further described in detail
in each subsequent chapter.

1.5.Why study nanopore transport?
The field of bionanoscience lies at the intersection of physics, biology, chemistry,
and engineering. Broadly speaking, it aims to use the tools provided by nanotech-
nology to study biologically relevant phenomena at their native length scales. Solid-
state nanopores are a perfect tool for this purpose since they can probe at length
scales 1 - 100 nm in various aqueous media. Furthermore, biological nanopores
themselves, are universally found in living organisms, where they are used to con-
trol transport both within cells and across the cell boundary. Given their importance,
understanding transport through nanopores is an important goal in biology, but this
represents only one of multiple aspects which motivate this work, as described next.

DNA sequencing was the initial application envisioned for nanopores and is just
as relevant today as when it was first proposed. Recent developments in biological
nanopores have demonstrated that they can be used in conjunction with enzymes
to sequence DNA, with the first commercial product already on the market. Solid-
state nanopores could provide many advantages, but a number of major issues still
remain. The DNA molecules translocate through wide pores far too quickly. New
methods to slow down the translocation velocity are required. Additionally, solid-
state nanopores still suffer from much higher noise levels compared to biological
nanopores. Using thick layers of high dielectric constant materials is one approach
to improve this situation. Finally, the resolution of the technique must be improved.
A number of possible approaches are being investigated including the use of thin-
ner membranes such as graphene and MoSኼ as well as different non-ionic sensing
modalities such as tunnelling current and plasmonics.

Biosensing represents a major potential application for nanopores, where they
could be used to detect medically relevant biomarkers or study DNA-protein com-
plexes. In addition to the issues already pointed out, an open question in this area
is how to carry out high-resolution measurements in physiological conditions, where
the ionic current provides a much lower signal.

From a more fundamental level, much remains unknown about the translocation
process and its dynamics. We currently do not understand how the polymer blob
outside the pore unfolds and how this affects the translocation process. Typical
experiments show a wide spread of translocation times for a single length polymer
and it has been hypothesized that the width of this distribution could be reduced by
controlling the initial conformation of the molecule at the start of the translocation
process. Finally, we have only just begun exploring how knotting phenomena and
non-equilibrium behavior affect the translocation process.

An important development in solid-state nanopores would be the ability to con-
trol the geometry and chemistry of the pore itself. This would reduce variability
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and allow biomolecules to be attached inside or close to the sensing region. DNA
origami nanostructures, discussed in Chapter 5, could provide a solution.

1.6. This thesis
This thesis describes a number of fundamental studies and techniques using solid-
state nanopores that address some of the topics described in section 1.5.

In Chapter 2 we investigate what happens if a single individual molecule is
recaptured many times through a nanopore by quickly switching the polarity of the
electric field. We use this approach to study the non-equilibrium folding of different
DNA molecules after translocation, which is linked to the molecule’s characteristic
Zimm relaxation time.

Chapter 3 focuses on the translocation dynamics of a DNA molecule translocat-
ing through a nanopore. A synthetic DNA-origami construct is used to determine
the translocation velocity of different parts of a DNA molecule. We observe sig-
nificant intramolecular, intermolecular, and pore-to-pore velocity fluctuations. This
knowledge is used to estimate the uncertainty in determining the spatial position
of DNA bound structures.

Knots are an ever-present phenomenon in long linear polymers such as DNA. In
Chapter 4, we use solid-state nanopores to detect knots in long DNA molecules.
The knotting occurrence is determined for different length DNA molecules and the
size of the knots is observed to be very small. Furthermore, we see that knots are
capable of slipping out of linear molecules during the translocation process.

DNA origami nanostructures can significantly enhance the abilities of solid-state
nanopores. In Chapter 5we provide a fundamental characterization of DNA nanos-
tructures docked onto solid-state nanopores. We observe large ionic permeabilities
for different nanostructure designs, mechanical bending, and mechanical buckling.

Many proposed biosensor applications require the detection of proteins translo-
cating through a nanopore. In Chapter 6, we show that detection of proteins is
extremely difficult due to the resolution limitations of the system. We conclude that
the majority of proteins translocate faster than can be observed.

In Chapter 7 we demonstrate that it is possible to detect single proteins bound
to a DNA strand in typical experimental conditions. A new model system based on
anti-DNA antibodies is introduced and characterized.

Previous studies with nanopores all use silver/silver-chloride based electrochem-
istry. In Chapter 8 we introduce a new set of electrochemical reactions based on
silver/silver-glutamate. We investigate the use of high-concentration glutamate so-
lutions as redox-capable thickening agents and demonstrate the translocation of
DNA using this approach.

Data analysis in an important part of each nanopore experiment. In Chap-
ter 9 we describe a number of new techniques and algorithms for the analysis of
nanopore data.
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2
Non–equilibrium folding of
individual DNAmolecules

recaptured up to 1000 times in a
solid state nanopore

We investigate translocationof linear and circular double–strandedDNAmolecules
through solid state nanopores where each molecule is recaptured and re–translo-
cated many times. Single molecules can be recaptured by switching voltage polar-
ity for hundreds or even thousands of times. The large number of recapture events
allows statistics on the translocation of individual molecules. Surprisingly, we ob-
serve that recaptured DNA molecules do not translocate in a linear head–to–tail
fashion, but instead translocate as a folded blob where multiple parts of the DNA
molecule simultaneously translocate through the pore in parallel. This folding is
observed through the presence of up to 13 DNA double strands from the same mol-
ecule simultaneously inside the pore, as well as many smaller fold numbers occur-
ring during the course of a translocation event. The strong folding is particularly
prominent when the molecule is recaptured at short time scales, i.e. shorter than
its characteristic time to relax to its equilibrium configuration. At longer recap-
ture times, both the amount of folding and the mean duration of translocation ap-
proach the values observed in non–recapture experiments. The data shows that the
translocation time of a molecule depends on the molecule’s conformation at the
start of the translocation process, with extendedmolecules having a longer translo-
cation time. The observations can be attributed to a high–density non–equilibrium
DNA configuration that arises in the close vicinity of the nanopore immediately af-
ter translocation, which dissipates on a time scale given by the Zimm relaxation
time.

This chapter has been published as: C. Plesa, L. Cornelissen, M. W. Tuijtel, and C. Dekker, Non-
equilibrium folding of individual DNA molecules recaptured up to 1000 times in a solid state nanopore,
Nanotechnology 24, 47, 475101 (2013).
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2.1. Introduction

S olid-state nanopores are a versatile tool for biophysics with a broad range of
applications[1, 2]. In this technique biomolecules are placed into one of two

chambers separated by a membrane containing a nanometer-scale pore. Upon ap-
plication of an electric field across this membrane, charged molecules experience
an electrophoretic force pulling them through the pore, as shown in Figure 2.1a.
Experimental research using nanopores has been able to provide a number of in-
sights into the relevant polymer physics. These include, for example, the observa-
tions that long polymers translocating through large pores have a power-law length
dependence of their translocation time[3], a diffusion-limited capture process[4],
and a strong preference for end capture of molecules which has been attributed to
configurational entropy[5].

Despite this body of work, a number of important open questions remain. For
example, (1) how does the local translocation velocity vary as the molecule passes
through the pore? Or (2) why are the distributions in the translocation times for
one particular length so disperse? The former question is critical for many nanopore
applications, for example DNA analysis, where one aims to map the measured tem-
poral signals into the spatial domain, while understanding the latter question is key
to determining if the differences observed between two translocation events are due
to the physics of the translocation process or actual physical differences between
two molecules. Both questions relate to the conformational state and behavior of
the polymer coil outside the pore as the translocation occurs.

Storm et al.[3] showed that the observed non-linear dependence of translocation
time on the molecule’s length could be explained by the hydrodynamic drag of the
polymer coil outside the pore balancing the applied electrophoretic force pulling the
polymer through. Due to the large polymer coil outside the pore, we expect the
velocity at the start of the translocation process to be lower, because the large coil
needs to unravel and move towards the pore, compared to the velocity at the end
of the translocation process where the coil has shrunk, providing less resistive force
and increasing the translocation velocity significantly. Indeed, modeling simulations
carried out by Lu et al. predicted this type of behavior[6]. Their work suggests that
such behavior should be present in all translocations. Additionally, they attributed
the large distributions observed in translocation times (the second question) of
equal length molecules to the large variety of molecular configurations possible at
the start of the translocation process, with the translocation time increasing as the
distance from the center-of-mass of the molecule to the pore entrance (at the start
of the translocation process) becomes larger.

In this work we apply a technique which allows us to systematically alter the
molecular configuration of a single molecule, switching between the normal relaxed,
extended form and a much more condensed conformation. We carry out many
repeated measurements on the same molecule in different configurations, in order
to observe how this affects the translocation time and other parameters.

In 2007, Gershow and Golovchenko demonstrated that it was possible to recap-
ture a translocating dsDNA molecule by quickly reversing the electric field after a
molecule had passed through the nanopore[7], as illustrated in Figure 2.1b. By con-
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Figure 2.1: a) Schematic representation of the nanopore setup, with two aqueous reservoirs separated
by a SiN membrane containing a pore. b) Once the passage of a DNA molecule has been detected,
the electric field is switched and the same molecule is recaptured to translocate once more through the
pore. c) An idealized current trace showing a recapture event and the various timings.
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trolling the duration between a translocation event and the electric field switching
time, they showed that the process of capturing the DNA into the nanopore fits a
drift-diffusion transport model. This allowed them to probe the capture length, the
point beyond which the electrophoretic force could no longer overcome diffusion
due to Brownian motion. They were able to recapture 5 kbp DNA molecules up to
22 times.

Here we show that it is possible to obtain much higher numbers of recaptures
(hundreds, or even thousands) of long double-strand DNA molecules. This enables
us to obtain large-number statistics of the translocation characteristics of individual
molecules. Our data shows that both the translocation time and the amount of
folds observed are highly dependent on parameters of the recapture process which
can be experimentally controlled. This behavior is found to differ if the molecule is
in a non-equilibrium state versus in a relaxed state.

2.2. Recapture experiments
We use 20 nm diameter pores in 20 nm thick SiN membranes, fabricated as pre-
viously described[8]. After drilling the pores with a TEM, the membrane’s surface
was manually painted with a layer of PDMS in order to reduce the membrane capac-
itance, thus lowering the noise and increasing the signal-to-noise ratio[9]. Mem-
branes were mounted into a PMMA flowcell where they separated two aqueous
chambers each containing an Ag/AgCl electrode. Double-stranded DNA molecules
were added to one reservoir and translocation events were detected as a drop in the
nanopore ionic conductance. After detection of a translocation event, the electric
field’s polarity was reversed, leading to the recapture of the molecule that had just
translocated through the nanopore. The nanopore’s ionic current was recorded
with an Axopatch 200B amplifier and digitized with a National Instruments 6251
DAQ card controlled by a custom LabView script. Recorded current data were fil-
tered with a 10 kHz Gaussian low pass filter and analysis was carried out in Matlab
with level fitting done in OpenNanopore[10].

We automated the translocation event detection in order to perform multiple
recaptures. Briefly, our script scans the previous 1 ms of 3kHz-filtered current
data for events where the current deviates more than 5𝜎 away from the baseline,
where 𝜎 is the standard deviation of the filtered baseline current. Upon detection
of an event, an interval of time (ts) was allowed to pass before the polarity of the
electric field was switched (Figure 2.1c). This switching interval was varied during
the course of multiple recaptures, in order to probe the dependence of various
parameters on the recapture time. The control script attempted to recapture the
molecule indefinitely until the molecule escaped.

We investigated four different types of molecules: linear and circular dsDNA with
a contour length of 48.5 kbp or 97 kbp. Lambda dsDNA (48.5 kbp) was purchased
from New England Biolabs and diluted to a concentration of 3.7 pM in 1M KCl, 10 mM
Tris, 1 mM EDTA at pH 8. The lambda DNA solution was left at room temperature
and not heated, resulting in a fraction of molecules in a circular configuration[11],
as well as higher order structures such as dimers[12]. In order to ensure that only
a single molecule was being studied during the recapture process, we measured
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the rate of translocation events at 50 mV applied voltage before attempting any
recaptures. The rate of events was determined to be very low: below 0.0014 Hz,
or approximately 1 event every 10 minutes.

Using PDMS-coated nanopore membranes, we observed that each time the volt-
age polarity was reversed, the current baseline required around 2.5 ms to settle.
Due to this effect, events recaptured less than 3 ms after switching were, although
still detected by the recapture script, not included in the data set since their dwell
times and amplitudes could not be properly determined. For each recapture event,
the switching time (ts), recapture time (tr), and dwell (translocation) time (td) was
recorded, as shown in Figure 2.1c. The switching time (ts) is the time between
an event and the subsequent voltage reversal. The recapture time (tr) is the time
between a voltage reversal and the next event. The dwell time (td) is defined as
the time in between the leading and trailing edges of an event.

2.3. Results
Over the course of these recapture experiments, many (>30) molecules were recap-
tured, each producing current traces such as shown in Figure 2.2a. For the analysis,
we selected 8 molecules that were each recaptured at least 50 times. Four differ-
ent types of dsDNA molecules were analyzed: 2 linear lambda molecules, 4 circular
lambda molecules, 1 linear lambda dimer molecule, and 1 circular lambda dimer
molecule. The average number of recaptures for each type of molecule was 64, 99,
1067, and 561 respectively. An example of a 97 kbp linear molecule translocation
event is shown in Figure 2.2b, and an example for the 97 kbp circular molecule
is given in Figure 2.2c. More event examples, for each type of molecule, are pro-
vided in Supplementary Section 2.5.4. The presence of the 97 kbp lambda DNA
dimers within the population was not surprising as these have been observed in
the past[3] in translocation experiments where the lambda DNA solution, like in
the current preparation, was not heat treated but kept at room temperature. Addi-
tionally, these longer molecules are selected out in experiments where we screen
for high number of recaptures, since they diffuse slower and are thus less likely to
escape.

We investigated the amount of folding for each molecule using two different
approaches: (1) The large number of recaptures for each molecule meant that
current blockade histograms could be made for each individual molecule, as shown
in Figure 2.3. These histograms display the blockade levels of the current relative
to the local baseline level. Since recapture data contains events at both polarities,
we take the absolute value of the current in order to use both positive and negative
events. These histograms contain a large baseline peak at zero, corresponding
to the portions of the current trace where there was no translocation occurring, as
well as smaller peaks corresponding to the current blockade produced by an integer
number of DNA strands present in the nanopore. Interestingly, the frequency of
occurrence for each peak is found to decrease exponentially with the peak number
(i.e. number of dsDNA strands that is inserted), as is evident from the straight
lines in Fig. 2.3e. This plot was made by determining the height of each (non-
baseline) peak in the current histograms and then normalizing the values using the
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height of the first non-baseline peak. The steepness of the slopes in this semilog
plot are a measure for the difficulty of inserting a new fold into the pore, and we
thus observe that it is harder to insert new DNA into the pore for circular dsDNA as
compared to linear dsDNA, and that it is easier to obtain a higher number of folds for
longer molecules compared to shorter molecules. The maximum number of dsDNA
strands simultaneously present in the pore can be determined from the left-most
current-blockade peak in the current histograms of Fig. 2.3a-d. This approach thus
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Figure 2.2: a) A typical current trace showing a 97 kbp linear molecule being recaptured 7 times through
a nanopore. b) An example current trace of an event for the 97 kbp linear molecule. A possible molecule
conformation is shown above in blue. c) An example event for the 97 kbp circular molecule. A possible
molecule conformation is shown above in blue.
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provides a direct measure of the maximum numbers of parallel dsDNA in the pore.
It, however, does not indicate how often a certain molecule was folded along its
length. For example, a molecule having many spatially separated short folds would
produce a similar histogram as a molecule having one single long fold. (2) A more
proper representation of the latter can be produced by counting the number of folds
present in each event. This is accomplished by counting the number of rising edges,
above the initial dsDNA blockade ΔI present in each event, as shown in Figure 2.2bc.
Since an unfolded event caused by a simple head-to-tail translocation would only
produce a single blockade level with value ΔI, any larger current values correspond
to folds in the molecule. The magnitude of ΔI is determined using the single-dsDNA
peak in the current histogram of that particular molecule. The magnitude of the
rising edge divided by ΔI then provides the number of folds present at that point in
the translocation process. Circular molecules have a baseline twice as large as that
of linear molecules (i.e., ΔIcirc=2ΔIlin) since there are always 2 dsDNA segments
present in the circular topology and each fold brings 2 more dsDNA segments into
the pore. In our analysis, we determined the total number of folds n present in
each event and calculated the average number of folds, henceforth called the ’fold
count’, using all events in a given population in order to quantify the amount of
folding present. Although the number of folds in any single event is an integer
value, the fold count is a non-integer real number. The standard error of the mean
was used as a measure of the uncertainty in these values.

We analyze current blockades seen in the current histograms for each type of
molecule. Linear and circular molecules could easily be distinguished from their cur-
rent histograms, as shown by comparison of Figure 2.3ab and 2.3cd respectively.
The insertion of linear DNA molecules produced a current blockade of 0.056 nA,
i.e. very comparable to the blockade of 0.061 nA seen in non-recapture control
experiments performed on a pore of the same size (Supplementary Section 2.5.2).
Circular molecules, however, exhibited a blockade of 0.111 nA, i.e., as expected,
twice as large, since there are always at least two dsDNA strands present inside the
pore due to the circular topology. The current histograms reveal that the longer
molecules tend to have a significantly larger number of parallel DNA strands simul-
taneously inside the pore. For the linear 48.5 kbp, the current histogram peaks
indicate the presence of events where there are up to 5 DNA segments in the pore
simultaneously, while this number increases to up to 13 for the dimer which is twice
as long. In the case of the circular molecules, we see a similar trend, with the 48.5
kbp circular molecule having up to 6 dsDNA segments simultaneously and the 97
kbp molecule up to 8. Current histograms from non-recapture control experiments
on 48.5 kbp linear dsDNA typically show the presence of up to 5 DNA strands in the
pore at 50 mV.

What is causing these remarkably high numbers of parallel DNA strands in the
pore that we observe in the recapture experiments? We suggest that this relates
to the DNA configuration directly after translocation. Since the strength of the
electric field quickly drops off with increasing distance away from the nanopore,
a large amount of DNA is densely piled up in the close vicinity of the pore when
a DNA molecule translocates through the nanopore. The molecule then relaxes to
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Figure 2.3: Current histograms for four types of molecules: a) Linear 48.5 kbp lambda dsDNA from a
molecule recaptured 67 times. b) Linear 97 kbp dsDNA from a molecule recaptured 1067 times, showing
much higher folding levels. c) Circular 48.5 kbp lambda dsDNA from a molecule recaptured 203 times.
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equilibrium on a time scale given by the Zimm relaxation time. The Zimm relaxation
time[13] can be estimated as

𝜏ፙ።፦፦ =
𝛼𝑀𝜂፬[𝜂]ኺ
𝑅𝑇 (2.1)

where 𝑀 is the molecular weight, 𝑅 is Boltzmann’s constant, 𝑇 is temperature, 𝜂፬ is
the solvent viscosity (0.89 cP for 1 M KCl), [𝜂]ኺ is the intrinsic viscosity, and 𝛼 is a
coefficient which depends on the type of molecule and experimental conditions. In
a solution containing a polymer, the intrinsic viscosity is a measure of the polymer’s
contribution to the measured viscosity of the solution. The intrinsic viscosity of a
particular polymer can be determined by measuring the viscosity of the solution at
different concentrations of polymer and extrapolating the resulting trend to zero
polymer concentration. For 48.5 kbp linear, 48.5 kbp circular, 97 kbp linear, and 97
kbp circular molecules, we find relaxation times of 67 ms, 15 ms, 205 ms, and 46 ms
respectively. Details of this calculation have been provided in Supplementary Sec-
tion 2.5.1. A different DNA configuration, and subsequently different translocation
characteristics, can be expected when the recapture is smaller or larger than these
Zimm times. In the following analysis these relaxation times mark the crossover
points between equilibrium and non-equilibrium behavior.

We experimentally examined the amount of folding and the dwell time for each
event as well as how these quantities vary as the molecule approaches equilibrium.
Figure 2.4 and Figure 2.5 show a strong dependence for both the fold counts and
dwell times on the recapture time. For the 48.5 kbp circular molecule (Figure 2.4a),
we see the mean dwell time systematically increase from 1.4 ms at small recapture
times to 1.85 ms at the largest recapture times probed. Correspondingly the fold
count, shown in Figure 2.4b, reduces from about 1.3 at small recapture times to
0.4 at large recapture times. Interestingly, in the population distribution of folding,
Figure 2.4c, we see the number of unfolded events reduced by a factor of 2 when
comparing events occurring above the Zimm time (60% of events unfolded) to those
occurring below (31% unfolded). Detailed folding statistics for each molecule can
be found in Supplementary Section 2.5.3. Analyzing the data from the 97 kbp
molecules, we see the dwell time increase from 3 ms to 6 ms, and 2 ms to 3 ms for
the linear and circular molecules, respectively, as shown in Figure 2.5a. Looking at
the fold counts for these molecules, Figure 2.5b, we see a decrease from 9.5 to 5.5
folds on average for the linear molecule and from 2.5 down to below 1 fold for the
circular molecule. The distribution of folds for the 97 kbp circular molecule, shown
in Figure 2.5c resembles that seen for the 48.5 kbp circular molecule (Figure 2.4c),
although with higher fold counts both above and below the Zimm time.

Control experiments for DNA translocation without recapturing show that the
most probable dwell time for 48.5 kbp linear molecules at 50 mV was around 3.3
ms. Using the previously observed power-law length dependence[14] for the dwell
time with an exponent of 1.26, we would expect a 97 kbp linear molecule to translo-
cate with a dwell time of about 8 ms. Indeed, Figure 2.5a shows the dwell time
converging to a value of about 6 ms as the recapture time increases, though this
value should be consider a lower limit in view of the limited statistics at the higher
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the dwell time (a) or fold count (b) of the events in each bin. c) The percentage of molecules with a
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recapture times. The most-probable dwell time for 48.5 kbp circular molecules was
estimated to be around 1.7 ms at 50 mV, using the events from the control experi-
ments which only contained the two-dsDNA current level. This estimate is in good
agreement with the limiting value observed in Figure 2.4a.

We can also examine the effect of Zimm relaxation in the regime where fold-
ing plays no role. This allows us to analyze how the initial molecular configuration
affects the translocation time of the molecule. For this, we selected only unfolded
events and observe how their dwell time changes above and below the Zimm re-
laxation time. Due to the high fold counts in our recapture experiments, only the
circular molecules had a sufficient number of unfolded events for this analysis. Un-
folded events were separated into those occurring above and those below the Zimm
relaxation time. We expect the molecules recaptured below the Zimm time to have,
on average, a smaller coil radius then the molecules that were allowed sufficient
time to relax. The mean dwell times and standard errors for these populations are
shown in Table 2.1. Indeed, in both cases we see the dwell time increase signifi-
cantly when the molecule is recaptured only at times above its relaxation time. This
observation agrees with the notion that a more spatially extended molecule takes
a longer time to translocate.

Table 2.1: The mean dwell time and the standard error for unfolded events in circular molecules, shown
for events recaptured below and above the Zimm time.

Type 48.5 kbp circular 97 kbp circular
Regime 𝑡፫ < 𝜏ፙ 𝑡፫ > 𝜏ፙ 𝑡፫ < 𝜏ፙ 𝑡፫ > 𝜏ፙ
𝑡፝ (ms) 1.68 1.78 1.67 2.41

S.E. (ms) 0.03 0.02 0.18 0.34

2.4.Discussion and Conclusion
These nanopore experiments provide a way to probe the non-equilibrium configu-
rations of DNA and its approach to equilibrium. The exceptionally high fold counts
that we observe in these experiments can be explained by looking at the recapture
process. In the translocation process, the DNA molecule is transported through the
nanopore, driven by the electric field which is very high right at the pore, but drops
very quickly (with 1/𝑟ኼ) away from the pore. This causes a fast pile up of DNA ma-
terial, leading to a large amount of DNA on the trans side of the pore. This effect is
very prominent, since we are dealing with very long (16 or 32 𝜇m) DNA molecules
and applying very low voltages (50 mV). Note that translocation occurs fast, i.e.,
the DNA is piled up in a few ms, which is much faster than the Zimm equilibrium
time for these long DNA polymers. As a result, the translocated DNA does not yet
have time to equilibrate to its equilibrium configuration. This high-density pile up
of DNA leads to multiple points along the molecule that can subsequently be recap-
tured into the pore, resulting in events with a large number of folds. Alternatively,
at very long recapture times, the molecule is allowed to relax and the DNA blob will
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return to its characteristic large Flory radius on a timescale given by 𝜏ፙ።፦፦, and
the DNA densities and thus fold counts will approach those seen in non-recapture
experiments where the molecules are in equilibrium when captured. Gathering
sufficient statistics at very long recapture times is difficult, however, since longer
switching times increase the probability of the molecule being lost. In practice, we
were able to obtain data for recapture times between about 3 and 300 ms, with
better statistics at the shorter tr end.

Gershow and Golovchenko’s original paper proposed the repeated interrogation
of single molecules as a way to improve the accuracy of the measurement and as
a way to probe time-dependent processes affecting the molecule. The data in this
study shows that this approach may be viable in the future, but care must be taken
to prevent unwanted effects such as folding that lead to complications. The use of
short DNA molecules should reduce or eliminate the amount of folding observed,
but will require the use of integrated nanopore amplifiers in order to achieve the
fast switching speeds required[15–17]. Smaller-diameter pores introduce the com-
plication of an entropic barrier present in the capture process[2], but may be useful
to eliminate the folding observed, albeit with a higher risk of clogging and DNA-
pore interactions. For probing protein-DNA structures[18], which require the use
of large pores, analysis algorithms could take advantage of the fact that the location
of folds as well as noise will change with each subsequent recapture event while
the position of DNA-bound protein remains the same.

What do these results teach us about the influence of the molecular configu-
ration on the translocation process? Our observations show that it is important
to consider the timescales of the experimental process relative to the Zimm re-
laxation time, since the behavior of a polymer will be influenced by its state of
(non)equilibrium. Additionally, the capture of a denser non-equilibrium DNA blob
yields high fold counts and short translocation times. The observation that the
mean dwell time of unfolded events increases with recapture time supports the
simulations of Lu et al[6]. It is clear that reducing the large translocation time
variation seen in nanopore experiments will require an approach which can either
control the initial molecular conformation or be able to apply a strong controlling
force to the molecule. In the former approach, integration of a entry nanochan-
nel with a nanopore[19, 20], or combining a nanopore with a thin film gel[21],
could force a DNA molecule into an extended conformation before the start of the
translocation process. Such a method should provide multiple advantages including
longer translocation times, improved reproducibility from event to event, and better
discrimination between molecules with different physical properties such as length.

We have shown in this work that it is possible to carry out large number of recap-
tures on a single DNA molecule and use this to gain insight into both the properties
of the molecule as well as the physics governing the translocation process. While
these results show that a number of issues such as high fold counts will need to
be addressed, the high-number recapture technique promises to open a number of
interesting avenues for future research and extend the versatility of nanopores as
a biophysical technique.
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2.5. Supplementary Info
2.5.1. Calculation of Zimm Relaxation Time
We aim to quantitatively estimate the Zimm time for long linear and circular dsDNA.
The Zimm time equation 2.1 given in the main manuscript is a condensed form of
the full expression

𝜏ኻ =
𝑀𝜂[𝜂]ኺ

𝑅𝑇(1 + 1.662ℎ)𝐹(ℎ) (2.2)

This equation, given by Hearst[22], contains a parameter ℎ, which describes the
hydrodynamic interaction between the polymer and the solvent. Within equation
2.2, 𝑅 is the ideal gas constant, 𝑇 is the temperature in K,𝑀 is the molecular weight,
𝜂 is the solvent viscosity, and [𝜂]ኺ is the intrinsic viscosity. The function 𝐹(ℎ) is a
sum of inverse eigenvalues and is introduced later in equation 2.5. We use the
method of Bloomfield and Zimm[23] to determine the value of the hydrodynamic
interaction parameter, ℎ,

ℎ(𝜀) = 2 ᒊᎴ𝑁 ᎳᎽᒊ
Ꮄ 𝜌

(12𝜋ኽ) ᎳᎴ 𝑏𝜂
(2.3)

where the friction coefficient for one Kuhn segment is taken to be 𝜌 = 2.69 ⋅ 10ዅኻኺ
Pa⋅m as determined by Pluen et al[24], the Kuhn length is taken to be 𝑏 = 100 nm,
the viscosity of 1M KCl is 𝜂 = 8.9 ⋅ 10ዅኾ Pa⋅s, and the number of Kuhn segments is
𝑁 = 165 and 𝑁 = 330 for the 48.5 kbp and 97 kbp molecules respectively. Addition-
ally, the excluded volume expansion parameter, 𝜀, is found using the experimental
relation to salt concentration as determined by Douthart and Bloomfield[25] for
lambda DNA molecules

𝜀 = 0.05 − 0.11 ⋅ 𝑙𝑜𝑔(𝐼) (2.4)

where 𝐼 is the ionic concentration of the solution expressed in Molar. Since our
measurements take place in 1M KCl, the log term goes to zero and we take the
value of the expansion parameter to be 𝜀 = 0.05. Using Eq. 2.3 we find values of
ℎ = 1.80 and ℎ = 2.51 for the two molecules. This places us in the so-called ”partial
draining” regime, in between the free-draining (ℎ << 1) and non-draining (ℎ >> 1)
cases. We use to approach of Hearst[22] to determine the intrinsic viscosity of the
linear molecules, by finding the sum of inverse eigenvalues, 𝐹(ℎ), using
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𝐹(ℎ(𝜀)) =
ጼ

∑
፤዆ኻ

(𝑘ኼ + 4ℎ𝜆
ᖤ
፤
𝜋ኼ (1 −

1
2𝜋𝑘))

ዅኻ

(2.5)

This is further split into two parts, as Hearst has done,

𝐹(ℎ(𝜀)) =
ዂ

∑
፤዆ኻ

(𝑘ኼ + 4ℎ ⋅ (𝜋𝑘)
᎑

𝜋ኼ ⋅ 2᎑ (𝜋𝑘∫
᎝፤

ኺ
𝑡ዅ᎑ cos(𝑡)𝑑𝑡 − 𝛿∫

᎝፤

ኺ
𝑡ዅ᎑ sin(𝑡)𝑑𝑡))

ዅኻ

+
ጼ

∑
፤዆ዃ

(𝑘ኼ + 2ℎ𝑘 ᎵᎴ (1 − 1
2𝜋𝑘))

ዅኻ

(2.6)

where 𝛿 is given by

𝛿 = 1 + 𝜀
2 (2.7)

In the first sum of Eq. 2.6, we have substituted the integral for the diagonal
elements of the matrix 𝐺, while in the second term we use 𝑘 ᎵᎴ and keep the
correction factor that Hearst dropped. This equation was solved in Maple (using
the Euler-Maclaurin summation formula for the second term), and gave values of
𝐹(2ℎ) = 0.4575 and 𝐹(2ℎ) = 0.3613 for the 48.5 kbp and 97 kbp linear molecules
respectively. The intrinsic viscosity was then determined using

[𝜂]ኺ =
𝑁ፚ𝑏ኽ𝑁

Ꮅ
Ꮄ

√12𝜋𝑀
[2ℎ ⋅ 𝐹(ℎ)] (2.8)

where 𝑀 = 3.15 ⋅ 10዁ g/mol and 𝑀 = 6.30 ⋅ 10዁ g/mol for the 48.5 kbp and 97
kbp molecules respectively. This produced values of [𝜂]ኺ = 109 deciLiter/gram for
the 48.5 kbp DNA and [𝜂]ኺ = 169 dL/g for the 97 kbp molecule. The former value
compares quite well to experimentally determined values for linear lambda DNA of
112 dL/g[25], and 132 dL/g[26], as well as 119 dL/g using the estimation formula
of Tsortos et al[27].

Placing all of these values back into Eq. 2.2 gives us Zimm relaxation time values
of of 𝜏ኻ = 67 ms for the 48.5 kbp linear DNA and 𝜏ኻ = 205 ms for the 97 kbp linear
molecule.

We proceed with the same calculation for the circular molecules by first not-
ing that the ratio of the intrinsic viscosity of linear to circular molecules has been
predicted and experimentally measured[25] (in high salt conditions) to be

[𝜂]ፋ
[𝜂]ፂ

= 1.6 (2.9)

We use Eq. 2.9 to estimate the values of the intrinsic viscosity to be [𝜂]ኺ = 68
dL/g for the 48.5 kbp circular DNA and [𝜂]ኺ = 106 dL/g for the 97 kbp molecule.
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The former value compares favorably to experimentally measured values for circular
lambda DNA of 65 dL/g[25] and 90 dL/g[26]. We compute the eigenvalues using
the approach of Bloomfield and Zimm[23]

ጼ

∑
ኻ
(𝜆ᖤ፤)ዅኻ =

ኻኺ

∑
፤዆ኻ

(2𝜋ኼ𝑘ኼ∫
ኻ

ኺ
[𝑞 (1 − 𝑞2)]

ዅ᎑
[(𝑞2)

ኼ᎑
+ (1 − 𝑞2)

ኼ᎑
]
Ꮃ
Ꮄ
cos(𝜋𝑘𝑞)𝑑𝑞)

ዅኻ

+
ጼ

∑
፤዆ኻኻ

( 𝜋ኼዄ᎑𝑘ኻዄ᎑

Γ(𝛿) cos(᎝᎑ኼ )
[1 − 12 (

1
2𝜋𝑘)

ኼ᎑ Γ(1 + 𝛿)
Γ(1 − 𝛿)])

ዅኻ

(2.10)

The first ten eigenvalues, needed for the first sum in Eq. 2.10, are 15.088, 44.348,
82.842, 128.867, 181.435, 239.879, 303.701, 372.522, 446.032, and 523.974 for
𝜀 = 0.05 while the second term is an approximation[23] which is valid for large
values of 𝑘. The sum of inverses, given in Eq. 2.10, has a value of 0.3479 (factoring
in the double degeneracy of the eigenfunctions) and can then be used to determine
the Zimm relaxation time using a modified version of Eq. 2.2

𝜏ኻ = 𝑀𝜂[𝜂]ኺ
2𝑅𝑇𝜆ᖤ፤∑፤

ኻ
᎘ᖤ
= 𝑀𝜂[𝜂]ኺ
𝑅𝑇(15.088)(0.3479) =

0.1905𝑀𝜂[𝜂]ኺ
𝑅𝑇 (2.11)

This gives Zimm relaxation time values of of 𝜏ኻ = 15 ms for the 48.5 kbp circular
DNA and 𝜏ኻ = 46 ms for the 97 kbp circular molecule, as summarized in Table 2.2.

How do these calculated relaxation times compare to measurements by others?
Many measurements of the relaxation time exist for linear lambda DNA in more vis-
cous conditions[28–34]. Liu et al determined the relation 𝜏ኻ = 0.0947𝜂, relating the
relaxation time of linear lambda DNA to the viscosity of the solution. Extrapolating
to our conditions gives a value of 84 ms, very close to our calculated value of 67
ms.

Table 2.2: The Zimm relaxation times for the four different molecules.

Size Zimm Time (ms)
48.5 kbp linear 67
97 kbp linear 205

48.5 kbp circular 15
97 kbp circular 46

2.5.2. Control Experiments
Non-recapture control experiments were carried out using 48.5 kbp lambda DNA
(heated to 65∘C for 10 min) at a concentration of 1.56 nM in a 20 nm PDMS coated
pore, at 50 mV and 100 mV applied voltage as shown in Figure 2.6 and 2.7.
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Figure 2.6: (Left) Dwell time histogram for unfolded events translocated at 50 mV. The most probable
dwell time is 3.3 ms. (Right) Current histogram for all 50 mV events. The first DNA peak occurs at 0.061
nA (1.22 nS).
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Figure 2.7: (Left) Dwell time histogram for unfolded events translocated at 100 mV. The most probable
dwell time is 1.5 ms. (Right) Current histogram for all 100 mV events. The first DNA peak occurs at
0.123 nA (1.23 nS).

2.5.3.Observed Fold Counts
Fold counts were determined for all experiments using a Matlab script coupled with
the level fitting event output from OpenNanopore[10]. Briefly, this script looked at
the magnitude of the current decreases for each successive level, relative to the
blockade for an unfolded molecule (as determined using first peak in the current
histogram). Events with a recapture time below 3 ms were removed since the
baseline did not have sufficient time to settle.
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Table 2.3: The observed fold counts for linear molecules in recapture experiments, given as the per-
centage of events with a given number of folds, relative to the total population of events in that data
set.

Size 48.5 kbp 97 kbp
Type linear linear

Data Set 𝑡፫ < 𝜏ፙ 𝑡፫ > 𝜏ፙ all 𝑡፫ 𝑡፫ < 𝜏ፙ 𝑡፫ > 𝜏ፙ all 𝑡፫
0 folds 15.0 33.3 20.2 0.2 0.0 0.2
1 fold 33.3 33.3 33.3 2.4 14.8 3.0
2 folds 10.0 16.7 11.9 2.6 0.0 2.4
3 folds 11.7 8.3 10.7 6.9 14.8 7.3
4 folds 13.3 0.0 9.5 8.4 18.5 8.9
5 folds 10.0 8.3 9.5 9.6 7.4 9.5
6 folds 6.7 0.0 4.8 9.2 7.4 9.1
7 folds 0.0 0.0 0.0 11.3 3.7 10.9
8 folds 0.0 0.0 0.0 12.0 14.8 12.1
9 folds 0.0 0.0 0.0 9.6 7.4 9.5
10 folds 0.0 0.0 0.0 7.9 0.0 7.5
11 folds 0.0 0.0 0.0 6.0 3.7 5.9
12 folds 0.0 0.0 0.0 4.9 0.0 4.7
13 folds 0.0 0.0 0.0 2.6 0.0 2.4
14 folds 0.0 0.0 0.0 2.4 7.4 2.6
15 folds 0.0 0.0 0.0 1.7 0.0 1.6
16 folds 0.0 0.0 0.0 0.4 0.0 0.4
17 folds 0.0 0.0 0.0 0.6 0.0 0.6
18 folds 0.0 0.0 0.0 0.2 0.0 0.2
19 folds 0.0 0.0 0.0 0.6 0.0 0.6
20 folds 0.0 0.0 0.0 0.2 0.0 0.2
21 folds 0.0 0.0 0.0 0.0 0.0 0.0
22 folds 0.0 0.0 0.0 0.0 0.0 0.0
23 folds 0.0 0.0 0.0 0.2 0.0 0.2
24 folds 0.0 0.0 0.0 0.0 0.0 0.0
25 folds 0.0 0.0 0.0 0.0 0.0 0.0
Mean Fold Count 2.32 1.33 2.04 7.66 5.7 7.56
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Table 2.4: The observed fold counts for circular molecules in recapture experiments, given as the per-
centage of events with a given number of folds, relative to the total population of events in that data
set.

Size 48.5 kbp 97 kbp
Type circular circular

Data Set 𝑡፫ < 𝜏ፙ 𝑡፫ > 𝜏ፙ all 𝑡፫ 𝑡፫ < 𝜏ፙ 𝑡፫ > 𝜏ፙ all 𝑡፫
0 folds 31.1 60.3 45.6 18.6 37.5 22.5
1 fold 42.4 29.8 36.1 25.1 37.5 27.7
2 folds 12.9 3.1 8.0 29.3 17.9 26.9
3 folds 7.6 5.3 6.5 18.1 5.4 15.5
4 folds 0.8 0.8 0.8 5.6 1.8 4.8
5 folds 3.0 0.8 1.9 2.8 0 2.2
6 folds 2.3 0 1.1 0.5 0 0.4
7 folds 0 0 0 0 0 0
8 folds 0 0 0 0 0 0
9 folds 0 0 0 0 0 0
10 folds 0 0 0 0 0 0
Mean Fold Count 1.23 0.59 0.91 1.77 0.96 1.61
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Figure 2.8: The percentage of molecules with a given number of folds, at 100 mV (green squares) and
50 mV (magenta circles). Data from non-recapture control experiments using 48.5 kbp lambda DNA.
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Table 2.5: The observed folding counts for the linear 48.5 kbp molecules in non-recapture control
experiments, at applied voltages of 50 mV and 100 mV.

Size 48.5 kbp 48.5 kbp
Type linear linear

Data Set 50 mV control 100 mV control
0 folds 10.8 20.8
1 fold 38.2 46.7
2 folds 16.9 15.1
3 folds 15.0 10.5
4 folds 7.1 3.3
5 folds 3.5 2.2
6 folds 2.6 0.6
7 folds 1.3 0.4
8 folds 1.4 0.0
9 folds 0.7 0.0
10 folds 0.3 0.0
11 folds 0.3 0.1
12 folds 0.2 0.0
13 folds 0.0 0.2
14 folds 0.2 0.0
15 folds 0.3 0.1
16 folds 0.3 0.0
17 folds 0.2 0.1
18 folds 0.0 0.0
19 folds 0.1 0.0
20 folds 0.2 0.1
21 folds 0.0 0.0
22 folds 0.0 0.0
23 folds 0.1 0.0
Mean Fold Count 2.45 1.47
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2.5.4. Sample Events from Recapture Experiments
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Figure 2.9: Example events from the recapture of a 48.5 kbp linear DNA molecule.

0 1 2 3 4 5 6 7
-0.16

-0.12

-0.08

-0.04

0

0.04

0 0.4 0.8 1.2 1.6
-0.5

-0.4

-0.3

-0.2

-0.1

0

0 1 2 3

-0.8

-0.6

-0.4

-0.2

0

C
ur

re
nt

 (n
A

)

C
ur

re
nt

 (n
A

)

C
ur

re
nt

 (n
A

)

C
ur

re
nt

 (n
A

)

Time (ms) Time (ms)

Time (ms) Time (ms)

0 1 2 3

-0.2

-0.1

0

Figure 2.10: Example events from the recapture of a 97 kbp linear DNA molecule.
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Figure 2.11: Example events from the recapture of a 48.5 kbp circular DNA molecule.
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Figure 2.12: Example events from the recapture of a 97 kbp circular DNA molecule.
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3
Velocity of DNA during

translocation through a solid
state nanopore

While understanding translocation of DNA through a solid-state nanopore is vital
for exploiting its potential for sensing and sequencing at the single-molecule level,
surprisingly little is known about the dynamics of the propagation of DNA through
the nanopore. Here we use linear double-stranded DNA molecules, assembled by
the DNA origami technique, with markers at known positions in order to deter-
mine, for the first time, the local velocity of different segments along the length of
the molecule. We observe large intramolecular velocity fluctuations, likely related
to changes in the drag force as the DNA blob unfolds. Furthermore we observe an
increase in the local translocation velocity towards the end of the translocation pro-
cess, consistentwith a speeding up due to unfolding of the last part of theDNAblob.
We use the velocity profile to estimate the uncertainty in determining the position
of a feature along the DNA given its temporal location, and demonstrate the error
introduced by assuming a constant translocation velocity.

C. Plesa, N. van Loo, P. Ketterer, H. Dietz, and C. Dekker, Velocity of DNA during translocation through
a solid state nanopore, Nano Letters (2014), in press.
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3.1. Introduction

T he number of solid-state nanopore applications has exploded[1, 2] since their in-
ception over a decade ago[3, 4]. Nanopores have been used to study and detect

various biopolymers (particularly DNA[5–9], free protein[10, 11], DNA-origami[12–
14], and DNA-protein complexes[15–17]. Despite this advance, some basic prop-
erties of the translocation process remain poorly understood. One such fundamen-
tal question is how the velocity of a long DNA molecule changes as the molecule
translocates through the pore. Previous simulations from the Golovchenko group
suggested that the wide distribution observed for the translocation velocities for
molecules of equal length can be attributed to drag-induced velocity fluctuations
and predicted that the DNA would strongly speed up at the end of the translocation
process[18], as described in detail later. Currently, no experimental measurement
of the velocity profile has been carried out. Since knowledge of this velocity profile
is required to convert temporal signals into positional information, crucial for ob-
taining biological information from a translocating DNA molecule, this represents a
serious gap in our current understanding of the translocation process.

In this study we introduce a new technique to determine the velocity of different
segments along a DNA molecule, and we present the first experimental data on how
the velocity changes during the course of a translocation event. We systematically
observe a higher local velocity at the end of the translocation event, which can
be attributed to the unfolding of the DNA blob outside the pore. Additionally, we
observe a wide distribution in the intramolecular, intermolecular, and pore-to-pore
translocation velocities. We utilize this information to estimate how well we can
determine the spatial position from a measured nanopore signal.

Before we turn to the experimental findings, we briefly recapitulate the tech-
nique of solid-state nanopores and the DNA translocation process. Nanofabrica-
tion[19] is used to create chips with 20 nm thick free-standing SiN membranes.
A transmission electron microscope (TEM) is subsequently used to focus an elec-
tron beam onto the membrane and create a nanopore of any diameter desired.
This membrane is then placed in a flowcell such that it separates two small reser-
voirs containing 4M LiCl salt solution. Chlorinated silver electrodes are placed into
each chamber and an electric field is applied across the membrane. The ionic cur-
rent passing through the nanopore is recorded by means of a low-noise amplifier.
Any biomolecule passing through the pore causes a temporary drop in the mea-
sured ionic current for the duration of its translocation through the pore constric-
tion. DNA molecules, which are highly negatively charged, are electrophoretically
driven through the nanopore, as shown in Figure 3.1a. Long DNA molecules typi-
cally translocate in a head-to-tail fashion[20], but can also exhibit varying degrees
of folding, when the molecule is captured along its length rather than at an end.
While a piece of the DNA traverses the nanopore, the rest of the DNA molecule
remains as a large blob outside the pore[21]. A large variation is typically observed
for the total translocation time, even among molecules of the same type. These
differences in the intermolecular velocity, as well as intramolecular velocity fluctua-
tions, have been suggested to be caused by variations in the drag force due to the
unraveling of this random blob outside the pore[18], which becomes increasingly



Introduction ..

3

41

smaller as the translocation progresses. The translocation velocity of a molecule
is dependent on its particular initial conformation at the moment of capture, and
this is believed to be the cause of the wide distribution of intermolecular transloca-
tion times typically observed. Both simulations[18] and recapture experiments[22]
suggest that extended conformations lead to slower translocation durations, pre-
sumably because the mean drag force is larger. Near the end of the translocation
process, the drag force due to the DNA blob before the pore decreases quickly,
resulting in a significant non-linear increase in the translocation velocity. This ef-
fect has been predicted by simulations[18] but never experimentally measured. A
recent experimental study by Singer et al examined the translocation time between
two DNA-bound PNA probes as a function of distance, for relatively short (<3.4
kbp) DNA molecules translocating through a small (3.7 nm) pore in asymmetric salt
conditions[23]. They found a power law dependence of this time with distance
between the probes, similar to what is observed for the total translocation time as
a function of total DNA length. In contrast, we investigate long DNA molecules,
with a specific focus on determining the velocity profile along the molecule and we
attempt to shed some experimental light on the open questions that we outlined in
this section.

SiN

A

+-

299 bp protrusion}
42 bp

130 bp

100 bp

100 bp

100 bp

140 bp

a

b

Figure 3.1: a) Schematic illustration of a synthetic DNA construct containing a protrusion translocating
through a solid-state nanopore. b) Close up schematic of the protrusion showing it is assembled from
multiple individual DNA oligomers.

We designed synthetic DNA constructs with markers at known positions in order
to measure the local velocity over different segments along the molecule. DNA nan-
otechnology has grown significantly over the last few years, particularly due to the
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drop in DNA synthesis costs as well as the introduction of DNA origami[24], a simple
technique to create nanoscale shapes out of DNA. In the DNA origami approach, a
long single-stranded DNA scaffold is folded into any shape desired, through the ad-
dition of short oligonucleotides complementary to multiple sections of the scaffold.
In this study, we used a similar strategy to create linear long DNA molecules with
a protrusion at a defined position along the molecule (Fig. 3.1). Since the position
of the protrusion is controlled by design and we can measure the time required
to traverse the DNA between say the start of the molecule and the protrusion, we
are able to determine the mean translocation velocity along different segments of
the molecule. A 7560 base M13 ssDNA scaffold was hybridized with 42 base oligos
everywhere along its length except where the protrusion is attached (Fig. 3.1 and
Supplementary Section 3.6.5). A protrusion is separately assembled and hybridized
to the partially hybridized M13 backbone, as shown in Figure 3.1b. The 299 bp
protrusion is created from the hybridization of six complementary oligos, ranging
in length from 94 to 140 bases, as detailed in Supplementary Section 3.6.5. Three
constructs were created, i) a symmetric construct with the protrusion at the exact
center of the linear molecule (Figure 3.2a), ii) an asymmetric construct with the
protrusion positioned 1571 bp (20.8%) from the closest end (Figure 3.2b), iii) and
a control construct with no protrusion. We chose to use a dsDNA protrusion since
this will have a well-defined blockade level that can be easily distinguished from
the current signals produced by knots[25], which are at least twice as high in am-
plitude (as measured from the single dsDNA blockade level). For the asymmetric
construct we chose to attach the protrusion 1571 bp away from the end in order
to be able to distinguish the protrusion from small folds which can occur at the
start or the end of the translocation process. By measuring the time 𝜏፩ from the
start of the translocation to the start of the protrusion, we are able to determine
the mean velocity over the first part of the molecule. Similarly, we can determine
the velocity for the segment in which the protrusion itself resides inside the pore,
as well as the last segment of the molecule. Given the already large distribution
in translocation times 𝜏ፃፍፀ for DNA molecules of equal length, we use the normal-
ized temporal position (𝜏፩/𝜏ፃፍፀ) for comparisons between different molecules and
pores. The presence of nicks along the DNA strand can be expected to reduce the
persistence length of these DNA constructs relative to dsDNA. In order to charac-
terize this effect, we carried out gels and determined the persistence length using
AFM measurements (Supplementary Section 3.6.1). We found that the persistence
length of these constructs is only slightly reduced and that these DNA constructs
still behave like worm-like chains as opposed to freely-jointed chains. These syn-
thetic DNA constructs allowed us to probe the velocity of the translocation process
in a way not previously possible.

Translocation of constructs containing a protrusion results in events with a char-
acteristic current spike within the DNA blockade. As expected, when the constructs
are translocated through a nanopore we observe that a significant fraction (Sup-
plementary Section 3.6.2) of unfolded events contain current spikes caused by the
presence of the protrusions. Typical examples are shown in Figure 3.2, where we
see (i) the DNA entering the pore, causing a current drop 𝐼ኻ, then (ii) during the
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translocation, we observe a sharp spike with an additional amplitude 𝐼ኻ due to the
protrusion, and (iii) eventually the current level returns to the open-pore level when
the translocation is complete. These types of events are not observed in the con-
trol measurements on the construct without any protrusion. The fraction of events
containing protrusions is set by a number of factors as discussed in Supplementary
Section 3.6.2. The presence of the protrusion in these DNA constructs is clearly vis-
ible as a current spike present within a large fraction of the DNA events observed
and allows us to determine the mean translocation velocity for any segment desired.
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Figure 3.2: a) Example current trace of the symmetric DNA construct. b) Typical current traces pro-
duced by the asymmetric DNA construct. Two orientations are possible as depicted in the molecular
configurations shown above each current trace.
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3.2. Results
We first discuss the results based on the symmetric construct with the protrusion
at the center of the DNA molecule. Figure 3.3 shows the distribution of the center
protrusion as a function of the normalized temporal position (𝜏፩/𝜏ፃፍፀ). A Gaussian
fit of this 296 event distribution has a mean of 0.528 and a standard deviation of
0.137. This distribution is extremely wide considering the well-defined position of
the protrusion at the center of the molecule. If the molecules were travelling at
a constant velocity we would expect a peak centered at 0.500. The slight shift
observed in the mean of the distribution suggests that the molecule, on average,
travelled slower in the first half relative to the second half. We also plot the dif-
ference between the average velocity over the last segment and the first segment
in the DNA construct, to examine the typical velocity fluctuations, as shown in Fig-
ure 3.5a. Positive differences occur if the molecule sped up in the latter half while
negative differences occurred if the molecule slowed down. We can see that the
Gaussian distribution (with several positive outliers cut off in the figure), has a mean
value of 0.015 bp/𝜇s and STD of 0.79. Nearly all values fall within the ±2 bp/𝜇s
range, with some outliers as far out as +17 bp/𝜇s which can be attributed to DNA-
pore interactions. These velocity fluctuations are quite large in comparison with the
mean velocity of 2.0 bp/𝜇s for these molecules, calculated using the most proba-
ble translocation time. This very sizable variation indicates that the intramolecular
speed distribution is very broad, similar to the inter-molecule variation.
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Figure 3.3: Histogram of the normalized temporal position observed for the symmetric construct with
a protrusion. The red line is the expected position of the protrusion assuming a constant translocation
velocity. The solid black line is a Gaussian fit to the distribution. The distribution has a mean of 0.528
and a standard deviation of 0.137.

Analysis of the translocations for the asymmetric DNA construct reveal that the
translocation velocity of the molecule increases as it approaches the end. Figure
3.4a shows the normalized temporal positions observed for the position of the pro-
trusion. The ’protrusion first’ orientation (I) has a 114 event distribution with a
Gaussian mean of 0.238 and a standard deviation of 0.103, while the ’protrusion
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last’ orientation (II) has a more narrow distribution of 98 events with a mean at
0.830 and standard deviation of 0.054. If these constructs would translocate with
a constant velocity, we would expect the distributions to be centered at 0.208 and
0.792 respectively, which are not within the standard error for the measured means.
The small shift observed in the mean values again indicates that the molecules move
slower at the start compared to the end. Figure 3.4b shows the average translo-
cation velocity obtained for different segments based on both orientations. We
observe that the last 21% of the molecule translocates 19% faster, on average,
than the first 21%. The slightly higher mean velocity observed for the first 21% of
the molecule (short red segment) compared to the first 79% of the molecule (long
blue segment) may suggest that there is a slightly higher velocity right at the start
of the translocation process, which was also observed in the simulations of Lu et
al[18] and could be due to the low drag at the very start of the translocation process
Supplementary Figure 3.13 zooms in on the data for each orientation and shows the
average translocation velocity determined for the three different segments of the
molecule for each orientation. These results further demonstrate that significant
fluctuations in the translocation velocity are present and show that the DNA speed
increases during translocation with a strong increase in the local velocity at the end
of the translocation process.

Next to the intra- and intermolecular fluctuations in the velocity, we also observe
significant variations in the mean translocation velocity between different pores. Al-
though the experiments all concern 10 nm pores that probe the same 7560 bp con-
struct, we observe most-probable translocation times varying from 1.9 ms to 4.8 ms
corresponding to velocities of 3.98 to 1.58 bp/𝜇s respectively, as shown in Figure
3.5c. This significant variation can be attributed to DNA-pore interactions, which
lead to a characteristic long tail in the translocation time distribution. We also note
that pores fabricated in older membranes typically show slower translocation ve-
locities. This effect could be due to more oxides present in the membrane material
and requires further investigation. As we have shown, it is however still well pos-
sible to determine and directly compare the positions of local protrusions between
different experiments by using the normalized temporal position from ensemble
distributions. This approach is supported by our finding that the time required to
reach the protrusion 𝜏፩ scales linearly with the total translocation time of the event
𝜏ፃፍፀ, as shown in Fig. 3.15.

Table 3.1: The value of the measured normalized temporal position, its standard deviation for three
spatial positions, and its standard error of the mean on a 7560 bp DNA molecule.

Spatial Position (bp) Normalized Temporal Position STD SE
1571 0.238 0.137 0.01
3780 0.528 0.103 0.006
5989 0.830 0.054 0.006
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Figure 3.4: a) Histogram of the normalized temporal position observed for the asymmetric construct. We
took a cutoff point at 0.6 to separate the two orientations. The distribution of orientation I has a mean
of 0.238 and STD of 0.103, while orientation II has a mean of 0.830 and STD of 0.054. Both peaks
occur later than the position expected based on a constant velocity (0.208 and 0.792, respectively),
which implies the first part of the molecule goes slower while the last part goes faster. b) The mean
local translocation velocity over various segments of the asymmetric DNA construct. The horizontal line
indicates the length of the segment that was used to elucidate its average speed while the vertical line
indicates the standard error. The dashed green line is the mean translocation velocity of the dataset.
Red points correspond to orientation I while blue points correspond to orientation II.
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Figure 3.5: Significant velocity fluctuations occur both within molecules (a), among molecules (b), and
among different nanopores (c). a) Histogram of the difference in translocation velocity between the last
half of the molecule and the first half. Positive values indicate the velocity was faster in the second half of
the molecule. The distribution has a mean of 0.015 bp/᎙s and STD of 0.79. The solid green line shows
the FWHM. b) Histogram of the differences observed in the mean velocity for equal length molecules
during the same experiment with the control construct containing no protrusion. c) Histograms showing
the variation in the mean velocity between different 10 nm pores, ceteris paribus. We observe significant
differences in the mean velocities for different pores.
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3.3.Discussion
How accurately can we determine the spatial position of a local structure (bound
protein, side group,...) along the DNA, if we know the temporal profile of the DNA
molecule? This question is central to many nanopore applications. The measure-
ments carried out in our study allow us to estimate how accurately position can be
determined from either a single measurement or an ensemble of measurements.
Figure 3.6 shows the measured normalized temporal position as a function of the
spatial position, from the data points of Fig. 3.3 and 3.4a (cf. Table 3.1). We use a
cubic spline fit in order to interpolate values and the shaded area shows the range
of the standard deviation observed. The solid blue line is the velocity profile that
would apply in the case of a constant velocity. We observe that the actual posi-
tion, is always less than the position estimated assuming a constant velocity, with
a statistically significant difference. This approach can be used to quantify the un-
certainties in determining spatial position for various measurements, as discussed
next.
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Figure 3.6: The relationship between the normalized temporal position and the spatial position de-
termined for our 7560 bp construct translocating through a 10 nm pore in 4M LiCl. Red points were
experimentally measured, while the red line is a cubic spline interpolation, and the shaded area is the in-
terpolated standard deviation. The blue line represents the case of constant velocity. The actual spatial
position typically lags behind the position estimated assuming a constant velocity.

Determining the spatial position from a single temporal measurement leads to
very large uncertainties, which can be reduced significantly using ensemble mea-
surements. We expect the spatial position corresponding to a single normalized
temporal point to fall anywhere within the horizontal intercept of that normalized
time point and the shaded red area. For example, if a normalized temporal position
of 0.2 is measured, one would estimate that this is caused by a feature at a position
along the molecule somewhere between 800 bp to 2200 bp. This result empha-
sizes the fact that single measurements produce very inaccurate results because
the stochastic fluctuations are large. The solution to improving the accuracy thus
is to carry out ensemble measurements and fit the resulting distribution of normal-
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ized time points, which results in much smaller uncertainties. Using the standard
error of the mean for the Gaussian fits (Figure 3.3 and 3.4a), we estimate that the
uncertainty in the spatial position (from an ensemble-measured normalized tempo-
ral position) to be about 200 bp over the first part of the molecule, which reduces
to about 90 bp after the midpoint. The larger uncertainty in the first part of the
molecule is due to the wider distribution observed in this region. If the velocity
profile is not known or cannot be measured, one could assume a constant veloc-
ity (blue line Figure 3.6). What would be the error associated with estimating the
spatial position from ensemble-measured temporal data, assuming a constant ve-
locity? Since the value of the mean velocity is slightly higher than the actual local
velocity for most of the molecule, the estimated spatial position determined assum-
ing a constant velocity will be between 130 and 330 bp further along the molecule
than the true position, at all positions except at the start and the very end of the
translocation process. The results demonstrate the importance of knowing the ac-
tual velocity profile and provide the first numbers for estimating the uncertainty in
the spatial position of a feature along a molecule.

Although these estimates are specific for a 7560 bp long molecule in 4M LiCl,
the results apply more generally. In the case of shorter molecules, the speed up at
the end of the translocation will concern a larger fraction of the total translocation
time, and accordingly there will be a larger difference between the mean velocity
and the actual velocity over most of the molecule, and hence larger overestimates
of the position if a constant velocity is assumed. In the case of longer molecules the
effect will be opposite since the increase in velocity at the end will be an increasingly
smaller fraction of the total translocation time and the mean velocity will converge
towards the actual velocity over most of the molecule. The effect that the local
velocity is smaller than the mean velocity may be even larger than our experiments
reveal. In most nanopore measurements on dsDNA, the translocation time is much
smaller than the polymer’s Zimm relaxation time[21]. Due to the presence of nicks
every 42 bp along our DNA-origami construct and the use of very high-salt solutions,
the relaxation time of the DNA constructs in these experiments, however, is likely
smaller than or similar to their translocation time, which may reduce the magnitude
of some of the effects observed.

3.4. Conclusion
This study has introduced a novel method for probing the local velocities of DNA
molecules translocating through solid state nanopores using synthetic DNA con-
structs. This was used to measure the mean velocity over several segments of
a 7560 bp DNA molecule. Significant fluctuations are observed in both the in-
tramolecular and intermolecular translocation velocity, as well as between different
nanopores of the same diameter. The size of the intramolecular velocity fluctua-
tions is surprisingly large, and they are apparent even when averaged over length
scales corresponding to half the total length of the molecule. We also systematically
observe an increase in the velocity at the end of the translocation process, an effect
attributed to the reduced drag force as the last of the DNA translocates through.
We have used the measured velocity profile to estimate the error in determining the
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spatial position both if the velocity profile is known or if a constant velocity profile
is assumed. These results demonstrate the utility of this approach for illuminating
the biophysics of the translocation process.

3.5.Methods

DNA construct self-assembly. The DNA construct was assembled using a circu-
lar strand of 7560 bases length derived from the genome of bacteriophage M13[26].
Staple oligonucleotide strands were prepared by solid-phase chemical synthesis
(Eurofins MWG, Ebersberg, Germany, HPSF grade). Production of the full DNA con-
struct was accomplished by two separate reactions for assembling the long line
backbone and the protrusion. The backbone was assembled in a reaction mixtures
containing M13 phage DNA at a concentration of 50 nM, 42 base complementary
DNA oligonucleotides at 200 nM each, and 5 mM TRIS, 1 mM EDTA, 20 mM MgClኼ
and 5 mM NaCl (pH 8). The reaction mixtures were subjected to a thermal anneal-
ing protocol using TETRAD (Biorad) thermal cycling devices. The mixtures were
first incubated at 65∘C for 15 min and then annealed from 60 to 40∘C in steps of
1∘C per hour. The protrusions were separately pre-annealed according to the same
protocol above with 10mM MgClኼ. After separate assembly, the protrusion and
backbone were incubated at RT for 12 hours in a ratio of 1.2:1. After the assem-
bly all objects were purified using 100kDa Amicon filters to separate the construct
from the excess staple strands. The filter purification was carried out 4 times with
a buffer containing 5 mM TRIS, 1 mM EDTA, 5 mM MgClኼ and 5 mM NaCl (pH 8)
centrifuging at 2000 rcf for 30 min. The constructs were then linearized with 10U
HincII in a total reaction volume of 56.4 𝜇L (for 3 hr at 37∘C) and either used as is
or purified with an phenol/chloroform extraction and ethanol precipitation.

Nanopore measurements. The synthetic DNA constructs were diluted into
solutions of 4M LiCl TE pH8, which facilitates high-resolution nanopore measure-
ments[27]. (Attempts to measure in 1M KCl were hampered by the limited resolu-
tion.) In this study, the DNA constructs were translocated through 10 nm nanopores
at 100 mV applied voltage. Current traces were digitized at 500 kHz, low-pass Gaus-
sian filtered at 40 kHz, and analyzed with the Transalyzer Matlab package[28]. We
selected only non-folded DNA translocation events with a single spike of amplitude
𝐼ኻ for further analysis.

Acknowledgement

The authors would like to acknowledge Meng-Yue Wu for TEM nanopore drilling,
Jaco van der Torre for advice on purification protocols, and Katharina Häußermann
for helpful discussions about the assembly strategy. This work was supported by
the Netherlands Organisation for Scientific Research (NWO/OCW), as part of the
Frontiers of Nanoscience program, as well as the European Research Council under
research grant NanoforBio (no. 247072).



Supplementary Info ..

3

51

3.6. Supplementary Info
3.6.1. Construct Characterization
Our synthetic DNA constructs were characterized using gel electrophoresis, atomic
force microscopy (AFM), and nanopore measurements. Figure 3.7 shows the as-
sembly of a DNA construct and the resulting shift in mobility after the attachment
of the protrusion. Figure 3.8 shows that the migration speed of a linearized DNA
origami construct is similar to a dsDNA molecule of equal length. This indicates no
significant difference in the persistence length due to the presence of the nicks that
are present every 42 bp in the origami constructs, as any significant reduction in
the persistence length would cause the construct to migrate faster in a gel.

Figure 3.7: Assembly of circular DNA construct with asymmetric protrusion. Labels: L, New England
Biolabs 1kB DNA ladder; C, folded circular DNA object without protrusion; P, pre-annealed protrusion;
P+C, mixture of P and C in 1:1 after incubation at RT for 1 day; m, folded objects; ex, non-integrated
excess staple strands. Marked regions of interest were auto-leveled. The dashed red line assists to note
the mobility shift after addition of the protrusion.

AFM was used to image the DNA origami constructs as shown in Figure 3.9 and
3.10. Protrusions are marked with a red arrow. Samples with 10 mM Mgኼዄ were
incubated on freshly cleaved mica for several min, after which they were rinsed
with water and dried with nitrogen gas. Imaging was carried out with a Nanoscope
IV in tapping mode with Olympus AC160TS tips.

In order to investigate the persistence length of the DNA origami constructs, we
measured the end-to-end distances of 58 molecules, as shown in Figure 3.11. It has
previously been shown that this approach can be used to estimate the persistence
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Figure 3.8: The 7560 bp asymmetric DNA construct after linearization (lane C+P lin.) alongside a
Promega BenchTop 1 kbp DNA ladder (lane L). The linear DNA origami construct migrates accurately
at the expected size for equivalent-length dsDNA molecules, indicating no significant reduction in the
persistence length compared to dsDNA.

Figure 3.9: AFM scans of some DNA origami constructs before linearization. Arrow indicates the protru-
sion. Scale bar denote 1 µm (left) and 200 nm (right).
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Figure 3.10: AFM scans of some DNA origami constructs after linearization. Arrows indicate the protru-
sion. Scale bars denote 200 nm.
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Figure 3.11: The end-to-end distance measured for 58 DNA construct molecules after linearization. We
find a root-mean-square end-to-end distance of 612 nm.
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length of dsDNA on a 2D surface, given that DNA molecules have been found to
re-equilibrate on the surface in AFM measurements in the presence of Mgኼዄ.[29]
We find a root-mean-square end-to-end distance (RMSD) of 612 nm. We compare
this with several values given by the worm-like chain (WLC) and freely-jointed chain
models, as shown in Table 3.2. We can determine the 2D end-to-end distance of a
WLC polymer on a 2D surface using

< 𝑅ኼ >ኼፃ≅ 4𝐿፩𝐿 (1 −
2𝐿፩
𝐿 ) for 𝐿 >> 𝐿፩ (3.1)

where 𝐿 is the contour length and 𝐿፩ is the persistence length of the molecule[29].
Assuming WLC behavior and using Eq. 3.1, we thus find a persistence length of
38 nm for our DNA constructs. This value is not significantly lower than the value
expected for dsDNA (50 nm), while it is very much larger than values that can be
expected for a freely-jointed chain model, both if one would insert a persistence
length of ~1nm as expected for ssDNA, or 14 nm for a freely hinging chain of 42bp
segments. Indeed, our DNA constructs do not behave like freely-jointed chains that
would result in much smaller values for the RMSD (Table 3.2). These experimental
data clearly indicate that the synthetic DNA constructs used should recapture the
same translocation behavior as regular dsDNA molecules.

Table 3.2: A comparison of the measured root-mean-square end-to-end distance (RMSD) with the values
predicted by several models for ፋ = 2570 nm.

AFM measured RMSD for DNA constructs on a mica surface 612 nm
Worm-like chain 2D RMSD using Eq. S1 with 𝐿፩ = 50 nm 703 nm
Worm-like chain 3D RMSD with 𝐿፩ = 50 nm 866 nm
Freely-jointed chain 3D RMSD with segment length of 50 nm 507 nm
Freely-jointed chain 3D RMSD with segment length of 14 nm (42 bp) 192 nm

3.6.2. Yield
The gel shown in Figure 3.7, shows that the initial assembly reaction went to com-
pletion. We quantified the final yield using nanopore measurements, as shown in
Table 3.3. The value of the yield is given as the percentage of unfolded translocation
events with a protrusion out of all unfolded translocation events. We observe yields
ranging from 29% to 85%. Several factors affect the final yield. i) The protrusion
is first assembled through the hybridization of six oligomers. Any excess oligomers
from this mixture may interfere with the binding of the protrusion if they hybridize
to the M13 scaffold strand before a fully assembled protrusion does. ii) Since the
protrusion is mixed with the scaffold strand at a 1:1 ratio, the yield may be affected
by uncertainties in the stoichiometry of the oligomers and the presence of some
protrusions which are not fully assembled. iii) We observe that purifications, which
are required to remove excess oligomers and restriction enzymes, reduce the final
yield (Table 3.3). These factors all contribute to the final observed yield.
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Table 3.3: The final yield of the linear DNA construct with a side protrusion, as determined using
nanopore measurements.

Assembly # Construct Yield (%)
Number of purifications

after assembly

1 asymmetric 38% 229%
2 asymmetric 53% 1

3 symmetric 84% 185%

3.6.3. Velocity Data
Figure 3.12 shows histograms of the translocation velocities measured for each of
the three segments of the symmetric construct. The most probable translocation
velocity is similar for all three with a value of around 2 bp/𝜇s. A small shift towards
higher velocities is seen in the last segment relative to the first segment which can
be attributed to the speed up at the end of the translocation process. Figure 3.13
shows the mean local translocation velocity over various segments of the asymmet-
ric DNA construct, including the protrusion. Figure 3.14 shows scatter plots, with
the current blockade versus total translocation time, for the asymmetric construct
for both events with and without the protrusion.
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Figure 3.12: The segment velocities observed for each of the three segments of the symmetric construct.
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3.6.4. Scaling of 𝜏፩ of with 𝜏ፃፍፀ
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Figure 3.15: The linear scaling observed between the time required to reach the protrusion Ꭱᑡ and the
total translocation time of the event Ꭱᑕᑟᑒ for the a) symmetric construct b) asymmetric construct in
orientation I, and c) asymmetric construct in orientation II. Solid lines are linear fits with an intercept
of zero and slopes of a) 0.521, b) 0.261, and c) 0.839.

3.6.5. Protrusion andM13 Backbone Oligomer Sequences
Oligomer sequences are available in the online supplementary information for the
publication Plesa et al.[30].
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4
Direct observation of DNA knots

using solid state nanopores

Long DNAmolecules can self-entangle into knots. Experimental techniques to ob-
serve such DNA knots (primarily gel electrophoresis) are limited to bulk methods
and circularmolecules below 10 kbp in length. Herewe show that solid-state nano-
pores can be used to directly observe individualDNAknots in both linear and circu-
lar single molecules of arbitrary length. DNA knots are observed as short spikes in
the nanopore current traces of traversing DNAmolecules. The observation of knots
is dependent on sufficiently high measurement resolution, which can be achieved
using high-concentration LiCl buffers. We study the percentage of DNA molecules
with knots for different DNA molecules, up to 166 kbp in length. We find that the
knotting probability rises stronglywith length, and compare our experimental data
to simulation-based predictions for long polymers. From the translocation time of
the knot through the nanopore, we estimate that the majority of the DNA knots are
tight, with small sizes below 100 nm. In the case of linear molecules, we observe
that knots are able to slide out upon applying high driving forces (voltage). Our re-
sults demonstrate that the solid-state nanopore technique can provide a wealth of
information about the position and the size of knots, including the number of DNA
strands inside DNA knots.

C. Plesa, D. Verschueren, J. W. Ruitenberg, M. J. Witteveen, M. P. Jonsson, A. Y. Grosberg, Y. Rabin, and
C. Dekker, Direct observation of DNA knots using solid state nanopores, submitted.
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4.1. Introduction

It is well established that long polymers are subject to increasing self-entanglement
as their length becomes larger. DNA knots have been the focus of significant study
in polymer physics[1, 2] and, although they are ubiquitous in nature[3], their exact
role in biological processes is still under investigation[4–6]. Despite their interest,
knotting remains among the least understood properties of polymers due to a lack
of both experimental techniques to observe them as well as rigorous theoretical
approaches to describe and characterize them. Many open questions remain[7],
such as what determines the characteristic chain length beyond which knots become
prevalent upon cyclization, knot localization[8, 9], the existence of metastable tight
knots[10], and many others.

A number of experimental techniques have been developed to study knots,
particularly in DNA. Knots have been induced with high-electric fields[11], optical
tweezers[12, 13], topoisomerase enzymes[14–16], DNA recombinases[17, 18], and
through the cyclization of linear DNA molecules[19, 20]. Electron microscopy[14]
(EM) and atomic force microscopy[21] (AFM) have been used to image knots with
excellent resolution but these techniques are limited to small molecules and low
statistics. Optical techniques[11, 12] have been used to introduce and study the
behavior of knots in DNA strands. Gel electrophoresis[15–17, 19, 20], the dominant
tool used in knot studies, is a bulk technique where knots are trapped in circular
molecules which are limited to lengths below 10 kbp. Here we introduce a new
single-molecule technique capable of directly observing individual knots, in both
linear and circular molecules with arbitrarily long lengths.

Solid-state nanopores have emerged as an important tool with a large number
of potential applications[22, 23] at the crossroads of physics, biology and chem-
istry. Nanopores have provided a method to investigate various concepts in poly-
mer physics such as polymer translocation through pores[24, 25], the Zimm relax-
ation time[25, 26], and the polymer capture process[27, 28]. In nanopore sensing,
biomolecules in an aqueous solution are placed into one of two reservoirs sepa-
rated by a membrane containing a nanometer scale pore, as shown in Figure 4.1.
Subsequent application of voltage using electrodes bathed in each reservoir pro-
duces an electric field and a resulting electrophoretic force on charged molecules
such as DNA, causing them to be pulled through the nanopore. The presence of
a molecule in the pore causes a blockade in the ionic current that (in high salt
conditions) is proportional to the volume of the segment of the molecule in the
pore. For long polymers, the translocation process is much faster than the typical
relaxation time[29], which allows us to investigate the polymers before they have
a chance to relax. This enables us to probe long DNA molecules for the presence
of topological structures such as knots. Several theoretical papers have addressed
some of the issues arising from the presence of knots in molecules translocating
through nanopores[30, 31]. Here we report the first direct experimental observa-
tion of knots in measurements on long dsDNA molecules that translocate through
solid-state nanopores.
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Figure 4.1: A schematic illustration of a DNA molecule with a trefoil (ኽᎳ) knot translocating through a
solid-state nanopore.

4.2. Results and Discussion
Knots produce distinctive signatures in the current blockade of translocating DNA
molecules. When a DNA molecule passes through the pore, it causes a blockade
with magnitude 𝐼ኻ in the current level as shown in Figure 4.2a. If the molecule
enters the pore in a folded configuration this produces a blockade level twice as
high (2𝐼ኻ) for the duration of the fold, as shown in Figure 4.2b. These folds occur
primarily at the start of the translocation process and their probability of occur-
rence has been shown to increase as the capture point gets closer to the end of the
molecule[28]. High-resolution investigation of DNA translocation events reveals the
presence of additional sharp blockage spikes with a high amplitude and very short
duration occurring within a fraction of the events. Examples of such events are
shown in Figure 4.2c-d,f. We observe such events in both linear DNA (Fig 4.2cd)
and circular dsDNA (Fig 4.2f). These spikes occur only within the DNA transloca-
tion events and have an amplitude (on top of the DNA blockade level 𝐼ኻ) which
is an integer multiple of 2𝐼ኻ. Such spikes can only be associated to two types of
molecular configurations: an internal fold within the molecule, or a topologically
constrained DNA knot. The former configuration of local folds has extremely low
rates of occurrence due to the nature of the translocation process, which can be
seen as follows. The nanopore can be thought of as applying a point force to the
polymer at the location of the nanopore, since the electric field strength is highest
in the pore and strongly decreases as 1/𝑟ኼ away from the pore[32]. A long DNA
molecule coils up into a polymer blob that has a large size (many hundreds of nm)
compared to the nm-size nanopore. For translocation, a DNA end is pulled though
the pore, thus disentangling the blob. The tension in the DNA strand resulting from
the pulling action towards the pore propagates along the strand outwards from the
nanopore, which pulls out any internal folds (since the velocity of the leading (cap-
tured) DNA is much higher than that of the lagging DNA (behind the fold)). Knots,
on the other hand, cannot unfold due to the topological constraints imposed and
are pulled towards and translocated through the nanopore. This argument that the
observed blockades are due to knots as opposed to folds is further supported by
the small size observed for the majority of knots (see below), whereas local folds
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would have a wide distribution of larger sizes.
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Figure 4.2: Six example events for lambda DNA translocating through a 10 nm pore at 200 mV in 2M
LiCl at 30kHz bandwidth. The molecular configuration attributed to each type of event are shown above
each current trace in red. a) Current trace of an unfolded event. b) Current trace of an event with a fold
at the start. c) Current trace of an event with an internal blockade which can be associated with a knot.
d) Another event similar to c but with an additional fold at the start. e) Current trace of an unfolded
circular molecule translocating. f) Current trace of a circular molecule containing a knot.

The observed current signatures allow us to probe the knotting probability, knot
size, and knot position. The 2𝐼ኻ magnitude of the spikes provides strong evidence
for the occurrence of DNA knots, indicating the presence of 3 double-stranded DNA
segments. Although the knot amplitude can be used to determine the number of
DNA strands inside the pore, the current signatures for the knots do not provide
information about the crossing number of the knot. Different knot types (trefoil,
figure-eight,...) have the same number of DNA strands when linearly stretched out
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(without changing the topology of the knot) and accordingly can have the same
amount of DNA strands inside the pore during translocation. As a consequence,
our experimental results lead to statements encompassing many knot types. Most
spikes that we observe consistently have an amplitude of 2𝐼ኻ beyond the normal
DNA blockage level. Occasionally, however, we observe events during which the
additional current blockade has an amplitude of only 𝐼ኻ (beyond the normal DNA
blockage level), which may be due to the presence of replication forks, that occur
due to the nature of the plasmid replication process, or due to simultaneous co-
translocation of two different molecules. This latter phenomenon is only significant
if either a high concentration of DNA is used or if there is a significant amount of
smaller DNA fragments due to handling. For circular DNA molecules, DNA catenanes
may be possible as well.

In common nanopore experiments, knots are hard to observe since their small
size (< 100 nm; see below) makes their observation very sensitive to the reso-
lution of the solid-state nanopore measurement. Most nanopore experiments are
carried out in 1M KCl[25–28], where most observed knots have a duration (𝜏) of
15 𝜇s at 100 mV, indicating that their detection is at the edge of what is resolvable
(Supplementary Section 4.5.2). For this reason the majority of the experiments
presented in this study are carried out in solutions of 2M or 4M LiCl, which as we
have previously shown, can increase the translocation time of DNA by a factor of 7x
or 10x respectively, relative to 1M KCl[33]. Furthermore, the conductance block-
ades are also higher in 2M and 4M LiCl, which leads to a higher signal-to-noise-ratio
(SNR) and allows for higher measurement bandwidths. Indeed, for 48.5 kbp DNA
molecules at the same conditions, we observe fewer than 50% of the knots in 1M
KCl relative to measurements in 2M LiCl solution, as further discussed below.

We measured molecules of different length to study how the knotting probability
scales as a function of DNA length, and we compare the observed rates of knot
occurrence to previous simulation-based predictions. Four different DNA lengths
were used: 2686 bp pUC19 linearized with XmnI, a 20678 bp linearized plasmid,
48502 bp lambda phage DNA, and 165648 bp phage T4 GT7 DNA. Figure 4.3 shows
the measured knotting probabilities and their standard deviation for linear molecules
as a function of DNA molecule length (Supplementary Section 4.5.1). A strong non-
linear increase is observed. For 2686 bp molecules in 4M LiCl we find a knotting
probability of 1.8%, while for the 20678 bp molecules we observe 13.8±1.0% of
molecules with knots. For 48502 bp molecules we find 26.8±3.4% of molecules to
contain knots, while similar measurements carried out in 2M LiCl find a 24.4±4.6%
knotting occurrence (Supplementary Section 4.5.6). As mentioned above, data
taken in 1M KCl showed significantly lower knotting levels, an effect attributed
to the limited resolution in these measurements. Nevertheless, it can provide a
lower bound for the knot probability. For the 165648 bp DNA this lower bound was
measured to be 51.8±1.9%. These results provide the first experimental validation
of the knotting abundances in long polymers.

The observed rates of knotting occurrence are co-plotted in Figure 4.3 alongside
the simulation-based predictions of Deguchi and Tsurusaki[34] and Rybenkov et
al[19] (Supplementary Section 4.5.7). Neither of these simulations include complex
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Figure 4.3: Percentage of events with knots as a function of DNA length for measurements carried out
in 4M LiCl (red-squares) and 1M KCl (blue-circles). The 1M KCl data provide a lower limit of the knot
occurrence due to its low resolution. The dashed lines represent knot occurrence predictions based on
simulations by Deguchi and Tsurusaki[34] (green) and Rybenkov et al.[19] (magenta) (Supplementary
Section 4.5.7). The solid lines are cubic spline interpolations.

knots and thus can only serve as a lower bound since the amount of more complex
knots increases significantly as a function of the polymer length. For 2686, 20678,
48502, and 165648 bp DNA molecules these simulations predict knotting rates of
0.2%, 14%, 35%, and 80% respectively. Qualitatively we thus clearly see that the
simulation-based predictions show the same overall trend as the experiments. Since
our measurements are carried out in very high ionic strength conditions where the
electrostatic screening is very strong, we expect the effective diameter to be very
close to the physical diameter of DNA. This leads to higher knotting probabilities
relative to those expected in the case of lower ionic strength regimes, such as those
found at physiological conditions[19].

Since these measurements are carried out on linear molecules, we investigated
the possibility of knots slipping out before being captured. Once a knot reaches the
pore, translocation can only occur after the knotted strand has been bent to a size
set by the pore diameter, i.e. on scales below the persistence length of dsDNA.
If this process does not occur quickly enough, the low-friction DNA-DNA interac-
tions could allow a knot to slip out[12, 30, 35] by remaining at the pore entrance
while the non-knotted DNA strand translocates through. In circular DNA molecules,
however, the closed curve topology prevents such slipping out and knots are in-
trinsically trapped. We investigated the position of the observed knots in 20.7 kbp
relaxed circular molecules where any knots contained inside would not be able to
escape, although within a translocation event they might slip until the end. Figure
4.4 shows the normalized center position of the knots (𝜏፩/𝜏ፃፍፀ) in a 20 nm pore
at 4M LiCl for applied voltages of 100 mV and 200 mV. We observe that knots oc-
cur at random positions for 100 mV, whereas at 200 mV they indeed occur with a
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strong preference for the end of the molecule that translocates through the pore
last. We thus see a clear indication that the higher voltage causes knots to slide
towards the end of the molecule. As a consequence, the numbers for the knot
occurrence in linear molecules (Figure 4.3) provide a reasonable value at low ap-
plied voltage (100 mV), but should be treated as a lower bound to the equilibrium
knotting levels at higher voltages, where a significant amount of knots may slip out.
In order to quantify the amount of knots that slip out, we carried out experiments
using lambda phage DNA (48.5 kbp). This molecule has a 12 bp complementary
overhang allowing it to exist in both linear and circular forms depending on tem-
perature and salt conditions[36]. We heated solutions of lambda DNA and quickly
cooled them while in 2M LiCl, to form mixed populations of linear and circular DNA
from which to compare the knotting occurrence. Previously Rybenkov et al.[19]
observed no temperature dependence for the knotting probability, allowing us to
attribute any differences between the knotting occurrence in the two populations
to knots slipping out. We observed a 55% higher knotting occurrence in the circu-
lar molecules compared to the linear ones (Supplementary Section 4.5.6). These
results indicate that knots are able to slip out of linear DNA molecules during their
translocation through nanopores.
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Figure 4.4: Normalized center position of knots observed in 20.7 kbp relaxed circular molecules at 100
mV (top) and 200 mV (bottom). Ꭱᑡ/Ꭱᐻᑅᐸ = 0 denotes the start of the translocation and Ꭱᑡ/Ꭱᐻᑅᐸ = 1
the end of the translocation event. As the voltage is increased, we see knots sliding towards the end of
the molecule.

We estimated the size of knots from the time required for the knots to translo-
cate through the nanopore. Figure 4.5 shows the measured time duration of knots
on a log scale for linear 20.7 kbp molecules at 100 mV. The vertical dashed line
indicates the filtering distortion point (2𝑇፫) while the solid line is a fit to the model
described below. We estimate the size of the knots to be in the tens of nm at
both 100 mV and 200 mV (Supplementary Section 4.5.4) applied voltage, assum-
ing mean translocation velocities (Supplementary Section 4.5.5) of 872 nm/ms and
1937 nm/ms respectively, as shown on the top x-axis of Figure 4.5. Note that such
a small knot size indicates that the DNA knots in these long DNA polymers are re-
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markably tight. The numbers may underestimate the size of the knots somewhat,
especially for those which occur at the end of the translocation process where we
know that the velocity is higher than average[37]. Measurements on circular ver-
sions of the same molecules in the same conditions reveal similar distributions of
very tight knots (Supplementary Section 4.5.4). From all our data, we conclude
that the majority of DNA knots have a size below 100 nm. The observation of these
tight knots provides evidence for the occurrence of metastable tight knots which
have been predicted to exist at equilibrium in long polymers[10]. Given the nature
of the translocation process, it remains to be determined how much these knots are
being tightened relative to their equilibrium sizes although the similar numbers for
the data at 100 vs 200 mV and linear vs circular DNA suggest that the tight knots
are intrinsic.
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Figure 4.5: Translocation duration (Ꭱ) of knots observed in 20.7 kbp linear molecules at 100 mV, plotted
on a logarithmic time scale. Solid line is a fit to the model described in the main text, while the vertical
dashed line indicates the filtering distortion point (ኼፓᑣ). The top x-axis provides an estimated knot size
scale based on the mean translocation velocity of each population. The majority of the knots have very
short durations and thus small sizes, indicating that we are observing primarily tight knots.

The knot translocation duration distribution 𝑃(𝜏) is consistent with a model
based on the previously proposed[10] free energy penalty for knot formation, i.e.,
𝑃(𝜏) = 𝐴 ⋅ 𝑒𝑥𝑝(−𝑐ኻ/𝜏 − 𝑐ኼ𝜏ኻ/ኽ) , where A is the normalization factor and the two
terms in the exponential reflect the bending energy and confinement entropy con-
tributions, respectively. Although this distribution was originally derived for the
knot length and knot size, we adopt it here to characterize the knot translocation
duration which is assumed to scale linearly with knot size. Fits were made to the
data of 20678 bp DNA in 4M LiCl at 100 mV in 20 nm pores, see Figure 4.5. This
yields 𝑐ኼ = 0.61±0.09, while it is hard to obtain reliable estimates for 𝑐ኻ, as fitted
values range from 0.3 to 18. Physically, coefficient 𝑐ኻ controls the decay of prob-
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ability for very small times 𝜏, i.e., for very tight knots, and the large uncertainty in
its magnitude is due to knots slipping out as well as the limited temporal resolution
of the measurements[38]. The tail of the distribution is consistent with the func-
tional form 𝑒𝑥𝑝(−𝑐ኼ𝜏ኻ/ኽ) which theoretically derives from DNA undulations inside
the effective tube formed by the knot.

4.3. Conclusion
We have demonstrated that it is possible to detect knots in DNA molecules with
solid-state nanopores and we have used this approach to estimate the knotting
occurrence for a variety of DNA molecules with lengths far longer than previously
possible. The single-molecule nature of the technique allows us to observe and
analyze individual knots while still being able to generate population statistics. The
measurements reveal that knots are capable of slipping out of linear molecules dur-
ing translocation at high driving voltage, so care must be taken when comparing
observed knotting rates to those predicted for molecules at equilibrium. Addition-
ally, the knot translocation duration can be used to estimate the knot size, which
is observed to be less than 100 nm for the majority of knots, although a further
understanding of the translocation process is required to accurately relate this to
the equilibrium knot size. From a nanopore applications perspective, efforts to se-
quence or detect DNA-bound proteins with nanopores will have to take into account
the presence and effects of these knots. These results present a major step towards
the ability to directly interrogate polymer knots and increasing our understanding
of this ubiquitous phenomenon.

4.4.Methods
Solid-state nanopores were fabricated and used as described previously[39]. All
buffers were pH 8 with 10 mM Tris and 1 mM EDTA. Data analysis was carried out
using custom Matlab scripts described in detail elsewhere[40]. Lambda phage DNA
and T4 GT7 DNA were purchased from Promega (Madison, WI) and Nippon Gene
(Toyama, Japan) respectively. A 20.7 kbp plasmid was grown in XL10-Gold E.coli
cells and midipreped. This plasmid was subsequently either linearized with BamHI
or relaxed using the nt.BbvCI nickase. The resulting products where purified with
phenol/chloroform and concentrated using ethanol precipitation.
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4.5. Supplementary Info
4.5.1. Knot Statistics
In Table 4.1 and 4.2 we provide the observed knot occurrence for various experi-
mental conditions. Molecules with single knots have been sorted by the maximum
amplitude (on top of the DNA blockade level 𝐼ኻ) observed within the knot duration.
The knot occurrence in 48502 bp lambda-phage DNA in 1M KCl is estimated using
the method described in Supplementary Section 4.5.2. In Table 4.3 we provide the
observed folding rates (exclusive of knots).

Table 4.1: The knot occurrence data for linear dsDNA molecules in various conditions. The maximum
bandwidth of the Axon Axopatch 200B amplifier used has been measured[41] to be around 52 kHz.

Salt Pore
size
(nm)

Volt.
(mV)

DNA
length
(bp)

% of events
with a single
knot of given
amplitude

% of
events
with
> 1
knot

Total
% of
events
with
knots

Total
# of
events

BW
(kHz)

2𝐼ኻ 4𝐼ኻ > 4𝐼ኻ

2M
LiCl 10

100

48502

13.7 1.2 1.2 1.2 17.2 262 15
150 16.5 1.7 0.9 4.4 23.5 115 20
200 25.5 2.6 0.0 1.3 29.3 157 20
300 21.6 2.4 0.4 3.6 28.0 250 30
400 20.7 1.3 1.7 4.3 28.0 232 40
100 11.9 3.1 2.8 0.4 18.1 287 20
200 17.8 3.2 1.8 3.7 26.5 219 30
300 18.3 2.3 1.4 2.3 24.2 355 30

4M
LiCl 20

100 2686 1.7 0.0 0.2 0.0 1.8 1084 30
100

20678
11.4 1.8 0.9 0.4 14.5 228 60

100 10.7 2.5 0.4 0.7 14.2 1022 30
200 10.2 1.5 0.1 0.8 12.6 1078 60
120 48502 22.6 3.8 0.9 1.9 29.2 114 25
120 19.6 2.2 0.5 2.2 24.4 455 10

1M
KCl

20 100 20678 3.6 0.2 0.2 0.3 4.3 1028 25

20
100

48502
9.0 1.7 0.6 0.4 11.8 3993 30

200 8.9 3.5 0.3 0.6 13.3 7209 70
300 8.5 2.5 0.2 0.3 11.0 6256 100

10
100

48502
8.5 2.5 1.0 0.6 12.6 1224 30

200 9.0 2.7 2.2 0.0 13.9 992 100
300 8.3 1.7 0.6 0.0 9.9 947 100

20 100 165648 28.3 7.3 3.2 14.4 53.1 761 50
200 29.5 7.2 1.6 12.3 50.7 1545 100
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Table 4.2: The knot occurrence data for circular lambda dsDNA molecules cyclized in 2M LiCl.

Salt Pore
size
(nm)

Volt.
(mv)

DNA
length
(bp)

% of events
with a single
knot of given
amplitude

% of
events
with
> 1
knot

Total
% of
events
with
knots

Total
# of
events

BW
(kHz)

2𝐼ኻ 4𝐼ኻ > 4𝐼ኻ

2M
LiCl 10

100

48502

13.7 0.8 1.1 1.1 16.7 222 15
150 27.0 1.4 0.0 4.1 32.4 74 20
200 29.8 6.5 2.4 7.3 46.0 124 20
300 27.6 3.8 1.9 12.4 45.7 210 25
400 31.8 4.6 1.3 7.3 45.0 151 40

Table 4.3: The folding rates observed for different length molecules in various conditions. Data does
not include knots. Folding rates are dependent on resolution. The better the resolution, the more short
folds are observed at the start of the translocation process.

Buffer Pore (nm) Volt. (mV) DNA
length
(bp)

Molecule
type

Percentage
of folded
events (%)

BW
(kHz)

2M LiCl 10
100

48502

Linear

87.8 15
200 87.9 20
300 88.8 30

4M LiCl 20

100 2686 53.8 30
100 20678 82.3 30
200 74.6 60
120 48502 94.7 25

1M KCl

20
100

48502

63.5 30
200 59.1 70
300 53.8 100

10
100 64.6 30
200 58.9 100
300 49.5 100

20 100 165648 85.8 50
200 82.3 100

2M LiCl 10
100

48502
Circular

3.2 15
200 5.7 20
300 3.8 30

4M LiCl 20 100 20678 4.3 60
200 3.2 60
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4.5.2. Lambda-DNAMeasurements in 1M KCl
Measurements carried out in 1M KCl reveal the presence of knots, observed as short
duration spikes within the DNA current blockade. These measurements suffer from
two primary drawbacks. First, the resolution of these measurements is far lower
than in 4M LiCl, as discussed in the main text, which means that many tight knots
translocate without being observed. Secondly, analysis of these events is compli-
cated by the presence of short folds at the start of the translocation event, as seen
in the current trace in the lower-left part of Figure 4.6b. The latter effect can be
observed in Figure 4.7, where the data has been split into spikes occurring during
the first 10% of the translocation event (blue) and the last 90% (red). Due to
this effect, we estimated the knot occurrence (Table 4.1) using only spikes which
appeared the last 90% of the translocation event. When the spikes occurring in
the first 10% of the event are included, we observe the values of the knotting
occurrence to roughly double relative to the values provided in Table 4.1. On aver-
age we observe that spikes occurring within the first 10% of the event have lower
amplitudes and longer dwell times compared to those in the latter 90%.

0.
1 

nA

50 μs

0.
1 

nA

50 μs

I1

a

b

Figure 4.6: a) Typical current traces for unfolded and folded 48.5 kbp lambda DNA translocating through
a 20 nm pore at 30 kHz bandwidth. b) Examples of translocation events exhibiting current spikes
attributed to knotting.
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Figure 4.7: Statistics for current spikes with an amplitude (ፈᑡᑖᑒᑜ) larger than 1.5 ፈ/ፈᎳ. Data is separated
into current spikes occurring within 10% of the start of the translocation (blue) as well as spikes occurring
in the latter 90% (red). a) A typical DNA translocation event showing the various measures used. b)
The normalized position, showing a large population of spikes at the start of the translocation which is
attributed to short folds, as well as a second population along the rest of the molecule. c) The FWHM
dwell time of the current spikes with the distribution showing a peak around 15 ᎙፬, below the filtering
distortion point at 22 ᎙፬. d) The additional current blockade for the observed current spikes.
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Figure 4.8: a) The fraction of events with spikes for lambda DNA in a 20 nm pore as a function of the
spike amplitude threshold for three voltage levels 100 mV (blue-squares), 200 mV (red-triangles), and
300 mV (green-circles). The dashed lines indicate the amounts expected if only the Gaussian white noise
were present. b) The fraction of events with spikes larger than 1.5 ፈ/ፈᎳ as a function of applied voltage
for lambda DNA translocating through a 20 nm (blue-square) and 10 nm (red-triangle) pores. Error bars
indicate the standard deviation. The decrease at higher voltages is attributed to the decreasing spatial
resolution. c) The total translocation time for lambda DNA molecules at 100 mV in a 20 nm pore as a
function of the spike amplitude threshold. Error bars indicate the standard error.
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4.5.3. T4-DNAMeasurements in 1M KCl
0.

2 
nA

2 ms

Figure 4.9: Example translocation events for 165.5 kbp T4 GT7 DNA translocating through a 20 nm pore
at 50 kHz bandwidth in 1M KCl. The dashed red line indicates the current baseline level.
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4.5.4. Knot Translocation Time for 20.7 kbp DNA in 4M LiCl

 19  39  97 194 387 969

10 20 50 100 200 500
0

4

8

12

16

Estimated Size (nm)

Knot Translocation Duration (μs)

P
ro

ba
bi

lit
y 

D
en

si
ty

x1
0-3

Figure 4.10: The duration (Ꭱ) of knots observed in 20.7 kbp linear molecules at 200 mV on a logarithmic
time scale. This distribution may be distorted by knots slipping out during the translocation process.
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Figure 4.11: The duration (Ꭱ) of knots observed in 20.7 kbp relaxed circular molecules at a) 100 mV and
b) 200 mV on a logarithmic time scale. Both distributions are cut-off by the limited temporal resolution
of the measurements.
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4.5.5.Mean Translocation Velocities

Table 4.4: The most probable translocation time and mean translocation velocity for different length
molecules in various conditions.

Buffer Pore
(nm)

Volt.
(mV)

DNA
length
(bp)

Molecule
Type

Most probable
translocation
time (ms)

Mean translo-
cation velocity
(nm/ms)

2M
LiCl 10

100
48502

Linear

10.90 1513
200 4.76 3467
300 2.95 5587

4M
LiCl 20

100 2686 0.55 1673
100 20678 8.06 872
200 3.63 1937
120 48502 16.50 999

1M
KCl

20

100 20678 0.81 8680
100

48502

2.10 7853
200 1.04 15856
300 0.71 23161

10
100 1.49 11088
200 0.75 21988
300 0.49 33792

20 100 165648 11.00 5120
200 5.55 10146

2M
LiCl 10

100
48502

Circular

5.15 1602
200 2.35 3504
300 1.59 5182

4M
LiCl 20 100 20678 3.06 1149

200 1.97 1784
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4.5.6. Lambda-DNAMeasurements in 2M LiCl
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Figure 4.12: The percentage of knots observed for linear and circular lambda molecules translocating
through a 10 nm pore in 2M LiCl as a function of voltage. We observe a 55% higher knotting occurrence
in circular molecules compared to linear molecules, which is attributed to knots slipping out.

0
5

10

0
5

10

C
ou

nt
s

0 0.2 0.4 0.6 0.8 10

5

10

Normalized Peak Center Position

100 mV

200 mV

300 mV

Figure 4.13: The normalized center position of knots observed in circular lambda-DNA molecules at 100
mV (top), 200 mV (middle), and 300 mV (bottom). The three distributions have mean values of 0.57,
0.58, and 0.60 for 100, 200, and 300 mV respectively.
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Figure 4.14: The translocation duration (Ꭱ) of knots observed in linear (a, b, c) and circular (d, e,
f) molecules at 100 mV (a, d), 200 mV (b, e), and 300 mV (c, f) on a logarithmic time scale. The
distributions are cut off by the limited resolution of these measurements. In these measurements we
expect the best resolution (about 50 nm) to occur in the 100 mV measurements.
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4.5.7. Simulation Based Predictions
The knotting probability as a function of DNA length shown in Figure 4.3 is co-
plotted with two simulation-based predictions from previous publications. Here we
provide the parameters used for these two models. The green dashed line in Figure
4.3 is based on Deguchi and Tsurusaki’s[34] interpolation formula for the random
knotting probability, which is given by

𝑃ፊ(𝑁) = 𝐶ፊ𝑁᎚ᑂ𝑒𝑥𝑝(−𝑁/𝑁ፊ), for 𝑁 >> 1 (4.1)

where 𝐾 is the knot type and 𝑁 is the number of Kuhn segments in the polymer.
The other three parameters 𝐶ፊ , 𝜈ፊ, and 𝑁ፊ are fitting parameters dependent on
the knot type. We refer readers to the original publication for a detailed description
of this formula. In Figure 4.3, we plot the total knotting probability using their
fitting parameters for the unknotted case (𝐾 = 0), which is given by

𝑃፭፨፭ፚ፥(𝑁) = 1 − 𝑃ኺ(𝑁) = 1 − 1.03𝑁ኺ.ኺኺ዁𝑒𝑥𝑝(−𝑁/335). (4.2)

Deguchi and Tsurusaki’s interpolation formula is valid for large values of 𝑁. In
Figure 4.3, we plot their estimated knotting probability for values of 𝑁 > 50 (15
kbp).

The second model (red dashed line in Figure 4.3) is based on fits for the Monte
Carlo simulations of Rybenkov et al.[19] which are given by

𝑃ፊ(𝑁, 𝑑) = 𝑃ፊ(𝑁, 0)𝑒𝑥𝑝(−𝑟፭𝑑/𝑏), (4.3)

where 𝐾 is the knot type, 𝑁 is the number of segments of Kuhn length 𝑏, 𝑑 is the ef-
fective diameter of the polymer, 𝑃ፊ(𝑁, 0) is the knotting probability for zero effective
diameter, and 𝑟፭ is a proportionality constant they determined from simulations.

Table 4.5: Parameters used to determine the knotting probability.

Knot type (K) Formula to estimate 𝑃ፊ(𝑁, 0) 𝑟፭
3ኻ (1.818E-3)N - (1.091E-2) 22
4ኻ (4.11E-4)N - (4.54E-3) 31
5ኻ (1.44E-4)N - (2.17E-3) 42
5ኼ (2.44E-4)N - (3.67E-3) 42

Using the values and formulas provided in Table 4.5 the knotting probability was
estimated for a polymer with an effective diameter of 2.7 nm and Kuhn length of
100 nm using

𝑃፭፨፭ፚ፥(𝑁) = 0.552𝑃ኽᎳ(𝑁, 0)+0.433𝑃ኾᎳ(𝑁, 0)+0.322𝑃኿Ꮃ(𝑁, 0)+0.322𝑃኿Ꮄ(𝑁, 0). (4.4)

We plot this probability in Figure 4.3 until a maximum length of 20 kbp since
Rybenkov et al carried out their Monte Carlo simulations for maximum chain lengths
of 𝑁 = 60 Kuhn segments.
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5
Ionic permeability and

mechanical properties of DNA
origami nanoplates on
solid-state nanopores

While DNA origami is a popular and versatile platform, its structural properties
are still poorly understood. In this study we use solid-state nanopores to investi-
gate the ionic permeability andmechanical properties of DNA origami nanoplates.
DNA origami nanoplates of various designs are docked onto solid-state nanopores
where we subsequently measure their ionic conductance. The ionic permeability is
found to be high for all origami nanoplates. We observe the conductance of docked
nanoplates, relative to the bare nanopore conductance, to increase as a function of
pore diameter, as well as to increase upon lowering the ionic strength. The hon-
eycomb lattice nanoplate is found to have slightly better overall performance over
other plate designs. After docking, we often observe spontaneous discrete jumps in
the current, a process which can be attributed to mechanical buckling. All nano-
plates show a non-linear current-voltage dependence with a lower conductance
at higher applied voltages, which we attribute to a physical bending deformation
of the nanoplates under the applied force. At sufficiently high voltage (force), the
nanoplates are strongly deformed and can be pulled through the nanopore. These
data show that DNA origami nanoplates are typically very permeable to ions and
exhibit a number of unexpected mechanical properties which are interesting in
their own right, but also need to be considered in the future design of DNA origami
nanostructures.

This chapter has been published as: C. Plesa, A. N. Ananth, V. Linko, C. Gülcher, A. J. Katan, H. Dietz,
and C. Dekker, Ionic Permeability and Mechanical Properties of DNA Origami Nanoplates on Solid-State
Nanopores, ACS Nano 8, 1, 35-43 (2013).
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5.1. Introduction

S olid-state-nanopore research[1, 2] is an area which has been gaining much at-
tention due to its potential applications in sequencing, biosensing, and as a

tool for biophysics. In this technique an electric field is applied across a mem-
brane containing a single pore. Charged molecules such as DNA experience an
electrophoretic force which pulls them through the pore. Molecules are detected
by the temporary reduction (or increase at low salt) in the ionic current which they
cause as they pass through the pore. Despite recent advances[1, 2] in solid-state-
nanopore research, biological pores still offer several advantages such as a higher
signal-to-noise ratio[3], slower DNA translocation velocity[4], and the possibility for
adding chemical modifications to the channel by creating mutant proteins[5]. In
an attempt to combine the advantages of solid-state pores with those of biolog-
ical pores, in 2010, our group demonstrated that a stable hybrid pore could be
built by capturing an 𝛼-hemolysin protein pore with a DNA tail into a solid state
nanopore[6]. This work subsequently opened up a new stream of research into
combining biological structures with solid-state nanopores in order to open up new
functionalities.

This approach can be extended to DNA origami, a technique introduced by Paul
Rothemund in 2006 which allows complex shapes to be built from DNA by design-
ing short oligonucleotide “staples” which upon hybridization bring two defined parts
of a large single-stranded DNA template together[7]. Through the rational design
of staples, the single-stranded DNA template can thus be folded into any desired
shape. Since its introduction, DNA origami has grown into a robust technique capa-
ble of reliably producing 3D structures[8, 9] such as boxes, spheroids, and complex
objects with curved surfaces[10, 11].

DNA origami can be used to create DNA origami nanopores. Recent liter-
ature has reported the creation of hybrid nanopores by capturing DNA origami
nanoplates containing apertures[12] as well as funnel-like structures[13] onto solid
state nanopores and glass nanocapillaries[14]. Synthetic lipid membrane chan-
nels[15, 16] have also been made using DNA origami nanostructures. The versatile
approach, of docking DNA origami nanostructures onto solid-state nanopores, al-
lows great control over both the geometry and the chemical functionality of the
pore. Wei et al created a square honeycomb-lattice-based DNA-origami nanoplate
with a central aperture. Their nanoplate contained a long ssDNA tail extending
from the side of the aperture (close to the center of the nanoplate) to facilitate
proper insertion. Initial work with this system showed translocation of DNA and
protein through a docked nanoplate and stochastic sensing of target molecules us-
ing a bait-prey scheme. Bell et al focused on a hollow pyramid type structure with
an aperture and a tail at the apex, reminiscent of the structure of 𝛼-hemolysin or
MspA, with a top side larger than the diameter of the solid state pore. Their work
showed the ability to capture and insert these structures into the pore and subse-
quently translocate dsDNA through docked nanostructures. These first experiments
provided a good proof-of-concept and established that this technique can be used
to add additional functionalities to solid-state nanopores. In addition, this approach
can be used to study the inherent properties of DNA origami at the single-molecule
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level and measure properties, such as ionic permeability, which cannot be deter-
mined with other methods.

Here, we carry out a fundamental investigation into the ion conduction and
mechanical properties of DNA origami nanoplates, by docking them onto solid-
state nanopores. The approach begins with electrophoretically capturing an origami
plate (without an aperture) by use of a long centrally located DNA tail into a pore,
as shown in Figure 5.1. The tail allows the guided insertion of the nanostructure
with a well-defined orientation onto a solid-state nanopore. An example 3D cross
section of a honeycomb lattice nanoplate docked onto a 20 nm nanopore is shown
in Figure 5.1a. The docking of a nanoplate is observed in real time by a reduction
in the current level as shown in Figure 5.1b. Once docked, a current-voltage sweep
such as shown in Figure 5.1c, reveals a lower conductance when the nanoplate is
docked (red curve) compared to the conductance for a bare nanopore (blue) taken
before the nanoplate was added. Nanoplates can be undocked from the nanopore
by reversing the polarity of the applied voltage or by pulling them through the pore
by significantly increasing the voltage, as shown below. The docking time is found
not to be an intrinsic property but dependent on the experiment. Most nanoplates
would stay docked forever if kept at low voltages.

The ionic permeability of the nanoplate is an important parameter for origami
nanopores to optimize because it sets the magnitude of the current blockade in
sensing single biomolecules relative to the baseline current. The ideal nanoplate
should have minimal leakage of ions through the nanoplate itself, with the majority
of the ionic current given by ionic transport through the open aperture, leading to a
high ratio between the excluded volume of the translocating molecule and the total
volume available to carry ions. This would result in a high signal-to-noise ratio.
Secondly, the nanoplate should have a high mechanical stability under any applied
voltage. We investigate these issues by experimenting with different nanoplate
designs, varying the diameter of the solid-state nanopores, probing a wide range
of voltages, and altering buffer conditions. We find that the conductance of the
nanoplates is high and increases as a function of pore diameter and ionic strength.
Additionally we see interesting mechanical effects including deformation, buckling,
and structural failure under increasing applied force.
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Figure 5.1: a) 3D representation showing a cross-sectional view of a Honeycomb lattice DNA nanoplate
docked onto a SiN nanopore. The tail has been omitted for visual clarity. b) Current trace of a Honeycomb
nanoplate captured onto a 14 nm pore at 100 mV. c) IV curve for a bare 14 nm SiN pore (blue) as well
as for the same pore after a Honeycomb nanoplate was docked (red).
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5.2. Results and Discussion
First, we investigated how the geometry of the DNA nanoplates influences their ionic
permeability. Four different nanoplate designs were used, as shown in Figure 5.2a.
None of the designs contained an aperture, to ensure that the measured current
was only due to the ionic permeability of the nanoplate itself. The first design (HC)
utilized a honeycomb-type DNA-packing architecture and has lateral dimensions of
45 nm x 52 nm with a thickness of 6.75 nm and an ideal spatial filling factor[12]
of 0.605. The other designs are all based on the square-lattice rectangular DNA
origami nanoplates introduced[7] by Paul Rothemund with varying thicknesses of
one, two, or three DNA layers. The filling factor for these plates is expected to be
below 0.785, as several studies[17, 18] have shown the DNA helices in the square-
lattice are not close packed. The one-DNA-layer-thick Rothemund rectangle (RR)
has lateral dimensions of 98 nm x 54 nm, the two-DNA-layer-thick rectangle (2LL)
has 51 nm x 54 nm, and the three-DNA-layer-thick design (3LL) has 40 nm x 45
nm. Since each design is based on oligo-staple hybridization with a standard M13
single-stranded DNA template (RR and HC 7560 bases, 2LL and 3LL 7704 bases),
the lateral dimensions of the designs are reduced as the thickness is increased.
CanDo[19, 20] finite-element modeling was used to predict the flexibility of each
plate (Supplementary Section 5.5.8). This revealed that the RR plate should be
quite deformed, as evident in Figure 5.2a, due to a large twist along the plate,
although thermal fluctuations and surface effects should be able to force it into a
flat state. This twist is caused by the square lattice and was compensated for in the
2LL and 3LL designs by designing staples which skip hybridization to some bases of
the scaffold[11]. The predicted plate stiffness, as established from the range of RMS
fluctuations (provided in the brackets) over different parts of the structure can be
ordered from highest to lowest as follows: HC (0.3 to 0.8 nm) ≈ 3LL (0.3 to 1.0 nm)
> 2LL (0.6 to 1.7 nm) > RR (1.2 to 3.5 nm). In addition to the electrophysiological
measurements which are the main focus of this work, the DNA nanoplates were
characterized using TEM and high-speed liquid AFM. Negative-stain TEM was used
to verify proper nanoplate assembly with averaged micrographs for each design
shown in Figure 5.2c. The high-speed liquid AFM provides high-resolution images
of the plates (Figure 5.2b) but also allowed us to confirm the good stability of each
design in a variety of buffer conditions. Details of the TEM and AFM characterization
have been provided in Supplementary Section 5.5.7.

We first report how the ionic conductance of the nanoplates varies among the
different designs, how it depends on the nanopore diameter, and how the observed
trends can be reproduced with a simple model. The diameter of the solid-state
nanopores onto which nanoplates were docked was varied from 5 nm to 30 nm.
Figure 5.3a shows the observed relative conductances (i.e. the conductance of
the pore with the plate relative to that of the bare pore) for the Honeycomb (HC)
nanoplate at 200 mV in 1 M KCl. The relative conductance decreases as the diameter
on the solid-state nanopore is reduced. We see the relative conductance decrease
from about 0.8 in large 30 nm pores down to below 0.6 in small 5 nm pores.
Similar plots for the other nanoplate designs and at different voltages are shown in
Supplementary Section 5.5.1.
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Figure 5.2: Properties of four different DNA origami nanoplates. a) 3D representations of each design.
b) Liquid tapping-mode AFM scans for each nanoplate design. Variations in image resolution can be
attributed to differences in AFM tip sharpness. c) TEM class averages of negative stain micrographs for
each plate (RR adapted from Sobczak et al.[21]). All scale bars are 20 nm.

The solid line in Figure 5.3a represents a least-squares fit to the data using
the model outlined below, with only one free parameter (𝛼). Experimentally we
measure 𝐺፡፲፛፫።፝, the conductance of the nanopore in series with the conductance
of the nanoplate. As in previous work[12] this can be modeled as

𝐺፡፲፛፫።፝ = [
1

𝐺፩፨፫፞
+ 1
𝐺፩፥ፚ፭፞

]
ዅኻ

(5.1)

where the conductance of the pore[22] is given by

𝐺፩፨፫፞ = 𝜅 [
4𝑙፩፨፫፞
𝜋𝑑ኼ + 1𝑑 ]

ዅኻ
(5.2)

where 𝜅 is the conductivity of the buffer, 𝑙፩፨፫፞ is the effective thickness of the
solid-state nanopore, and 𝑑 is its diameter. Note that Eq. 5.2 also includes the
access-resistance[22] contribution which was ignored in previous work[12]. We
model the conductance of the nanoplate using

𝐺፩፥ፚ፭፞ =
𝜋𝛼𝜅𝑑ኼ
4 (5.3)

where 𝛼 is a phenomenological parameter with units of inverse length given by

𝛼 = 𝑓(𝑉)
𝑙፩፥ፚ፭፞

(5.4)
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Figure 5.3: a) The relative conductance, Ghybrid/Gpore for the Honeycomb nanoplate design at 200 mV in
1 M KCl buffer plotted versus the pore conductance, which scales non-linearly with pore diameter (see
scale at the top). Solid line denotes a fit of Eq. 5.6 giving ᎎ = 0.112 ± 0.06 nmᎽᎳ. b) Salt dependence
of the relative conductance for the 2LL nanoplates docked onto 24 nm pores at 300 mV (red squares)
and 200 mV (blue circles).

where 𝑙፩፥ፚ፭፞ is the nanoplate’s thickness and 𝑓(𝑉) is a dimensionless function re-
lated to the applied voltage and the filling factor (𝐹). If we ignore the (non-linear)
voltage dependence discussed later on, 𝑓(𝑉) equals

𝑓(𝑉) = 1 − 𝐹 (5.5)

where 𝐹 is the filling factor of the nanoplate. It is useful to examine the limiting
behavior of 𝛼. When the nanoplate becomes very thick (𝑙፩፥ፚ፭፞ → ∞), 𝛼 approaches
zero. In the other limit of very thin plates, we encounter the minimum plate thick-
ness which is set by the diameter of a single DNA helix (2.25nm). Here, the value of
𝛼 approaches zero for a fully filled plate (𝐹 = 1), whereas it goes to 1/(2.25nm) as
the filling factor goes to zero. In the context of optimizing the nanoplate design, the
value of 𝛼 should be as low as possible, since this represents the smallest leakage
through the nanoplate, thus giving the highest signal-to-noise ratio in DNA translo-
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cation experiments through a nanopore in the nanoplate. The nanoplate designs
are experimentally best characterized by their relative conductance (RC), the ratio
of Ghybrid to Gpore. Combining equations 5.1, 5.2, and 5.3, we thus obtain

𝑅𝐶 =
𝐺፡፲፛፫።፝
𝐺፩፨፫፞

= 1
1+ ኾ

ᎎ(ኾ፥ዄ᎝፝)
(5.6)

This model nicely captures the observed trend of a decreasing relative conductance
as the diameter on the solid-state nanopore is reduced, as seen in the solid line of
Figure 5.3a. For the example in Figure 5.3a, 𝛼 = 0.112 ± 0.06 nmዅኻ. Generally,
we find values for 𝛼 in the range from 0.10 to 0.18 nmዅኻ, see Figure 5.12, where
we plot the value of the fit parameter 𝛼 as a function of voltage. We find that the
Honeycomb nanoplate has the lowest leakage (lowest 𝛼). Surprisingly, the one-
layer-thick Rothemund Rectangle nanoplate has the next best characteristics, while
the two and three-layer-thick nanoplates are worst. Although the differences are
small, this observation is counterintuitive as we would expect the thicker nanoplates
to have less leakage. Even though the higher leakage as the lateral dimensions of
the origami nanoplate are decreased could indicate the presence of some leakage
currents flowing in between the nanoplate and the solid-state nanopore substrate,
we do not believe this to be a significant effect given the small size of the nanopores
relative to the large size of the nanoplates involved as well as other factors discussed
in detail in Supplementary Section 5.5.1. This phenomenon, of the thicker square-
lattice plates being leakier, is therefore attributed to differences in the particular
design of the nanoplates such as the arrangement of the oligo staples.

The dependence of the RC on the ionic strength of the buffer is shown in Figure
5.3b. The relative conductance is found to increase as the salt concentration is
decreased. In other words, the nanoplates appear to become more leaky as the
salt concentration drops. The relative conductance is observed to increase from
around 0.8 at 1 M KCl up to 0.9 at salt concentration of 100 mM KCl or lower.
Similar trends are observed for all other nanoplate designs and different pore sizes
(see Supplementary Section 5.5.2 and 5.5.3). For the salt concentrations tested (1
M KCl, 400mM KCl, 100 mM KCl, 40mM KCl, and 10 mM KCl) the Debye screen-
ing length is 0.31 nm, 0.47 nm, 0.89 nm, 1.26 nm, and 1.82 nm, respectively. At
100 mM and lower, the Debye layer from neighboring DNA strands should begin
to overlap in many areas of the DNA origami nanoplate. As the salt concentration
is lowered from the (typically used) 1 M value, the reduced electrostatic screening
could have two effects on a nanoplate’s ionic permeability. First, increased electro-
static repulsion between neighboring strands could increase the size of the holes
present in-between the crossover points[17], allowing more ions to pass though the
structure, thus increasing the ionic permeability. This effect is a contributing factor,
together with mechanically induced twist, in the diamond-like pattern clearly visible
in the AFM and TEM characterization (Figure 5.2) of some plates, and has been
observed in previous Cryo-EM[17] and AFM[23] studies of DNA origami structures.
The structure swells up to the point where it is constrained by the oligo-staples.
In addition to this, the higher effective negative charge and larger Debye screen-
ing lengths of the DNA leads to a higher cation selectivity, attracting more posi-
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tive potassium (Kዄ) ions while repelling the negatively charged chloride (Clዅ) ions
present in the solution[24]. This may result in higher conductivities than the bulk
conductivity of the solution, as reported previously for small charged nanopores in
low salt conditions[25]. The observed increase at low ionic strengths is likely due
to a combination of these two effects. The measurements reveal that, while high
salt concentrations should be preferred, the docking of nanoplates into nanopores
can be detected in salt concentrations as low as 10 mM, opening up the possibility
of conducting measurements on docked nanoplates at physiological conditions.

We found that the presence of magnesium in the buffer was unimportant for
the behavior of the nanoplates. Although it has been recently shown that Mag-
nesium divalent cations are not required for proper folding of the DNA origami
structures[26], the need for a divalent cation such as magnesium in the buffer can
be rationalized as a means to allow the negatively charged nanoplate to stick to
the negatively charged surface (an effect well known from AFM literature) of the
SiN surface at pH 8, where all measurements are carried out. All nanoplates were
folded in a buffer containing 20 mM Mg. Before measuring, these stock solutions
are diluted into the proper salt concentration with new buffers containing 11 mM
Mg. As a control, we also diluted some samples into magnesium-free buffer result-
ing in a final Mg concentration of around 0.5 mM. No differences were observed
in the relative conductance measurements for these samples compared to those
carried out in buffer with 11 mM Mg (data not shown). Furthermore, no issues
were encountered with the docking of the nanoplates, suggesting that the elec-
trophoretic force and van der Waals adhesion are stronger than the electrostatic
forces. Over typical experimental timescales of several hours, no deterioration in
the stability of the nanoplates was observed. These results show that the presence
of high concentrations of magnesium in the buffer is not a stringent requirement
for either maintaining nanoplate stability or facilitating the docking of nanoplates
into solid-state nanopores.

Next, we report an interesting observation that was not anticipated, namely
the effects of mechanical deformation of the nanoplates. We find that docked
nanoplates may undergo physical deformation as the voltage is increased and can
even be pulled through the pore if sufficient force is applied. Once a nanoplate is
docked into a pore, we can subject the nanoplate to a voltage ramp in order to
probe its current-voltage (IV) characteristics. Voltage sweeps begin at 10 mV and
go to 800 mV in steps of 5 mV (each 103 ms long), and subsequently we ramp
back down to 10 mV. Examples of typical IV curves can be seen in Figure 5.1c for
a HC nanoplate on a 14 nm pore and in Figure 5.4a for a 2LL nanoplate on a 9
nm pore. All nanoplates exhibit non-linear IV behavior with the conductance of the
nanoplate being reduced as the voltage is increased. This trend can also be seen in
the decrease of the fit parameter alpha as a function of voltage (Figure 5.12). We
attribute this effect to the nanoplate undergoing increased physical deformation as
the voltage is increased, which brings more DNA material into the pore (cf. sketch
in the bottom right inset to Figure 5.4a).

This idea is supported by the fact that beyond a critical voltage value, the cur-
rent level is observed to suddenly return to the bare pore level as shown in Figure
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Figure 5.4: a) IV curve (red) showing a 2LL nanoplate undergoing structural failure and being pulled
through a 9 nm pore. Once pulled through, the conductance of the pore returns to the level seen for
the bare pore (blue dots). b) IV curves of 18 different 3LL nanoplates being pulled through a 19 nm
pore. Top panel displays a histogram of the structural failure points. c) The structural failure points for
three nanoplate designs docked onto different-diameter pores. It can be seen that smaller pores require
a greater force to pull the nanoplate through. The solid line has been added to guide the eyes.
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5.4a, after which the IV curve is linear, reproducible, and back to the conductance
value for the bare nanopore, indicating that the nanoplate has been pulled through
the pore, as also proven using recapture experiments described below. We term
the voltage level at which this occurs the structural failure point (SFP). This effect is
quite reproducible and we are able to repeatedly capture nanoplates and pull them
through, as shown in Figure 5.4b, where 18 different 3LL nanoplates are pulled
through a 19 nm pore. The histogram at the top shows that the mean SFP is at a
voltage of 307 ± 51 mV. If we plot the observed SFP for different nanoplate de-
signs in different pores, as shown in Figure 5.4c, we observe that, not surprisingly,
a higher voltage, and thus higher force, is required to pull the nanoplates through
smaller pores compared to larger pores. The dependence on pore diameter is in
fact even stronger than apparent for Figure 5.4c, since our detection method misses
many SFPs with a large value (exceeding our maximum voltage of 800 mV) in small
pores and additionally, it misses SFPs with a small value in larger pores. In small
pores (5 nm) it is often very difficult to pull a nanoplate through the pore (as evi-
denced by the low number of SFP events occurring). Instead, almost all nanoplates
docked onto small pores remain stable up to the maximum applied voltage of 800
mV and are not pulled through. In large-diameter pores, some nanoplates are
instantly pulled through already at the typical docking voltage (200 mV), thus cre-
ating short translocation events that are observed as spikes in the recorded current
trace as they pass through the pore. The short spikes are observed to occur most
frequently for the most flexible nanoplate, the single-layer Rothemund rectangle.
This is expected because more flexible plates will undergo more deformation at
a given level of applied force compared to stiffer plates. Figure 5.20 shows the
spikes observed from RR nanoplates being pulled through a 24 nm pore at 200 mV
and higher. This effect underlies the lack of data collected for the RR nanoplate in
large-diameter pores, as evident in Figure 5.4c, Figure 5.6, and elsewhere. In ad-
dition to flexible plates, plates containing structural defects, such as those caused
by missfolding are likely to be pulled through the pore very quickly.

In order to conclusively prove that the nanoplates were actually being pulled
through the pore (rather than undocking back into the cis insertion chamber), we
carried out recapture experiments where the electric field was reversed shortly after
a spike was observed. If a nanoplate is being pulled through the pore, it should be
recaptured if the electric field is reversed quickly enough and thus produce another
spike. As shown in Figure 5.21, we indeed were able to recapture many nanoplates.
The ability to recapture nanoplates when switching even 3 seconds after the translo-
cation event at an applied voltage of 200 mV shows that the nanoplates were pulled
through and undergo a slow drift-diffusion away from the pore. All our observations
thus reveal that the nanoplates undergo mechanical deformation as the force ap-
plied on them is increased, and furthermore that the nanoplates can be completely
pulled through the pore if sufficient force is applied. Flexible nanoplates can easily
be pulled through larger pores, something which should be taken into account in
future designs of origami nanopores.

Another surprising observation is that the current through a docked nanoplate
can suddenly and randomly jump between discrete levels. Observations of many
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such spontaneous jumps over time indicate that these jumps occur to and from
quantized levels as shown in Figure 5.5a for a RR nanoplate docked in a 20 nm
pore. These levels are clearly visible as discrete peaks in the histogram of the
current trace, shown on the right. The magnitude of the jumps is up to about 10%
of their relative conductance. Examples for other plate designs are provided in
Supplementary Section 5.5.5. These jumps are also often seen during IV sweeps,
as shown in Figure 5.5b. Here an HC nanoplate was docked in a 10 nm pore and
subjected to a voltage ramp during which it transitioned through three distinct levels
before being pulled through at the SFP. Subsequently another HC plate was docked
in the same pore and showed similar behavior when subjected to the same voltage
ramp. Interestingly, the conductance switched among the same discrete values for
these two independent plates (cf. dotted green lines). We often observe these level
jumps occurring in a docked nanoplate at constant voltage just before a nanoplate
is pulled through, as shown in Figure 5.23 and Figure 5.24.
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Figure 5.5: a) Current is seen to jump among a number of discrete levels for a Rothemund rectangle
nanoplate docked onto a 20 nm pore at 100mV. The black trace shows data filtered at 20 kHz while the
gray data is unfiltered. The histogram on the right shows the frequency of all of the current values in the
trace on a log scale, with each peak representing a discrete level. b) IV curve of two different Honeycomb
nanoplates docked onto the same 10 nm pore. As the voltage is ramped up, the two nanoplates each
jump through three distinct levels before being pulled through. Three dotted green lines have been
added for visualization purposes.

All these observations indicate that the source of these jumps is a physical
change in the nanoplate structure. Although not every nanoplate tested exhibits
these jumps, statistics at 100 mV on the occurrence reveal the majority (69% of HC,
60% of RR, 44% of 2LL, and 75% of 3LL nanoplates) exhibit these jumps. At 200
mV applied voltage these percentages all increase, to 82%, 80%, 68%, and 76%
respectively, as shown in Figure 5.25. The 2LL nanoplate thus appears to exhibit a
smaller effect compared to the other plates. We have previously seen that the 2LL
nanoplate, unlike the other nanoplates, shows a very weak voltage dependence
for its conductance (Figure 5.12). Ideally for origami nanopore experiments, these
jumps should be absent or as small as possible in order to distinguish them from
the signals produced by translocations.

Several different mechanisms could explain the physical origin of these jumps.
Jumps occurring right after the nanoplate has docked could be attributed to the
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nanoplate orienting itself into the most energetically favorable position. We have
indeed observed some events, which represent only a small fraction of the to-
tal events, where some jumps occurred within a short time after docking, after
which the nanoplate remains at a stable current level for a long period of time
(minutes) or indefinitely. The majority of jumps, however, continue occurring long
after the nanoplate has docked and can be attributed to mechanical buckling of
the nanoplate. Such buckling could be associated with various distinct mechani-
cal modes of the plates. Temporary melting of the strands hybridized to the M13
template seems less likely since we see no evidence that ssDNA staples are ripped
off of the nanoplates as jumps occur in both directions and will often return to
the original conductance level after a number of jumps. It should be noted that
Langeker et al[15] attributed part of the current gating they observed in their DNA
origami nanochannel to a similar effect. Although melted strands could in principle
rehybridize, they are unlikely to do so in the presence of the high electric field of the
nanopore where the highly charged melted strand is pulled away from its hybridiza-
tion counterpart. For unzipping of the strands, the orientation of the staples is also
very important, as it is known that a lower force is required to unzip a DNA helix if
it is applied to the 5’ and 3’ ends[27] of complementary strands compared to the 5’
and 5’ ends[28]. In summary, we see discrete jumps in the current levels in many
docked nanoplates, an effect which may be attributed mechanical readjustments
such as nanoplate re-orientation and mechanical buckling.

How does the tail of the nanoplates affect the relative conductance measure-
ments? The DNA origami nanostructures tested all contained a tail, 648 bp to 798
bp in length, protruding from the center of the nanoplate in order to facilitate their
proper insertion into the solid-state nanopore. Since this single-stranded tail will
form a blob of secondary structures, as confirmed by AFM and in previous nanopore
experiments[29], we attempted to investigate if this blob impacts the observed con-
ductance by comparing it to an identical nanoplate design where the single-stranded
loop had been hybridized with short oligos into a fully double-stranded loop which
due to its large persistence length should stick out far from the pore. Comparison of
these two tail designs in a Honeycomb nanoplate showed no significant differences
(Supplementary Section 5.5.6). Based on the observations, we conclude that the
tail design does not affect the conductance of the nanoplate.

5.3. Conclusion
The experimental results in this work present a detailed study of ionic permeability
through DNA origami objects. The conductance data reveal that the Honeycomb
structure is the best design for minimizing the leakage through the nanoplate,
while the 2LL nanoplate appears to have the best mechanical stability. A num-
ber of methods could be explored in the future to reduce the ionic permeability of
the nanoplates. For example, groove binders and possibly intercalators could pro-
vide an interesting route. We have seen that, counterintuitively, creating a thicker
nanoplate (up to 3 DNA helices thick) does not necessarily reduce the resulting
ionic leakage through the nanoplate. The availability of ssDNA templates longer
than M13 could allow much thicker structures to be created. Such structures could
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reveal whether there is an inherent minimum ionic permeability of DNA nanostruc-
tures which is independent of thickness, as our data suggests. Investigation into the
behavior of the nanoplates in different ionic regimes revealed an increased leakage
through the nanoplates as the monovalent salt concentration was reduced, whereas
the reduction of the magnesium concentration was shown to have no detectable
effect.

DNA origami is beginning to move beyond the early static structures towards ac-
tive machines with advanced functionalities. The design of such machines requires
insight into the dynamics of these structures, as explored in this study. We have
seen that the force applied on the nanoplates can deform the structures, cause
them to buckle, and even pull them through the pore if sufficient voltage is applied.
Alternative versions of the designs tested here, with different oligo-stapling or al-
ternative scaffold routing may reveal how much the observed effects are dependent
on minute design details connected to the stapling. Mechanical defects can be de-
signed into plates to observe their effect on the plates mechanical properties such
as the SFP. The combination of solid-state nanopores with DNA origami structures
promises to open up a number of new possibilities that cannot be realized with
other methods, including the ability to simultaneously integrate multiple receptors,
binding sites, enzymes, protein, and simple mechanical machines directly within or
adjacent to the nanopore.

5.4.Methods
Nanopore fabrication and measurements. SiN pores were fabricated as described
previously[30]. Nanopore membranes were mounted in a PEEK flowcell separating
two aqueous chambers into which Ag/AgCl electrodes were inserted. Solutions of
nanoplates at approximately 200 nM concentration were added to the CIS reservoir
and a voltage was subsequently applied. The measurement buffer (unless other-
wise stated) consisted of 1 M KCl, 10 mM Tris, 1 mM EDTA, 11 mM Mg at pH 8.
Ionic currents were detected using an Axopatch 200B amplifier at 100 kHz band-
width and digitized with a DAQ card at 500 kHz. Current traces were analyzed using
Matlab and Clampfit.

AFM and TEM. AFM measurements were carried out under solution on a RIBM
High-Speed AFM 1.0. Imaging buffers contained 10 mM Tris pH 7.6, 10 mM MgClኼ
and KCl concentrations varying between 10 and 1000 mM. No significant differences
were observed between different KCl concentrations (Figure 5.30). Samples were
prepared by applying a drop of origami nanostructures in their folding buffer to
plates of freshly cleaved muscovite mica. After an incubation time of 10 minutes,
unadhered origamis were gently rinsed off with imaging buffer. Without drying, the
samples were then transferred to the liquid cell of the AFM and imaged in tapping
mode using Nanoworld USC-f1.5-k0.6 cantilevers. The TEM protocol and image
processing followed the method described in Wei et al.[12]

Nanoplate design and assembly. The structures were designed using caDNAno
v 0.2. DNA staple oligonucleotide strands were prepared by solid-phase chemi-
cal synthesis (Eurofins MWG) with Eurofins MWG high purity salt-free purification
grade. The folding buffer was 5 mM Tris-base, 1 mM EDTA, 20 mM MgClኼ (except
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for RR 12.5 mM), and 5 mM NaCl at pH8. For the scaffold strand either 7560 (RR
& HC) or 7704 (2LL & 3LL) base long M13mp18-phage-derived genomic DNA was
used (20 nM). Staple strands were added with 10x excess (200 nM). The RR plate
was folded in a thermocycler by ramping the temperature from 95∘C to 25∘C at
66 s/∘C. For HC, 2LL, 3LL plates the temperature was ramped from 65∘C to 60∘C
at 15 min/∘C and then 59∘C to 40∘C with 3 h steps. All plates were subsequently
stored at 4∘C. The quality of folding was verified by 2% agarose gel electrophoresis
(running buffer 0.5xTBE+11 mM MgClኼ) showing that all structures fold with an
acceptable yield. All the samples were 4x filter-purified after folding by using the
folding buffers indicated above. Briefly, 50 µL of folded sample and 450 µL of buffer
were added to Amicon Ultra 0.5 mL filter having molecular weight cutoff of 100 kDa.
The sample was centrifuged with 14,000 rcf for 3 minutes. This step was repeated
3 times by adding 450 µL of buffer each round (final round 5 min centrifugation).
Then the structures were collected to a fresh tube by placing the filter upside down
and centrifuging with 1,000 rcf.
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5.5. Supplementary Info
5.5.1.Nanoplate Conductance in 1M KCl
Here we present the relative conductances for all the nanoplate designs docked
onto nanopores of various diameters. First, the data for individual nanoplates is
shown at 200 mV (Figures 5.6-5.8). Subsequently data for all designs is shown
at 100 mV, 200 mV, and 300 mV (Figures 5.9-5.11). Relative conductances were
determined using the mean value of the current after nanoplate docking divided
by the mean value of the bare pore current, as described in Eq. 5.6. Solid lines
represent fits using the model described in the main manuscript. The bottom x-axis
is the measured bare pore conductance for that respective data point, while the top
x-axis is the estimated diameter of the nanopore based on the formula

𝑑 = 1
2𝜋𝜅 (𝜋𝐺፩፨፫፞ +

√(𝜋𝐺፩፨፫፞)
ኼ + 16𝜋𝜅𝑙𝐺፩፨፫፞) (5.7)

where the measured conductivity of the buffer 𝜅 is 13.5 S/m and the effective
thickness is taken to be 8.6 nm as previously determined.[22] We observe the
relative conductance increase as the nanopore diameter is increased from 5 nm to
30 nm, as predicted by Eq. 5.6. The voltage dependence of the fit parameter 𝛼 is
shown in Figure 5.12. The value of 𝛼 is observed to decrease, indicating that the
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plates become less permeable, as the applied voltage is increased. A number of
IV curves for each type of plate, docked onto various size nanopores are shown in
Figures 5.13-5.16.
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Figure 5.6: Relative conductance for Rothemund Rectangle (RR) nanoplates at 200 mV in 1M KCl.
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Figure 5.7: Relative conductance for 2 Layer Lattice (2LL) nanoplates at 200 mV in 1M KCl.

In Figure 5.12 we see the counter-intuitive trend that thicker plates seem to have
a higher leakage. Several observations and considerations indicate that leakage cur-
rents passing underneath the plate do not contribute significantly to the nanopore
current: (1) Since the tails that protrude from the center of the DNA nanoplate are
used to thread the plate into the pore, it is very unlikely that the nanoplate will be
off center by more than the radius of the pore, relative to the axis of the pore. This
ensures full coverage of the pore, leaving no path for a leakage current between
the SiN surface and the nanoplate in all but the very largest nanopores. Moreover,
if an effect of non-complete coverage were present, we would expect our model
to underestimate the relative conductance in large pores, since the presence of
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Figure 5.8: Relative conductance for 3 Layer Lattice (3LL) nanoplates at 200 mV in 1M KCl.
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Figure 5.9: Relative conductances for the four different nanoplate designs at 100 mV in 1M KCl.

0 50 100 150 200 250 300
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Bare Pore Conductance (nS)

R
e
la

ti
v
e
 C

o
n
d
u
c
ta

n
c
e

 

 

HC

RR

2LL

3LL

0 10 20 30
Pore Diameter (nm)

Figure 5.10: Relative conductances for the four different nanoplate designs at 200 mV in 1M KCl.
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Figure 5.11: Relative conductances for the four different nanoplate designs at 300 mV.

leakage currents would increase the value of the relative conductance observed.
No such effect is observed in our data. (2) We can take a different approach that
might lead to leaking currents and assume that the nanoplate is properly centered
on the nanopore but that there is a small gap remaining between the SiN surface
and the bottom surface of the plate which allows ions to flow through. The leakage
current will then involve a surface-current contribution. The ratio between the bulk
conduction through the ion permeable nanoplate and the surface leakage compo-
nent increases as the pore becomes smaller which implies that the leakage currents
would have a much larger effect in small pores. As a rough quantitative estimate of
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Figure 5.12: Dependence of the fit parameter ᎎ on the applied voltage. Smaller values of ᎎ represent
less leakage through the nanoplate. We observe, with the exception of the 2LL nanoplate, that the
leakage decreases as the voltage is increased. Error bars represent 95% confidence intervals, i.e. 2
standard deviations from the least squares fit.
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this type of effect, let’s assume that a potential leakage current between the plate
and the SiN surface is due to the contribution of the counterions shielding the sur-
face change. Using equation 1 from Smeets et al.[31] we calculate the contribution
of the counterion current relative to the bulk ionic current. At 1M KCl for a 20 nm
pore, 5.8% of the total current (14 nS of 251 nS total) is due to the counterion
current. If the pore diameter is reduced to 5 nm, the surface contribution increases
to 19.6% (3.6 nS of 18.3 nS total). So we would expect the contribution of a po-
tential leakage current to increase 3.4x between 20 nm and 5 nm. This is not at
all what we observe. (3) The presence of leakage currents would have the effect
of increasing the relative conductance, and we thus expect that our model would
give smaller relative conductances compared to experimental data. Accordingly,
the gap between model and experimental values would be largest at the smallest
pore values. In fact we see just the opposite: Looking at Fig 5.7, 5.8, 5.9, and
5.10, it seems that the model over-estimates the relative conductance. Hence, also
this observation indicates that a significant leakage current is not present.
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Figure 5.13: IV curve for an RR nanoplate docked onto a 4.5 nm pore. The nanoplate is pulled through
the nanopore at 540 mV, after which the current returns to the bare nanopore values.
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Figure 5.14: IV curves for HC plates docked onto three different size pores. Black arrows indicate the
voltages at which the nanoplates were pulled through the nanopore. The uncertainty in the current data
is 0.25 nA (STD). a) A plate on a 4 nm pore. b) Four plates on a 14 nm pore. c) Four plates on a 28 nm
pore.
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Figure 5.16: IV curves for 3LL nanoplates docked onto two different size pores. The black arrows
indicate the voltage at which a nanoplate was pulled through the pore. a) 6.6 nm pore b) 13 nm pore.

5.5.2.Nanoplate Conductance in 100 mM KCl
The relative conductances for all the nanoplate designs docked into nanopores of
various diameters in 100 mM KCl, 10 mM Tris, 1 mM EDTA, and 11 mM Mgኼዄ. The
data for all designs is plotted at 200 mV and 300 mV. We observe a similar trend as
seen with the data taken in 1M KCl, i.e., a smaller RC for smaller pore diameters.
The conductance model used to fit the data at 1M KCl, gives a poor fit at 100 mM
KCl. The model should, at low salt, be extended by integrating the contributions of
surface charge, similar to previous work by Smeets et al.[31]
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Figure 5.17: Relative conductances for the different nanoplate designs at 200 mV in 100 mM KCl.
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Figure 5.18: Relative conductances for the different nanoplate designs at 300 mV in 100 mM KCl.

5.5.3. Salt Dependence of a Honeycomb Nanoplate
The relative conductance of all nanoplates is observed to increase as the ionic
strength is decreased from 1M to 100 mM. This trend is shown for HC nanoplate
data in Figure 5.19 for three different applied voltage levels. Similar trends are
observed for 3LL and RR nanoplates (data not shown).
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Figure 5.19: The relative conductance observed at low (100 mM) and high (1M) KCl concentrations for
Honeycomb (HC) nanoplates docked onto 20 nm pores at 200 mV (top-blue), 300 mV (middle-red), and
400 mV (bottom-magenta).

5.5.4. Spike Events and Nanoplate Recaptures
If a nanoplate is very flexible and the nanopore’s diameter is sufficiently large, the
nanoplate is instantly pulled through the nanopore instead of being docked. These
events show up in current traces as fast, high amplitude spikes as shown in Figure
5.20 for RR nanoplates passing through a 24 nm pore at several voltages. We
successfully carried out recapture experiments, shown in Figure 5.21, in order to
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confirm that the nanoplates are being pulled through the nanopores.
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Figure 5.20: Short spike events observed for RR nanoplates in a 24 nm pore at voltages of 200 mV or
higher.
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Figure 5.21: The recapture of RR nanoplates that are pulled through a 24 nm pore. (a) An event is
observed at a voltage of 100 mV. The voltage is then switched to -200 mV, 120 ms after the first event.
The nanoplate is recaptured 228 ms after switching. (b) Two short events are observed at 200 mV
applied voltage. The polarity is reversed 2.98 s after the first event and 530 ms after the second. After
reversal two recapture events are observed at 530 ms and 4.29 s after switching.

5.5.5.Multi-Level Conductance in Docked Nanoplates
Current traces from docked nanoplates often exhibit spontaneous sudden jumps
in the current level. Examples of this multi-level conductance effect are shown
in Figure 5.22 for HC nanoplates in several different pores. The phenomenon of
multiple conductance levels was observed with all nanoplate designs, in all pore
diameters, at all salt concentrations tested. The source of this effect is attributed
to mechanical buckling and re-orientation of the nanoplate. This is supported by the
observation that current level jumps are often observed before a docked nanoplate
is pulled through the nanopore, as shown in Figure 5.23 and Figure 5.24.
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Statistics on docked nanoplates reveal that, except for the 2LL nanoplate, 60%
to 75% of docked nanoplates have multiple levels at 100 mV applied voltage, as
shown in Figure 5.25. The effect occurs more frequently as the voltage is increased.
The magnitude of these jumps, given as the change in relative conductance nor-
malized by the average relative conductance, is shown in Figure 5.26. It varies
from 0.05 to 0.07 at 100 mV, and increases to 0.08 to 0.1 at 200 mV.

In considering possible sources for the observed current jumps we also consid-
ered the free staple oligos present in the DNA nanoplate solution after purification.
The possibility of free staples causing the observed current jumps can be ruled out
by several experimental observations. (1) We observe that not all nanoplates show
the current jumps, even within the same experiment with the same buffer contain-
ing excess staples. For example, in Figure 5.25 at 100 mV, at least 25% of events
show no jumping behavior. If excess staples were the cause we would expect all
plates to show some jumping behavior. (2) We typically see current jumps occur
in both directions, i.e. towards higher and towards lower current values. If current
jumps were due to staples approaching the plate, the observance of both down-
ward and upward current jumps would mean that staples which are brought to
the nanoplate either pass through the plate, which is extremely unlikely, or return
back into solution which is also unlikely due to the high electric fields. (3) Let us
nevertheless assume that free staples temporarily get stuck to the surface of the
DNA nanoplate. What magnitude current drop would we expect? The magnitude
of the jumps we observe ranges from 5% to 10% of the baseline value (Figure
5.26). If we assume optimistic values for the hydration volume of the free staples
(3 nm radius of gyration) and use the standard volume exclusion formula to cal-
culate the expected current blockade produced by a free staple inside the pore we
find values that vary from 1.5% for 20 nm pores, to 36% for 5 nm pores. This does
not match our observations which show no significant pore size dependence for
the current jumps. Furthermore, excluded volume analysis states that there should
be no voltage dependency for the normalized blockade, while our data shows that
the normalized blockade increases with voltage for most plates (Figure 5.26). (4)
Using pessimistic retention values of 30% for the low-MW oligos and 95% for the
high-MW DNA nanoplates, if we start with 20 nM scaffold DNA and 200 nM staples,
we estimate final concentrations of 14 nM nanoplates and 14 nM staples after 4x
purification (assuming a retention volume of 58uL). Such a free staple concentra-
tion of 14 nM should produce an event rate of about 4Hz. The observation that the
frequency of buckling is observed to vary substantially among different plates in
the same experiment, suggests that the free staples are not the source of buckling.
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Figure 5.22: Examples of Honeycomb nanoplate docking events in several different pores exhibiting
multiple conductance levels.
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Figure 5.23: a) A 3 Layer Lattice nanoplate is captured in a 10 nm pore at 100 mV. The applied voltage
is then increased to 200 mV, 300 mV, and 400 mV. The nanoplate is finally pulled through the pore
after the voltage was set to 400 mV. b) Close-up of the trace in the seconds before the nanoplate is
pulled through. The presence of multiple levels in the current trace right before the nanoplate is pulled
through (Figure 5.24) supports the hypothesis that these levels are related to mechanical buckling of
the nanoplates.
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Figure 5.24: Examples of two other nanoplates exhibiting, similar to the data in Figure 5.23, multiple
conductance levels right before being pulled through the pore.
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5.5.6. Comparisonof Single-StrandedandDouble-StrandedDNATails
Two HC nanoplates, one with a ssDNA tail and another with a fully hybridized ds-
DNA tail, were compared, as shown in Figure 5.27, in order to determine if the
nanoplate’s tail influenced the observed conductance values. The slightly lower rel-
ative conductance seen for the dsDNA tail can be explained by its larger excluded
volume, since the tail is threaded through the pore while the nanoplate is docked.
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Figure 5.27: Relative conductance for Honeycomb nanoplates with single-stranded and double-stranded
DNA tails docked at 200 mV in 1M KCl. The slightly lower conductance of the nanoplate with a dsDNA
tail is attributed to the tail’s higher excluded volume.

5.5.7. TEM and AFM Characterization
The long single stranded tail forms a large blob above the nanoplate as visible in
Figures 5.28 and 5.29. The nanoplates were also scanned with AFM under a variety
of different ionic conditions and found to be stable (Figure 5.30). Montages of the
TEM micrographs for all plates are shown in Figures 5.31 to 5.34.

Figure 5.28: An AFM image of a RR nanoplate with the ssDNA tail visible. The scale bar is 50 nm.
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Figure 5.29: An AFM image of a 2LL nanoplate with the ssDNA tail visible. The scale bar is 50 nm.

Figure 5.30: The RR nanoplate imaged at three different ionic strengths. No significant differences are
noticeable between the different ionic conditions. Left: 0 mM KCl, Center: 100mM KCl, Right: 1000mM
KCl.
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Figure 5.31: The negative stain micrographs of the RR nanoplate, with the average shown in the top
left. Each micrograph is 137nm x 137nm. Adapted from Sobczak et al.[21]
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Figure 5.32: The negative stain micrographs of the 2LL nanoplate, with the average shown in the top
left. Each micrograph is 91nm x 91nm.
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Figure 5.33: The negative stain micrographs of the 3LL nanoplate, with the average shown in the top
left. Each micrograph is 91nm x 91nm.
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Figure 5.34: The negative stain micrographs of the HC nanoplate, with the average shown in the top
left. Each micrograph is 91nm x 91nm.
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5.5.8.Nanoplate Design Details
A detailed description of each nanoplate design is provided. CanDo modeling results
are shown for each plate (Figure 5.35 to 5.38) as heat maps of the RMS fluctua-
tions in different regions of each object. Briefly, these fluctuations are determined
by applying external forces to an origami object which has been modeled as a series
of elastic rods where cross-overs are rigid constraints and observing the structural
relaxation using finite element analysis.[19] as well as a gel-electrophoresis charac-
terization of assembled plates (Figure 5.39). Finally, the scaffold routing diagrams
for each plate design as generated by caDNAno as well as the sequences of all
of the oligo-staples used to generate each nanoplate are available in the online
supplementary information for the accompanying publication[32].

Figure 5.35: CanDo simulation of the HC plate. This plate is predicted to exhibit the lowest flexibility of
all of the designs, as evidenced by the small RMS fluctuations present over much of the plate.
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Figure 5.36: CanDo simulation of the RR plate. This plate is predicted to exhibit the highest flexibility
of all of the designs.

Figure 5.37: CanDo simulation of a 2LL plate. This plate is predicted to exhibit a lower flexibility than
the RR plate, but higher than 3LL or HC.
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Figure 5.38: CanDo simulation of a 3LL plate. This plate is predicted to exhibit a low flexibility, slightly
larger than the HC.

Figure 5.39: The spin-filtered nanoplates run on a 2% agarose gel containing EtBr. From left to right:
scaffold 7560, HC (7560), RR (7560), scaffold 7704, 2L (7704), 3L (7704). The scaffold is a reference
only for the running speed of structures, the concentrations are not comparable. All the excess strands
have been filtered out as described in the methods.
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6
Fast translocation of proteins
through solid-state nanopores

Measurements onprotein translocation through solid-statenanopores reveal anom-
alous (non-Smoluchowski) transport behavior, as evidenced by extremely low de-
tected event rates, i.e., the capture rates are orders of magnitude smaller than what
is theoretically expected. Systematic experimental measurements of the event rate
dependence on thediffusion constant areperformedby translocatingproteins rang-
ing in size from 6 kDa to 660 kDa. The discrepancy is observed to be significantly
larger for smaller proteins, which move faster and have a lower signal-to-noise ra-
tio. This is further confirmed by measuring the event rate dependence on the pore
size and concentration for a large 540 kDa protein and a small 37 kDa protein,
where only the large protein follows the expected behavior. We dismiss various pos-
sible causes for this phenomenon, and conclude that it is due to a combination of
the limited temporal resolution and low signal-to-noise ratio. A one-dimensional
first-passage time-distributionmodel supports this and suggests that the bulk of the
proteins translocate on timescales faster than can be detected. We discuss the im-
plications for protein characterization using solid-state nanopores and highlight
several possible routes to address this problem.

This chapter has been published as: C. Plesa, S. W. Kowalczyk, R. Zinsmeester, A. Y. Grosberg, Y.
Rabin, and C. Dekker, Fast Translocation of Proteins through Solid State Nanopores, Nano Letters 13,
2, 658-663 (2013).
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6.1. Introduction

O ver the past decade, nanopores have become a very popular method to study
analytes at the single-molecule level. While the focus has been on nucleic

acids[1, 2], proteins and protein DNA-complexes increasingly are becoming a prime
target of investigation[3–18].

There are two notable differences which make proteins more difficult to charac-
terize than DNA by use of nanopore measurements. The well-defined structure of
proteins, the source of their biological function, is normally globular, with lengths
in all dimensions that are comparable to or smaller than the thickness of the pore.
DNA and other polynucleotides, however, typically have one dimension much larger
than the length of the pore, leading to much longer dwell times inside the nanopore
compared to proteins. Secondly, proteins have a variety of different charges, that
are distributed unevenly throughout their structure. Again, this contrasts the case
for DNA which is highly negatively charged with a uniform charge distribution along
its length. These differences make nanopore experiments on proteins more chal-
lenging than on DNA. This study focuses at the issues caused by the protein’s short
translocation times and the implications this has for characterization of proteins
with solid-state nanopores.

Figure 6.1 shows the setup and data for a typical nanopore protein measure-
ment. A voltage is applied across the pore, which electrokinetically drives a protein
through it, temporarily blocking the ionic current. The dynamics of the translocation
process can be split into two stages, the capture step and the actual translocation
through the nanopore. The former involves the biomolecule diffusing to the pore,
which can be characterized by the rate at which molecules are captured. This pro-
cess is governed by the diffusion constant of the analyte, assisted by the applied
electric field. The rate 𝐽 at which the analytes arrive at the pore entrance due to
free diffusion is given by the Smoluchowski rate equation [19]

𝐽 = 2𝜋𝑐𝐷𝑟፩ (6.1)

where 𝑐 is the bulk analyte concentration, 𝐷 the diffusion constant, and 𝑟፩ the radius
of the pore. With these three values at hand, we can calculate the expected event
rate based on this very well established equation.

6.2. Results and Discussion
We collected data for the event rate of a large variety of proteins [3–5, 7, 9–
18, 20, 21] both from in-house experiments as well as from surveying published
literature. This yielded a data set with 37 different protein-translocation experi-
ments. It includes experiments on 12 different protein species conducted using SiN
pores ranging in diameter from 10 nm to 57 nm at voltages from 50 mV to 200
mV. Values for the diffusion constant were determined separately for each of the
protein species involved, as described in Supplementary Section 6.4.2. Figure 6.2
shows the ratio of the observed event rate to that predicted by Smoluchowski for
this data set, as a function of the concentration multiplied by the pore radius (left
plot) and of the molecular weight (right plot).
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Figure 6.1: a) Schematic illustration of the nanopore setup, with the 20 nm thick SiN membrane and
a ᎏ-Galactosidase protein shown to scale. Insert: TEM image of one of the 40 nm nanopores used in
this study. b) Current trace of ᎏ-Galactosidase translocating through a 40 nm pore. c) Representative
translocation events, shown at better temporal resolution.

If free diffusion would govern the capture rate, we would expect a ratio of 1,
irrespective of the values of 𝑐, 𝐷, or 𝑟፩. For field-assisted captures, we even expect
this ratio to be greater than 1 in all experiments due to the electrophoretic force
driving the protein into the pore and thus increasing the capture rate. Instead
we find that while the ratio is indeed larger than 1 for dsDNA translocation, it is
up to five orders of magnitude lower than expected for proteins, with larger and
larger discrepancies for larger 𝑐𝑟፩. When the same data is shown plotted against
the molecular weight (Figure 6.2 right) of the particular species being measured, it
becomes clear that the ratio becomes significantly lower as the size of the protein
becomes smaller. Note that while the smaller proteins translocate faster and have a
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Figure 6.2: (Left) The ratio of the observed event rate to the event rate predicted by the Smoluchowski
rate equation for dsDNA (white diamonds) and protein (red stars). We expect all points to be in the
green area with a ratio larger than one. Instead, we see that all protein measurements yield a ratio less
than 1, with some values even up to five orders of magnitude smaller. This study focuses on explaining
this discrepancy. (Right) Same data set versus the molecular weight. Proteins have been separated into
positively charged (red triangles) and negatively charged (blue triangles) proteins. The ratio becomes
worse as the size of the protein becomes smaller, which can be attributed to their faster diffusion as well
as smaller excluded volumes.

lower amplitude blockade due to their smaller excluded volume, it does not explain
the spectacular failure of the Smoluchowski equation to describe the rate of their
capture by nanopores.

How to explain this large discrepancy? Several possible explanations come to
mind: (1) Adsorption [5, 14, 17, 18] could explain lower capture rates, if the protein
of interest would get trapped on the sidewalls of the flowcell or on the SiN mem-
brane. In order to rule this out, two PMMA flowcells containing SiN membranes
were incubated for one hour with 2.5 𝜇M BSA or 2 𝜇M RecA, respectively. Sub-
sequently, the protein solutions were recovered from the flowcells and the protein
concentration was determined using a spectrophotometer. No detectable change
was observed in the bulk protein concentrations of either solution. Additionally, we
modified our analysis procedure to track possible changes in the event rate over
the course of the translocation experiment, expecting the observed event rate to
decrease if more proteins were absorbed and the bulk concentration was lowered.
Most proteins were found to exhibit a constant event rate (e.g. Figure 6.5). Some
drop was observed for Avidin, which had its event rate steadily lowered, until be-
coming less than half its initial value after 20 min (Supplementary Section 6.4.3).
While this shows that adsorption may sometimes be a contributing factor in devices
in which the ratio of surface to volume is not negligible, its effect is too small to
explain the low event rates observed. (2) Aggregation of the proteins might be an-
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other contributing factor, but it is unlikely to be a dominant effect, given the large
number of different protein species and the broad range of concentrations tested.
Moreover, dynamic-light-scattering measurements of the hydrodynamic radius for
several of the proteins showed no evidence of aggregation. (3) Electroosmosis is
known to play an important role in protein translocation of nanopores, and can even
be responsible for the translocation of proteins occurring at a polarity opposite to
what is expected from simple electrostatics[3]. For typical pH values used in these
experiments, from 7 to 8, the SiN surface of the pore is known to be negatively
charged[3], with a magnitude that depends on a number of factors, particularly
the SiN membrane treatment. For negatively charged protein, the electroosmotic
force opposes the translocation of the proteins. The fact, however, that very low
event rates are also observed for positively charged proteins, which are aided by the
electrosmotic force, rules this out as the primary source of the event rate discrep-
ancy. (4) One might question our assumption that the capture process is diffusion
controlled. Indeed, barrier-limited capture was previously reported in protein cap-
ture into small pores[9, 11]. However, we focus our study on large (> 10 nm)
nanopores with diameters much larger than the protein size, and we observe no
evidence (such as exponential voltage dependence) of barrier-limited transport.

Finally, (5) a possible explanation is the finite temporal resolution in nanopore
experiments. Indeed, we conclude that limited temporal resolution is the most likely
explanation for the anomalously low event rates observed in virtually all nanopore
probing experiments on proteins. The idea is that proteins move through the
nanopore so swiftly that they escape detection. The limited temporal resolution
can be attributed to two sources. First, the bandwidth of the amplifier. The com-
monly used Axon Axopatch 200B amplifier has a bandwidth of about 52 kHz.[22]
Secondly, the signal-to-noise ratio (SNR) of the translocation events is limited, and
recorded signals are filtered in order to distinguish events from the noise inherently
present in the system. This distorts the shape of the events with a duration shorter
than twice the rise time of the filter used (𝑇፫ = 0.332/𝐵𝑊 for a Gaussian low pass
filter (LPF)), which lowers their amplitude and can significantly decrease the ap-
parent dwell time[18]. This is illustrated in Figure 6.3a, where rectangular pulses
with durations from 200 𝜇s to 10 𝜇s are filtered with a 10 kHz Gaussian LPF. If an
event has a duration sufficiently below 2𝑇፫, equal to 66 𝜇s in this case, its amplitude
drops below the detection level, the analysis software treats it as noise, the protein
translocation is not noticed, and the event rate is underestimated. We investigated
this effect for Thyroglobulin (660 kDa), one of the proteins used in the experimen-
tal section of this work (Supplementary Section 6.4.6). The expected conductance
blockade was determined using its excluded volume, as others have done in the
past[4, 5, 12, 15]. Pulses with this conductance blockade and ranging in duration
from 1 𝜇s to 100 𝜇s were then filtered in order to determine the minimum de-
tectable pulse duration for the characteristic noise level in our pores. The minimum
detectable pulse duration (MDPD) was estimated to be 25 𝜇s, which is larger than
the 20 𝜇s temporal resolution of our amplifier. Since the MDPD becomes larger as
proteins become smaller, we conclude that the SNR is nearly always the limiting
factor setting the temporal resolution. In other words, the smaller the protein is,
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Figure 6.3: a) The distortion of rectangular pulses of 10 to 200 ᎙s duration by a 10 kHz Gaussian filter.
For a 100 ᎙s pulse duration the dashed red line shows an ideal pulse (delayed 40 ᎙s for visual clarity),
before filtering, while the solid red line shows the same 100 ᎙s pulse after filtering. All pulses have the
same amplitude before filtering. Due to the limited rise time of the filter, any pulse with a duration less
than twice the filter rise time (2ፓᑣ = 66 ᎙s) is distorted. b) A simulated dwell-time histogram showing
visible (green) and lost (red) events given a resolution limit of 20 ᎙s. At this resolution we expect the
smallest protein, Ovalbumin, to show the most events. If the temporal resolution would be improved to
below 6 ᎙s, however, the largest protein, Thyroglobulin, would produce the most observable events. c)
The percentage of events below the temporal resolution (color scale) for various values of the diffusion
coefficient and electrophoretic drift velocity. The estimated positions of four proteins are shown. We
expect the majority of events for these proteins to be lost.
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the more events we will miss as they are shorter than the MDPD. This implies that
we should observe a decrease in the event rate with decreasing protein size, as
indeed is observed in Figure 6.2 (right panel).

We now quantitatively estimate how many events are lost due to the finite tem-
poral resolution. We do so using the first-passage time distribution (FPTD) for
one-dimensional diffusion as derived for nanopores by Talaga et al[11]. This model
provides the probability that a protein with an electrophoretic drift velocity v, set
by the voltage drop across the pore, will translocate with a given dwell time t, as
detailed in Supplementary Section 6.4.5. This was used to generate dwell time
distributions for various values of the diffusion constant and electrophoretic drift
velocity. Four of these distributions, corresponding to four of the proteins used in
the experimental part of our study, are shown in Figure 6.3b. For each of these pro-
teins diffusion constants are determined using the method of He and Niemeyer[23].
This involves using the molecular weight and radius of gyration as correlation pa-
rameters to determine the diffusion constant. The electrophoretic drift velocities
of the proteins were estimated based on their Stokes radii and their net charge,
as determined from zeta-potential measurements[24] that we carried out on these
proteins (Supplementary Section 6.4.4). As Figure 6.3b displays, the analysis re-
veals that smaller proteins (e.g. Ovalbumin) have a most probable dwell time which
is smaller compared to the larger proteins (e.g. Thyroglobulin), but the tail of their
distribution is larger. Counterintuitively, therefore, smaller proteins can therefore
yield more detectable events. This effect is expected to reverse as the temporal
resolution of the system becomes smaller than 6 𝜇s which however is smaller than
the temporal resolution of commercial amplifiers. The amount of events lost for a
particular protein is set by its size, net charge, and the minimum time resolvable
by the system. The fraction of events below the temporal resolution (set as 20 𝜇s)
within the typical range of values for the diffusion constant and the electrophoretic
drift velocity is shown in Figure 6.3c. As the positions of the proteins on this dia-
gram show, the vast majority of protein translocations will not be observed under
normal conditions. This suggests that any events that are observed either belong
to the far tail of the dwell time distribution, or are held long enough inside the pore
due to protein-pore interactions to be resolved.

In order to experimentally verify that the limited temporal resolution is the cause
of the discrepancy observed, the event rate dependence was investigated sepa-
rately for each of the parameters in the Smoluchowski rate equation. The depen-
dence on the diffusion constant was studied by translocating five proteins (Aprotinin
6.5 kDa, Ovalbumin 45 kDa, 𝛽-Amylase 200 kDa, Ferritin 450 kDa, Thyroglobulin
660 kDa) of varying size, each at a concentration of 1 𝜇M, through a 40 nm SiN
pore, in 1 M NaCl with pH 7.5, at an applied voltage of 50 mV. Based on Smolu-
chowski’s equation as well as our FPTD simulation, one would expect the event rate
to increase with increasing D, since proteins should be able to diffuse to the pore
entrance faster. Experimentally, however, we see just the opposite, as shown in
Figure 6.4a: the event rate decreases as the size of the protein becomes smaller
and D thus grows. The observed decrease must be attributed to the decrease in
the SNR as the proteins get smaller (Figure 6.9b). Aprotinin, the smallest protein
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Figure 6.4: a) The event rate of protein translocation through a 40 nm nanopore for Aprotinin (6.5
kDa), Ovalbumin (45 kDa), ᎏ-Amylase (200 kDa), Ferritin (450 kDa), Thyroglobulin (660 kDa) at 1
᎙M concentration. The event rate is observed to decrease as the protein becomes smaller, i.e., when
the diffusion constant becomes larger. This is counter to the predictions by both Smoluchowski and
the FPTD model and is attributed to the reduction in the SNR as the proteins become smaller. b) The
pore-size dependence of the event rate for 46 nM 540 kDa ᎏ-Galactosidase and 1.35 ᎙M 37 kDa hCG.
The event rate of ᎏ-Galactosidase increases linearly with pore size, as expected, while no change is
observed for hCG. c) The concentration dependence of the event rate for these proteins. The event rate
of ᎏ-Galactosidase increases linearly with concentration, as predicted by Smoluchowski. The event rate
of hCG remains within the noise floor for all measurements.
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tested, had an event rate within the noise floor of the system. This noise floor of
false positives is determined by the rate of noise peaks with sufficient amplitude to
be detected as apparent events, and is estimated to be between 0.3 and 0.5 Hz for
our system (Supplementary Section 6.4.7). The noise floor is shown in the panels
of Fig. 6.4 as a light red area at the bottom, except in panel b where it has been
omitted for visual clarity. In order to test the dependence of the rate on the pore-
diameter, a large 540 kDa protein at 46 nM concentration, 𝛽-Galactosidase, and
a small 37 kDa protein at 1.35 𝜇M concentration, human chorionic gonadotropin
(hCG) were translocated through pores varying in diameter from 5 nm to 40 nm,
as shown in Figure 6.4b. The event rate increased linearly with pore diameter for
the large 𝛽-Galactosidase, as predicted by Smoluchowski. But the event rate for
hCG remained low and relatively constant, indicating non-Smoluchowski behavior.
Finally, the concentration dependence for these two proteins was investigated, by
applying increasingly concentrated solutions to a flow cell containing a 20 nm pore,
as shown in Figure 6.4c. Again, 𝛽-Galactosidase followed the expected Smolu-
chowski behavior, whereas the hCG’s event rate remained within the noise floor of
the system. In an attempt to investigate the dependence of an increased SNR for
the hCG, we also checked 𝐽 for two concentrations with a 5 nm pore (light blue
data points in Figure 6.4c), but we did not observe any difference in behavior. By
further increasing the hCG concentration, we finally did observe the event rate rise
above the noise floor at very high concentrations above 1 𝜇M.

6.3. Conclusion
What are the implications and possible solutions to this issue of a very signifi-
cantly reduced event rate for protein translocation through nanopores? The find-
ings presented in this study suggest that most of the protein translocation events
that are observed are either due to protein-pore interactions or represent the far
tail of the residence-time distribution. In patch-clamp techniques, analysis soft-
ware such as Qub[25] routinely takes into account events that are missed due to
limited temporal resolution in the estimation of kinetic parameters but this has,
to our knowledge, so far not been incorporated for nanopores. Some previous
studies[26, 27] have attributed low event rates in small antibiotic molecules translo-
cating through membrane pores to limited temporal resolution. Additionally this
subject has been touched upon briefly in the past for protein translocation through
solid state nanopores[3, 9, 11, 15]. If nanopores are to be used in biosensors, one
requirement would be the ability to determine the concentration of analyte in the
sample being probed. Given the high percentage of lost events, which also varies
widely with protein mass and charge, it seems unlikely that this can be achieved
without significant technological improvements.

Solutions to address this temporal issue can be divided into two categories: (i)
slowing down the speed of the biomolecules, or (ii) improving the bandwidth of
the amplifier utilized. Traditionally the former approach has involved altering buffer
properties such as the viscosity or the temperature, both of which have the draw-
back of simultaneously reducing the amplitude of the signal[28]. For dsDNA, it
has been shown that an 18∘K drop in temperature can increase the dwell time by
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1.7x while decreasing the conductance blockade by 1.5x[28]. Similarly, increasing
the viscosity by 4.4x can increase the dwell time by 3.7x while reducing the sig-
nal by 2.2x[28]. In the case of proteins, the pH of the buffer can be modified to
be close to the isoelectric point of the protein being studied. This will slow down
the translocation velocity by reducing the charge of the protein[15]. Alternatively,
the protein of interest can be immobilized within the detection volume of the pore
for long periods of time using either surface modification[29–31] of the pore or
designed DNA-origami structures inserted into the pore[32, 33]. Both these ap-
proaches implement a bait and prey type system. More recently, Yusko et al[12]
have demonstrated an elegant technique which involves coating the nanopore side-
walls with a fluidic lipid bi-layer and anchoring the target analyte to the bi-layer.
Both Yusko et al and others[34] have shown that the diffusion of these anchored
analytes is dominated by the in-plane diffusion constant of the lipids, which is two
orders of magnitude smaller then the typical diffusion constant for proteins in free
solution. As this approach does not modify the inner measurement channel, there
is no loss in signal. The second possible solution involves improving the electronics
of the system, in order to directly measure the translocation signal at higher band-
width. Several low-noise high-bandwidth amplifier designs have been proposed in
the past few years[35–38]. Some of these have been designed specifically for use
with nanopores and have been demonstrated to allow measurements on short DNA
oligos that have previously been invisible. Assuming we apply one of these ampli-
fiers, say with a bandwidth of 1 MHz, to our protein measurements, our FPTD model
predicts that for a temporal resolution of 1 𝜇s, we would expect to observe most
proteins and only 6% of events to be lost. Unfortunately, however, the increased
bandwidth comes with an increase in noise at the higher frequencies, so realisti-
cally this will be difficult to achieve. As previously noted, the temporal resolution is
limited by the SNR, meaning that the best resolution will occur in experiments with
large proteins, small pores, and low-noise membranes.

While all of these methods may help improve the number of translocation events
visible, none of these solutions seem to completely address the problem at hand. It
is thus clear that the issues discussed in this paper will remain a problem for protein
translocation experiments with nanopores well into the foreseeable future.
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6.4. Supplementary Info
6.4.1.Materials andMethods
Solid-state nanopores were fabricated as previously described[39, 40]. Nanopores
were treated with oxygen plasma for 1 min on both sides, before each measure-
ment. Nanopore containing membranes were mounted into PMMA or PEEK flowcells



Supplementary Info ..

6

135

containing separate aqueous reservoirs on each side of the chip into which Ag/AgCl
electrodes were inserted. The flowcell and the amplifier headstage were placed
into a Faraday cage. The ionic current was recorded with an Axopatch 200B am-
plifier with the low-pass filter set to 100 kHz, the resulting signal was digitized at
500 kHz. Unless otherwise noted the traces were digitally filtered with a 10 kHz
Gaussian low pass filter. All analysis was done with a set of custom Matlab scripts
with GUI front ends, to be described elsewhere. Event rates were calculated by
doing an exponential fit to the distribution of times between the leading edges of
events. All buffers used 10 mM Tris-HCl with 1mM EDTA at the pH values given in
Supplementary Section 6.4.2.

Aprotinin (Bovine lung), Ovalbumin (Hen egg), Ferritin (Horse spleen), and Thy-
roglobulin (Bovine thyroid) were all purchased from GE Healthcare. 𝛽-Amylase
(Sweet potato) was acquired from Sigma-Aldrich. 𝛽-Galactosidase was purchased
from Roche Applied Science. hCG (human pregnancy urine) was from Abcam.
Streptavidin and Avidin were from Invitrogen. BSA, RecA, and 𝜆-DNA were from
New England Biolabs.

6.4.2. Experimental translocation data for proteins and dsDNA
Tables 6.1, 6.2, and 6.3 provide the experimental data used in Figure 6.2. Experi-
ments without a reference indicate work done as part of this study.

With the exception of Avidin, all diffusion constants were determined using the
equation of He and Niemeyer[23]

𝐷 = 6.85 ⋅ 10ዅዂ𝑇

𝜂√𝑀ኻ/ኽ𝑅፠
(6.2)

where M is the molecular weight of the protein.

Using the worm-like chain model in the limit 𝑙፩ << 𝑙፜, the radius of gyration is given
by

⟨𝑅፠⟩ = √
𝑙፩𝑙፜
3 (6.3)

From the Zimm model for linear polymers we have the ratio between the radius of
gyration and the hydrodynamic radius as

𝑅፠
𝑅ፇ

= 8
3√𝜋 ≅ 1.51 (6.4)
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Table 6.1: Experimental parameters for protein translocation experiments.

Protein c Buffer pH 𝑟፩ V 𝐽፨፛፬ 𝐽ፒ፦፨ 𝐽፨፛፬/𝐽ፒ፦፨ Ref.nM nm mV Hz Hz
MBP 1560 1MKCl 7.5 10 50 11 4400 2.5E-03 [9]
MBP 780 1MKCl 7.5 10 50 8 2200 3.6E-03 [9]
Aprotinin 1000 1MNaCl 7.5 20 50 0.310 9850 3.1E-05
Ovalbumin 1000 1MNaCl 7.5 20 50 0.77 5030 1.5E-04
𝛽-Amylase 1000 1MNaCl 7.5 20 50 1.69 2760 6.1E-04
Ferritin 1000 1MNaCl 7.5 20 50 4.13 2440 1.7E-03
Thyroglob. 1000 1MNaCl 7.5 20 50 11.95 1810 6.6E-03
𝛽-Gal. 0.92 1MKCl 8 10 50 0.465 1.23 3.8E-01
𝛽-Gal. 2.3 1MKCl 8 10 50 0.704 3.06 2.3E-01
𝛽-Gal. 4.6 1MKCl 8 10 50 0.825 6.13 1.3E-01
𝛽-Gal. 9.2 1MKCl 8 10 50 1.037 12.3 8.5E-02
𝛽-Gal. 23 1MKCl 8 10 50 3.2 30.6 1.0E-01
𝛽-Gal. 46 1MKCl 8 5 50 5.96 30.6 1.9E-01
𝛽-Gal. 46 1MKCl 8 10 50 12.66 61.3 2.1E-01
𝛽-Gal. 46 1MKCl 8 15 50 20.76 91.9 2.3E-01
𝛽-Gal. 46 1MKCl 8 20 50 29.23 123 2.4E-01
𝛽-Gal. 92 1MKCl 8 10 100 24.8 123 2.0E-01
𝛽-Gal. 230 1MKCl 8 10 50 34 306 1.1E-01
hCG 270 1MKCl 8 10 100 0.34 666 5.1E-04
hCG 540 1MKCl 8 10 100 1.18 1330 8.9E-04
hCG 1350 1MKCl 8 5 100 1.6 1670 9.6E-04
hCG 1350 1MKCl 8 10 100 2.32 3330 7.0E-04
hCG 1350 1MKCl 8 15 100 3 5000 6.0E-04
hCG 1350 1MKCl 8 20 100 1.67 6660 2.5E-04
hCG 2700 1MKCl 8 10 100 2.92 6660 4.4E-04
Streptav. 566 1MKCl 8 10 100 2.82 1440 2.0E-03
Streptav. 1000 1MKCl 6.6 10 150 2.54 2540 1.0E-03
Avidin 40 1MKCl 8 10 100 9.84 106 9.3E-02
Avidin 40 1MKCl 8 10 50 8.48 106 8.0E-02
Avidin 40 0.05MKCl 8 10 150 40 106 3.8E-01 [3]
BSA 1500 1MKCl 8 29 100 17 9590 1.8E-03 [5]
BSA 100k 0.4MKCl 7 9 200 111 202k 5.5E-04 [4]
BSA 4200 0.15MKCl 8 23 50 0.21 21.7k 9.7E-06 [7]
Importin-𝛽 2900 0.15MKCl 8 23 50 0.27 12.2k 2.2E-05 [7]
BSA 400 1MKCl 8 10 100 12.96 897 1.4E-02
BSA 2000 1MKCl 8 10 50 0.8 4480 1.8E-04
BSA 2000 1MKCl 8 10 100 1.532 4480 3.4E-04
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Table 6.2: Protein information. ᐯ ፑᑘ of Avidin was determined using HydroPro[41].

Protein M.W. Stokes
Radius
(𝑅፬)

Radius of
Gyration
(𝑅፠)

PDB ID Diffusion
Constant (D)

kDa nm nm 𝑚ኼ/𝑠
MBP 42 3.0 [42] 2.2 [43] 1URD 7.45E-11
Aprotinin 6.5 1.64 1.34 [44] 3LDM 1.30E-10
Ovalbumin 45 3.05 [45] 2.7 [46] 1OVA 6.65E-11
𝛽-Amylase 200 4.8 [47] 5.4 [48] 1BTC 3.65E-11
Ferritin 450 6.1 [45] 5.33 [49] 1FHA 3.22E-11
Thyroglobulin 660 8.5 [45] 8.5 [48] 2.39E-11
𝛽-Gal. 540 6.86 [50] 4.2 [51] 1BGL 3.52E-11
hCG 36.7 3.3 [52] 3.0 [53] 1HRP 6.52E-11
Streptavidin 53 3.69 [54] 2.5 [55] 2GH7 6.72E-11
Avidin 66 3.37 2.14ጷ 1AVD 7.00E-11
BSA 66.46 3.48 [56] 2.98 [57] 3V03 5.93E-11
Importin-𝛽 97 3.97 [58] 2P8Q 4.82E-11

Combining these two with the Stokes-Einstein equation

𝐷 = 𝑘ፁ𝑇
6𝜋𝜂𝑅ፇ

= 8√𝜋𝑘ፁ𝑇18𝜋𝜂𝑅፠
= 8√𝜋𝑘ፁ𝑇

18𝜋𝜂√ ፥ᑡ፥ᑔ
ኽ

(6.5)

and using values of 50 nm for the persistence length 𝑙፜ of dsDNA and 𝜂 = 8.9 ⋅
10ዅኾ𝑃𝑎 ⋅ 𝑠 for 1M KCl we obtain

Table 6.3: dsDNA translocation experimental data. ‡ This study used ፀ፥ᎴፎᎵ membranes.

DNA
length

c Buffer pH 𝑟፩ V 𝐽፨፛፬ 𝐽ፒ፦፨ 𝐽፨፛፬/𝐽ፒ፦፨ Ref.

bp nM nm mV Hz Hz
2200 3.44 1M KCl 8 10 100 4.4 1.35 3.27
2200 7.2 1M KCl 8 4.75 100 7.83 1.34 5.85

48514 0.155 1M KCl 8 10 50 0.65 0.0129 50.34
48514 0.155 1M KCl 8 10 100 1.03 0.0129 79.77
48514 0.312 1M KCl 8 7.65 120 4.3 0.0199 215.99
48514 0.125 1M KCl 8 10 120 2.1 0.0104 201.74
48514 0.062 1M KCl 8 7 120 0.9 0.00364 247.02
15000 1 1M KCl 8.5 3 100 1 0.0449 22.25 [21]
48514 0.156 1M KCl 8 7.5‡ 200 0.22 0.00975 22.572 [20]
48514 0.156 1M KCl 8 7.5‡ 300 0.35 0.00975 35.91 [20]
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𝐷 = 1.155 ⋅ 10ዅኻዂ
𝑅፠

= 8.947 ⋅ 10ዅኻ኿

√𝑙፜
(6.6)

Dynamic light scattering measurements were performed on several proteins in
the same high salt (1 M) buffer used in the nanopore experiments. The measured
radii, shown in Table 6.4, were consistent with values reported in literature and no
evidence of aggregation was observed. Additionally the diffusion constant was cal-
culated from the measured hydrodynamic radii using the Stokes-Einstein equation.

Table 6.4: The hydrodynamic radii of several proteins in 1 M salt, as measured by DLS.

Protein Hydrodynamic
Radius (𝑅ፇ)

Diffusion
Constant (D)

nm 𝑚ኼ/𝑠
Ovalbumin 3.25 6.90E-11
β-Amylase 5.05 4.40E-11
Ferritin 6.75 3.30E-11
Thyroglobulin 9.1 2.50E-11
hCG 3.5 7.00E-11

6.4.3. Tracking Adsorption byMonitoring Changes in the Event Rate
over Time

As a way to asses the amount of adsorption on to the flowcell walls and the SiN
membrane, we tracked the event rate as a function of experimental time. Current
traces were split up into 3 second segments and the event rate was determined
within each of these segments. The positively charged protein Avidin, showed the
largest drop over time, with the event rate reduced from 8.5 Hz at the start of the
experiment to 3.4 Hz after 1233 seconds, as can be seen in Figure 6.5b. This was
exceptional as there were no significant changes in event rates of other proteins,
as shown for example in the Ferritin trace in Figure 6.5a.
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Figure 6.5: The event rate as a function of time for (a) Ferritin and (b) Avidin translocation experiments.

6.4.4. Protein Charge Measurements
In order to determine the charge of the proteins and calculate their electrophoretic
drift velocities, the protein’s zeta-potentials were measured using a Malvern Instru-
ments Zetasizer Nano ZS, see Table 6.5.

Table 6.5: Zeta-potential, net valence, and electrophoretic drift velocity.

Protein Zeta
Potential
(𝜁፩)

Protein
Valence

Electrophoretic
Drift Velocity (𝜈)

mV |z| m/s
Ovalbumin -11.7 0.83 2.96E-03
β-Amylase -12.3 2.05 4.63E-03
Ferritin -11.4 2.99 5.32E-03
Thyroglobulin -8.9 4.44 5.67E-03

The zeta potential (𝜁፩) is related to the net valence of the protein (𝑧) through the
equation[24]

𝑧 =
𝜁፩𝜀𝑅ፇ [1 + 𝜅 (𝑅ፇ + 𝑅፛)]

𝑒 (1 + 𝜅𝑅፛)
(6.7)

where 𝑅፛ is the average radius of the salt ions (taken to be 0.25 nm), 𝜀 is the
dielectric constant of the medium, and 𝜅 is the Debye–Hückel inverse screening
length given by 𝜅 = 3.289√𝐼 in units of 𝑛𝑚ዅኻ, where 𝐼 is the ionic strength in
M. The values of the net valence were not rounded to nearest integer, due to the
possibility that multiple populations with different charged states may exist simulta-
neously (although 𝛽-Amylase and Ferritin valence values clearly correspond to -2e
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and -3e respectively). This has been observed previously for Avidin[15] and was at-
tributed to heterogeneity caused by various post-translational protein modification
processes. The electrophoretic drift velocity is determined using

𝜈 = 𝜇፩𝐸 = 𝜇፩
𝑉፩
ℎ፭
=

𝑒|𝑧|𝑉፩
6𝜋𝜂𝑅ፇℎ፭

(6.8)

where 𝑉፩ is the portion of the applied voltage that drops over the pore (taking into
account the access resistance) and ℎ፭ is the effective thickness of the pore.
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Figure 6.6: a) Zeta-potential measurements of the proteins used in this experiment as a function of
increasing NaCl concentrations with pH 7.5. The largest ionic strength which could be measured was
200mM NaCl. No data could be taken for Aprotinin due to its small size. b) The event rates observed
as a function of the protein’s zeta-potential.

6.4.5. First Passage TimeModel
The distributions shown in Figure 6.3b of the main paper were generated by using
the diffusion constants and electrophoretic drift velocities calculated earlier and the
cumulative distribution function of the 1D first passage time model as derived by
Talaga et al.[11]

𝐶𝐷𝐹ፅፏፓፃ(𝑡) =
1
2𝑒𝑟𝑓𝑐 (

ℎ፭ − 𝑣𝑡
2√𝐷𝑡

) (6.9)

with an effective membrane thickness (ℎ፭) of 20 nm. Next the PDF(t) was recov-
ered by inverse transform sampling this cumulative distribution a total of 1,000,000
times. A histogram of this data was generated and normalized. The surface plot
shown in Figure 6.3c was calculated by computing the value of 𝐶𝐷𝐹ፅፏፓፃ(20𝜇𝑠) over
the parameter space shown.

After the publication of this chapter, a correction to the 1D first passage time
model derived by Talaga et al.[11] was published by Ling and Ling[59]. This correc-
tion results in only a small change in the distributions. None of the conclusions are
affected. Figure 6.3b and 6.3c have been updated in this thesis using the correct
form of the cumulative distribution function[60]
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𝐶𝐷𝐹ፅፏፓፃ(𝑡) =
1
2 (𝑒

፡ᑥ፯/ፃ𝑒𝑟𝑓𝑐 (ℎ፭ + 𝑣𝑡
2√𝐷𝑡

) + 𝑒𝑟𝑓𝑐 (ℎ፭ − 𝑣𝑡
2√𝐷𝑡

)) (6.10)

and the probability density function[59]

𝑃𝐷𝐹ፅፏፓፃ(𝑡) =
ℎ፭

√4𝜋𝐷𝑡ኽ
𝑒ዅ(፡ᑥዅ፯፭)Ꮄ/ኾፃ፭ (6.11)

6.4.6. Filtering Effects
The effects of filtering on the resulting capture rates were investigated. The de-
pendence of the event rate on the filtering frequency for the set of experiments in
Figure 6.4a of the main paper, is shown in Figure 6.7. While the amplitude of the
event rate for each protein varies with the filter frequency, all of the proteins show
the same behavior. This means that the trend seen in the event rate the depen-
dence on protein size (Figure 6.4a) remains the same for all filter settings and with
only the absolute values of the event rates changing. The experimentally measured
detection level for the 40 nm pores used in these measurements is shown in Figure
6.8 as a function of the filtering frequency. This shows the minimum amplitude
necessary to detect an event. Any events with an amplitude below the threshold
(red line) will not be detected.

0 10000 20000 30000 40000
0

2

4

6

8

10

12

14

Ev
en

t R
at

e 
(H

z)

Filtering Frequency (Hz)

 Aprotinin
 Ovalbumin
 B-Amylase
 Ferritin
 Thyroglobulin

Figure 6.7: The event rate as a function of the filtering frequency used in the analysis.

Furthermore, Figure 6.9a shows the effect of filtering pulses having an initial
amplitude corresponding to the expected blockade for Thyroglobulin (based on its
excluded volume). In other words, we generate 4.32 nS pulses ranging in duration
from 1 𝜇s to 100 𝜇s. Each of these pulses is then filtered with a 10 kHz Gaussian
filter and the resulting filtered pulse amplitude is determined. The intersection of
this curve with the threshold line provides the minimum detectable pulse duration
(MDPD). This value is determined to be 25 𝜇s for Thyroglobulin. Figure 6.9b com-
pares all aspects of the experiment from a theoretical perspective. First, the black
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Figure 6.8: The level of the detection threshold, set as 4.5᎟, as a function of the filter frequency
as determined experimentally for 40 nm SiN nanopores. This level can be lowered by painting the
membrane with a layer of PDMS[61] to reduce the noise.

squares show the expected dependence on the diffusion constant, for the five pro-
teins measured in Figure 6.4a, as predicted by the Smoluchowski rate equation.
We see the event rate increase with the diffusion constant. Secondly, the red cir-
cles represent the prediction of the one-dimensional first-passage time-distribution
obtained by multiplying the event rates given by the Smoluchowski rate equation
with the probability that an event will translocate within a time larger than 20 𝜇s,
the amplifier’s temporal limit:

𝐽ፅፏፓፃ(ኼኺ᎙፬) = 𝐽ፒ፦፨ [1 − 𝐶𝐷𝐹ፅፏፓፃ(20𝜇𝑠)] (6.12)

This also predicts an increase in the event rate as the diffusion constant in-
creases. Finally, the blue triangles show the same dependence when the SNR ratio
is taken into account. The MDPD was determined for Thyroglobulin and Ferritin and
used to define the limit in the first-passage time-distribution:

𝐽ፅፏፓፃ(ፌፃፏፃ) = 𝐽ፒ፦፨ [1 − 𝐶𝐷𝐹ፅፏፓፃ(𝑀𝐷𝑃𝐷)] (6.13)

We now see a decrease in the event rate as the diffusion constant increases,
which matches the experimentally observed trend (Figure 6.4a).

For Thyroglobulin the expected amplitude was determined to be 4.32 nS using a
shape factor[62] of 1.55 and a partial specific volume[63] of 0.723. For Ferritin the
expected amplitude was determined to be 2.86 nS using a shape factor of 1.5 and
a partial specific volume[64] of 0.738. In both cases a conductivity of 9.24 S/m was
used for 1M NaCl and the expected current drop for each protein was calculated
using the same method as Yusko et al.[65]
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Figure 6.9: a) Pulses calculated for Thyroglobulin, ጂG = 4.32 nS are Gaussian low-pass filtered to 10
kHz and 5 kHz. The amplitude of the filtered pulse is shown versus pulse duration and compared to
the detection threshold. Any event with a pulse duration smaller than the point at which the curve
drops below the threshold level will not be detected. b) A comparison of three theoretical models: the
Smoluchowski rate equation (black squares), the first-passage time-distribution with amplifier limit of
20 ᎙s (red circles), the first-passage time-distribution with the temporal limit given by the limited SNR
of each protein (blue triangles).

Table 6.6: The data used in Figure 6.9b.

At 20𝜇s At MPDT

Protein D 𝐽ፒ፦፨ 1-CDF 𝐽ፅፏፓፃ MDPD 1-CDF 𝐽ፅፏፓፃ
𝑚ኼ/𝑠 Hz Hz μs Hz

Aprotinin 1.30E-10 4.4
Ovalbumin 6.65E-11 7.83 0.223546 1123.9
β-Amylase 3.65E-11 0.65 0.028665 79.1
Ferritin 3.22E-11 1.03 0.008055 19.6 70 7.76E-08 1.89E-04
Thyroglob. 2.39E-11 4.3 0.001272 2.3 25 2.17E-04 3.92E-01

6.4.7.Noise Floor
The noise floor of our system is defined by the rate of false events due to the noise
inherently present in the system. For Gaussian distributed noise, the rate of false
events is given by[66]

𝐽ፅፚ፥፬፞ = 𝑘𝑓፜𝑒
(ዅ ᐋᎴ

ᎴᒗᎴ ) (6.14)

where 𝑘 is a constant (0.849 flat noise; 1.25 𝑓ኼ noise), 𝑓፜ is the bandwidth (10
kHz), Φ is the detection threshold, and 𝜎 is the rms current at this bandwidth. In
our experiments the false event rate is expected to lie between 0.34 and 0.5 Hz. A
detection threshold of 4.5𝜎 was used in our analysis in order to capture as many
low SNR events as possible.
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7
Detection of single DNA-bound

proteins using solid-state
nanopores

Detection of DNA-bound proteins is a challenge that is well suited to solid-state
nanopores as they provide a linear readout of the DNA and DNA-protein volume
in the pore constriction along the entire length of a molecule. Here we demon-
strate that we can realize the detection of even individual DNA-bound proteins at
the single-DNA-molecule level using solid state nanopores. We introduce and use
a new model system of anti-DNA antibodies bound to lambda phage DNA. This
system provides several advantages since the antibodies bind individually, toler-
ate high salt concentrations, and due to their positive charge, will not translocate
through the pore unless bound to the DNA. Translocation of DNA-antibody sam-
ples reveals the presence of short 15 𝜇s current spikes within the DNA traces, with
amplitudes that are about 4.5 times larger than that of dsDNA. Given the resolu-
tion limits of the method, we conclude that transient interactions between the pore
and the antibodies are the primary mechanism by which bound antibodies are ob-
served. This work provides a proof-of-concept for how nanopores could be used for
future sensing applications.

C. Plesa, J. W. Ruitenberg, M. J. Witteveen, and C. Dekker, Detection of single DNA-bound proteins using
solid state nanopores, in preparation.
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7.1. Introduction

S olid-state nanopores have facilitated the development of a number of novel
techniques to study biological samples. Although the majority of the work has

focused on DNA and proteins, there has been some research into DNA-protein com-
plexes as well. Some of these studies have investigated the detection of DNA-bound
nucleosomes[1], biotinylated DNA-oligomer-bound monovalent streptavidin[2], or
RNAP-DNA transcription complexes[3] with short (<1kbp) strands where no posi-
tional information could be determined. Other studies have used small diameter
solid-state pores[4] or biological pores[5, 6], where the DNA-protein complex is
too large to translocate though the pore, to determine the presence of the com-
plex through its effects on the characteristics of the translocation events. Previous
studies in our lab with longer DNA strands focused on RecA[7, 8]. This DNA repair
protein binds cooperatively to DNA, forming long patches which makes it difficult
to observe an isolated single-protein complex. Here we present our experimen-
tal efforts to map out single bound-protein positions on long DNA strands using
solid-state nanopores in standard measurement conditions. We show that transient
protein-pore interactions allow us to detect the presence of individual DNA-bound
proteins.

In our solid-state nanopore measurements, a 20 nm thick silicon nitride mem-
brane containing a 20 nm diameter nanopore is placed in-between two reservoirs
containing a buffered 1M KCl salt solution and Ag/AgCl electrodes. Upon the ap-
plication of an electric field, negatively charged biomolecules are electrophoreti-
cally driven from the one chamber (Cis) towards the positive electrode in the other
chamber (Trans) as shown in Figure 7.1a, while positively charged biomolecules ex-
perience the opposite effect. The passage of a biomolecule through the nanopore
results in a temporary reduction in the ionic current (Figure 7.1d). The magnitude
of this reduction is, at these high-salt concentrations, determined by the volume
taken up by the part of the molecule that resides in the pore. Consequently, in the
case of a protein bound along a long piece of DNA, the passage of DNA produces
a distinct blockade level (𝐼ኻ) while any bound protein is expected to appear as an
additional temporary increase in the blockade level, on top of the DNA blockade
level.

We introduce a new model system to study this concept in detail. It is based
on anti-DNA antibodies to serve as a proof-of-principle for this technique. Anti-DNA
antibodies were first discovered in patients with systemic lupus erythematosus in
the late 1950s[9, 10]. These antibodies bind randomly and independently to DNA
with a measured 𝐾ፃ of 90 nM for 160 kDa mouse monoclonal IgG2a antibodies
against dsDNA in physiological conditions[11]. We carried out nanopore measure-
ments (Supplementary Section 7.5.1) using only free antibodies and determined
that they are positively charged at pH 8 in 1M KCl. This property ensures that any
free antibodies present in the solution on the Cis side will translocate away from the
nanopore unless they are bound to a DNA molecule, eliminating the possibility that
any of the observed events are due to a free unbound antibody co-translocating
with a DNA molecule. We verified the binding of the antibodies to DNA molecules
with AFM (Figure 7.1b) and gel-shift assays (Figure 7.1c). Our nanopore based
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Figure 7.1: a) Schematic representation of a dsDNA molecule with a bound antibody translocating
through a 20 nm pore. b) AFM image of a 2.2 kbp DNA molecule with three antibodies attached. c)
Gel-shift-assay showing that antibodies binding to a 40 bp DNA fragment do not traverse into the gel in
lane 1, free DNA in lane 2, and a 10 bp ladder in lane 3. d) Typical unfolded lambda DNA translocation
event. e) Examples of translocation events containing spikes associated to anti-DNA antibodies. The
applied voltage is 100 mV and the nanopore diameter is 20 nm.
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measurements also showed that the antibody-DNA complexes do not dissociate
quickly in high salt conditions, as discussed later. This is an important point, since
most proteins do not bind DNA in the 1M salt concentrations used, since the elec-
trostatic screening is so high. These commercially available antibodies provide a
simple system which can be used to explore the capabilities and limits of mapping
local structures along DNA molecules using solid-state nanopores.

7.2. Results and Discussion
Nanopore measurements on DNA-antibody mixtures reveal the presence of cur-
rent spikes on top of the DNA blockade signals, which can be directly correlated to
the addition of the antibodies, see Fig. 7.1e. Solutions containing both anti-DNA
antibodies and lambda phage 48.5 kbp DNA were incubated at 37∘C in low salt
conditions, before being diluted to 1M KCl and added to the Cis chamber of the
nanopore flowcell. Analysis of the resulting translocation events revealed events
with very short-duration large-amplitude current spikes present within the DNA
blockades as shown in Figure 7.1e. Analysis was carried out by first selecting un-
folded events[12]. Spikes were subsequently detected if they crossed a minimum
amplitude threshold defined from the local open pore current before the start of
the DNA translocation event; basically an analysis that comes down to detecting
events within events. This helps differentiate the high amplitude spikes produced
by the antibodies from smaller amplitude folds and knots always observed in high-
bandwidth measurements on long DNA in large pores[13]. Statistics on the per-
centage of events with spikes reveal a clear correlation between the addition of
antibodies and the appearance of the spikes.

Figure 7.2a shows the fraction of DNA events containing spikes as the minimum
amplitude threshold is increased. Two independent antibody-DNA experiments (red
and blue) show the presence of many large amplitude spikes, compared with the
DNA-only control (green). We chose to use a spike detection threshold of 3.5𝐼ኻ as it
differentiates quite well between spikes caused by antibodies and spikes observed
in DNA-only experiments, which are due to DNA knots and folds[14]. Figure 7.2b
shows the fraction of events with spikes of amplitude larger than 3.5𝐼ኻ at voltages
ranging from 100 mV to 400 mV for experiments with both DNA and antibodies as
well as control experiments containing only DNA. At 100 mV approximately 82%
of events have at least one spike present, while only 6% of the events in the
DNA-only controls have spikes, a clear indication that the observed current spikes
can be attributed to bound antibodies. This fraction is observed to decrease as a
function of applied voltage. We attribute this effect to both the increased force
reducing the lifetime of transient antibody-pore interactions and the decreased
spatial resolution since DNA and DNA-protein translocate faster but the 52 kHz
amplifier bandwidth[15] cannot be increased further. These experimental results
demonstrate that it is possible to detect single DNA-bound proteins with solid-state
nanopores.

We investigated the time dependence of the percentage of events with spikes
and found no signs of significant DNA-antibody complex dissociation. This stability
is remarkable, particularly since these nanopore experiments are done at high salt
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Figure 7.2: a) The fraction of events with spikes as a function of the spike detection threshold for two
experiments with antibodies and lambda DNA (red and blue) as well as a control experiment with only
lambda DNA (green). The dotted green line represents the ”ghost” spikes that would be detected due
to Gaussian noise. The dashed red line is the 3.5ፈᎳ spike detection threshold used in this study to
differentiate antibody-induced spikes from spikes also present in the DNA-only control. b) The fraction
of events with spikes as a function of applied voltage for two experiments with antibodies and lambda
DNA (red and blue) as well as a control experiment with only lambda DNA (green).

concentrations (1M KCl). DNA-protein interactions tend to be electrostatic in nature.
Due to this, exposure to high ionic concentrations such as those used here (1M KCl),
typically lead to significant reductions in the DNA-protein binding affinity constants.
However, Supplementary Figure 7.8 shows the percentage of events with spikes as
a function of time for the first 30 minutes of two independent experiments. No
significant reduction is observed, indicating that the antibody-DNA complex has a
high salt tolerance allowing measurements in 1M KCl.

Analysis of the spike position is consistent with a random binding process, while
the spike duration and amplitude show that the antibody passage occurs very
quickly and is at the limit of what is resolvable. Figure 7.3a shows the position
of the current spikes, normalized using the translocation time of the full DNA event.
The spikes are found to be distributed randomly over the entire duration of the
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events, as is expected since the antibodies bind at random positions along the
molecule. Their typical amplitude is 4.5 times higher than the current drop pro-
duced by a single dsDNA molecule (Figure 7.3d) at 100 mV applied voltage. This
amplitude is around 2 times lower than the blockade expected from the excluded
volume of the antibody (Supplementary Section 7.5.4), indicating that the spikes
are being distorted by the filtering due to their very short duration[14]. Indeed, the
FWHM dwell time Δ𝑡ፏ፞ፚ፤ of the current spikes was found to be approximately 15
𝜇𝑠 (Figure 7.3c), which is below the amplitude distortion threshold of the Gaussian
low-pass-filter used and right on the edge of the resolution of our system (17 𝜇𝑠).
We observe that the amplitude is higher for longer events. Indeed, analyzing a
DNA-antibody dataset measured at our 40 kHz bandwidth, we observe an average
amplitude of 0.45 ±0.01 nA for spikes that have a FWHM time below 17 𝜇𝑠 (the
filter’s distortion point), but 0.61 ±0.02 nA for those with FWHM times longer than
17 𝜇s. These observations suggest that we are likely only observing a fraction of
the total amount of bound antibodies.

What current signatures should we expect to see for bound antibodies in these
conditions? The evidence suggests that the current spikes are due to transient inter-
actions between the DNA-antibody complex with the nanopore, effectively holding
the complex within the nanopore long enough for it to be resolved. As a simple
straightforward estimate we can use the most-probable-translocation-time of the
DNA events (1.5 ms) and the known DNA length (16.5 𝜇m) to estimate a mean
translocation velocity of around 11 nm/𝜇s. This implies that, on average, a dura-
tion of 15 𝜇s to corresponds to roughly 165 nm, which is far larger than the size of
the antibody. In other words, the duration of the observed current spikes is signifi-
cantly longer than what we would expect from a freely translocating antibody-DNA
complex. Furthermore, assuming that there are no strong high-salt-induced dis-
sociation effects, we would expect to have hundreds of antibodies bound to each
lambda DNA molecule based on the results of the AFM characterization and the
antibody-DNA concentrations used, whereas we only observe an average of about
two spikes in each event in the nanopore translocation experiments (insert Figure
7.3d). These observations strongly indicate that the antibodies are interacting with
the SiN pore surface and holding the complex bound inside the pore for a sufficiently
long time to detect it. Indeed, this idea is further supported by the occasional pres-
ence of events with very long blockades with amplitudes we would expect from the
antibody-DNA complex (Supplementary Section 7.5.5) sticking inside the pore for a
longer period of time.

The hypothesis that the current spikes are due to transient interactions between
bound antibodies and the pore is consistent with an observed increase in the total
duration of the DNA translocation time as a function of the number of spikes that
are observed within the event. Figure 7.4 shows the average dwell time of DNA
events without spikes to be 1.48 ±0.08 ms. This increases to an average of 1.60
±0.07, 1.78 ±0.07, 2.02 ±0.10, 2.2 ±0.14 ms for events with one to four spikes,
respectively. The linear fit to this data, shown in Figure 7.4, has a slope of 189
𝜇s/spike. This surprisingly high value prompts the question: If the average FWHM
dwell time of a spike is 15 𝜇s, then why is the average time of the DNA translocation
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Figure 7.3: Statistics for spikes with an amplitude above 3.5 I/ፈᎳ observed on lambda DNA translocating
through a 20 nm pore at 100 mV. a) Schematic of the data extracted for each spike, which includes
the amplitude (ፈᑇᑖᑒᑜ) as measured from the first DNA level (ፈᎳ), the FWHM duration (ጂ፭ᑇᑖᑒᑜ), the
absolute position (፭ᑇᑖᑒᑜ), and the normalized position (Ꭱᑇᑖᑒᑜ). b) Normalized position (፭ᑇᑖᑒᑜ/ጂ፭ᐻᑅᐸ)
distribution shows uniform binding all over the length of the molecule. Part of the population at the
start is attributed to brief large amplitude folds which sometimes occur at the start of the translocation
process. c) FWHM dwell time (ጂ፭ᑇᑖᑒᑜ) histogram for the current spikes showing a peak around 15 ᎙s.
d) Amplitude (ፈᑇᑖᑒᑜ) of the current spikes showing a peak around 0.5 nA (4.5x larger than ፈᎳ ዆ ኺ.ኻኻ
nA). Insert: distribution of the number peaks-per-event.

increased by a much higher value of 189 𝜇s per spike? This observation suggests
that the spikes have a higher probability of being observed within DNA events with
inherently longer translocation times[16, 17]. In other words, DNA events that take
longer to translocate and thus move at a slower speed, increase the probability of
a transient protein-pore interaction occurring. This clear increase in the total dwell
time is consistent with a temporary interaction between the DNA-antibody complex
and the pore.

Antibody-pore interactions may be mediated by the 𝐹፜ region of the antibody. We
created 𝐹ፚ፛ fragments from the anti-DNA antibodies using a standard Papain/Protein
A technique. These smaller (50 kDa versus the 150 kDa of IgG2a) 𝐹ፚ፛ fragments
were incubated with lambda DNA and the DNA-𝐹ፚ፛ constructs were translocated
through smaller 10 nm pores. No statistically significant differences were seen
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Figure 7.4: The average dwell time and standard error of DNA translocation events as a function of the
number of spikes present within the event. The solid line is a linear fit to the average of the two datasets
and has a slope of 0.189 ms/spike.

between these samples and DNA-only controls. This may indicate that the transient
interactions observed in the IgG2a antibodies is mediated by the 𝐹፜ region, which
is no longer present in the 𝐹ፚ፛ fragments.

Could the observed current spikes be the result of mechanisms other than tran-
sient protein-pore interactions? We considered and ruled out a number of other
possible alternatives to explain the observed current spikes. 1) Transient DNA-pore
interactions are a known issue in solid-state nanopore experiments. In this mech-
anism the DNA and the pore temporarily interact. If such an interaction occurs in
the close vicinity of a bound protein that protein may become visible if the duration
of the interaction is greater than about 15 𝜇s. Although this is consistent with the
observed increase in dwell time as a function of the number of observed spikes,
the interaction would have to occur right at the site of a bound antibody. It would
also have to occur multiple times for the events with multiple spikes and it does not
explain why no current spikes are visible in the case of the 𝐹ፚ፛ fragments. Further-
more, we would expect the observed amplitude to have a much wider distribution
since the protein could sit at varying distances away from the pore constriction[18].
2) The local velocity during the course of a DNA translocation event is known to
fluctuate[16, 17, 19]. Could the DNA temporarily slow down to the extent that the
antibodies are visible? We estimate that the local velocity would have to slow down
by a factor of around 16x relative to the mean translocation velocity, something un-
likely to occur so consistently in all events. 3) Each antibody has two binding sites,
bringing up the possibility that they could be forming loops in the DNA molecule
reminiscent of those formed by Lac repressor[20]. This, however, also seems un-
likely since as soon as the first site has bound, the probability of the second site
binding to a nearby piece of DNA is far higher than for any DNA segment far away.
Furthermore DNA loops would have amplitudes of 2𝐼ኻ, well below the observed
spike amplitudes. 4) Could two antibodies bind very closely together to form a
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complex larger than the diameter of the pore? Such a large complex could get
stuck at the pore constriction long enough to produce a spike signal. To check this
hypothesis, we translocated the same antibody-DNA mixture through a pore with a
35 nm diameter. This large diameter would be sufficient to accommodate two or
more antibodies and the DNA molecule. We were, however, still able to observe the
current spikes in this situation, suggesting that the formation of a bulky complex is
not the mechanism. All these considerations and observations together render the
proposed mechanism of transient protein-pore interactions as the most probable.

7.3. Conclusion
In a series of proof-of-principle experiments, we have demonstrated that individ-
ual DNA-bound protein can be detected with solid-state nanopores. Although this
work focused on anti-DNA antibodies which bind randomly, it should be possible to
extend this technique using cross-linked site-specific bound proteins and primary
antibodies, to visualize specific complexes. Several obstacles must be overcome
for this technique to be generally applicable to any protein-DNA system. Since
measurements at physiological salt conditions do not provide a high enough signal-
to-noise ratio, the technique is currently limited to proteins which are resistant to
high-salt (1M) conditions with a slow timescale of dissociation, or proteins which
have been covalently cross-linked to the DNA. Alternatively, a non-ionic current
based readout method may allow measurements at physiological conditions in the
future. A further complication is the fast translocation velocity relative to the max-
imum measurement bandwidth achievable, which makes the detection of a single
protein very challenging. The recent development of high-bandwidth low-noise
amplifiers may help improve this limitation[21, 22]. Although it has been shown
that optical tweezers can be used to slow down the translocation process[23, 24],
a simpler technique is necessary for practical applications. Finally, in order to de-
termine the positions of bound protein, the current signals which are recorded in
the temporal domain must be converted to spatial information using a currently
unknown mapping function which is dependent on the local velocity profile along
the length of the DNA. Although both simulations[16] as well as our recent study
on recaptured DNA molecules[17] suggest that the non-linear local velocity profile
is dependent on the conformation of the DNA molecule at the start of the translo-
cation process, the local velocity profile has yet to be measured directly[19]. None
of these obstacles present a fundamental roadblock to the continued development
of this technique. With further improvements, it should be possible to develop a
nanopore technique for identifying DNA-binding protein which is complementary
to approaches such as chromatin immune-precipitation (ChIP) and DNA adenine
methyltransferase identification (DamID).

7.4.Methods
Nanopores. SiN membranes were fabricated and 20 nm diameter nanopores were
drilled with a TEM as described previously[25]. After TEM drilling, membranes we
manually painted with a layer of PDMS in order to reduce the capacitance and im-
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prove the signal-to-noise ratio. Chips were mounted in a PMMA flowcell, after which
the two reservoirs were filled with 1M KCl 10mM Tris 1mM EDTA solution at pH8.
The current was recorded with a standard electrophysiology setup consisting of an
Axopatch 200B amplifier, digitized with a Digidata 1322A DAQ, and subsequently
analyzed in Matlab[12]. The nanopore measurements presented have a bandwidth
of at least 30 kHz at 100 mV and are limited by the Axopatch’s bandwidth of 52 kHz
at higher applied voltages[15].

DNA with bound antibodies. Anti-DNA antibodies (HYB331-01) purchased
from Abcam (Cambridge, UK) at a concentration of 625 nM were incubated with
0.25 nM lambda DNA (Promega) (at a 932:1 ratio) in 18.75 mM NaCl, 2 mM Tris,
pH8 for 10 min at 37∘C. Right before starting a nanopore measurement, 20 𝜇L of
this DNA-antibody mixture was added to 10 𝜇L of 3M KCl, 30 mM Tris, 3 mM EDTA
at pH8 for final concentrations of 166 pM DNA and 156 nM antibodies.
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7.5. Supplementary Info
7.5.1.Nanopore characterization of anti-DNA antibodies
Anti-DNA Antibodies (HYB331-01) were diluted into 1M KCl TE pH8 solution to a
final concentration of 312 nM. This solution was measured with a 20 nm diameter
SiN nanopore. Figure 7.5 shows traces taken at +100 mV and -100mV applied volt-
age, demonstrating that the antibodies are positively charged at pH8. Figure 7.6
shows a scatter density plot and current histogram from a dataset of 8815 antibody
translocation events at 100 mV and 30 kHz bandwidth. The events produced by
the antibodies have a most probable translocation time of 13 𝜇s and an most prob-
able current blockade of 210 pA. These short translocation times are on the edge
of the temporal resolution for this technique, as discussed in detail in a previous
publication[14].
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Figure 7.5: Current traces at a) -100 mV and b) +100mV applied voltage for 312 nM IgG2a mouse anti-
bodies translocating through a 20 nm pore. The large difference in event rates between the two polarities
indicates that these antibodies are positively charged. Below each trace is a schematic representation
of each situation.
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7.5.2. AFMcharacterizationof anti-DNAantibodiesbound to2.2kbp
DNA

We imaged antibody-DNA complexes using AFM to verify binding and observe the
number of bound antibodies. A solution of 2.97 nM anti-DNA antibodies, 0.7 nM
2.2kbp DNA in 10 mM NaCl, 1 mM Tris pH 8, and 10 mM MgCl was incubated on
freshly cleaved Mica for 5 minutes and imaged using tapping mode AFM with an
Olympus AC160TS tip. We observed, on average, two antibodies bound on each
2.2 kbp molecule.

Figure 7.7: Tapping mode AFM scan of 2.2kb DNA molecules with bound antibodies on a mica surface.
The scale bar represents 500 nm.
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7.5.3. Time dependence of detection of events with spikes
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Figure 7.8: Time dependence of the fraction of events with spikes detected at 100 mV for the first 30
min after the antibody-DNA solution was diluted into high (1M KCl) salt. No significant dissociation is
observed on this timescale.

7.5.4. Estimated antibody current blockade
The current blockade produced by the antibody translocating through the pore can
be estimated using the excluded volume technique as in a number of previous
studies[1, 26, 27]. The expression used is

Δ𝐼 = 𝛾𝜎𝑉ፚ𝑉 ፱፜፥፮፝፞፝
(ℎ፩+ ᎝፝ᑡ

ኾ )
ኼ 𝑓(𝑑፩, 𝑑፦) (7.1)

where 𝛾 is the shape factor taken as 1.5 (even though these antibodies are not a
perfect sphere[27]), 𝜎 is the bulk buffer conductivity (10.5 S/m for 1M KCl), 𝑉ፚ is
the applied voltage set as 100 mV, 𝑉 ፱፜፥፮፝፞፝ is the volume of the antibody (taken
as 347 nmኽ)[27], ℎ፩ is the effective thickness of the pore set to 8.6 nm based on
previous work[28], 𝑑፩ is the diameter of the pore set to 20 nm, and 𝑓 is a correction
factor taken to be 1. Based on these values we would expect a current blockade of
around 0.92 nA, well above what we observe in both the free antibody translocation
(0.21 nA) and in the DNA-bound antibody case (0.5 nA). These observations can
be explained by the fact that the majority of translocation times in both of these
cases is below the filtering distortion frequency (22 𝜇s for 30 kHz and 16.6 𝜇s for
40 kHz) as discussed in detail previously[14].
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7.5.5. Long blockade Antibody-DNA events
Among the events observed, occasionally we observe some events with a very
long duration blockade event, which can be attributed to long-lasting antibody-pore
interaction events (sticking). Figure 7.9 provides some examples.
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Figure 7.9: Four example events with long duration blockades present within the DNA event. These
long blockades are attributed to sticking between the antibody-DNA complex and the pore.
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8
DNA nanopore translocation in

glutamate solutions

Nanopore experiments have traditionally been carried out with chloride-based so-
lutions. Here we introduce silver/silver-glutamate-based electrochemistry as an al-
ternative. We show that it has a linear response at typical voltages and can be used
to detect DNA translocations through a nanopore. The glutamate anion also acts
as a redox-capable thickening agent, with high-viscosity solutions capable of slow-
ing down the DNA translocation process by up to 11 times, with a corresponding
7 times reduction in signal. These results demonstrate that glutamate can replace
chloride as the primary anion in nanopore resistive pulse sensing.

C. Plesa, N. van Loo, and C. Dekker, DNA nanopore translocation in glutamate solutions, in preparation.
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8.1. Introduction

S olid-state nanopores constitute an emerging biophysical technique which has
been used to study DNA[1], protein[2], and DNA-protein complexes[3]. Al-

though this area has been primarily pushed by the promise of its use for low-cost
sequencing of long nucleic acid polymers, many other applications have opened
up. Numerous studies have been published on methods to improve various aspects
of this technique with different pore types[4, 5], membrane materials[6–8], new
salts[9, 10], and passivation techniques[11]. Although central to their operation,
alternative electrochemical reactions for detecting the ionic current have not been
pursued. In this study we introduce a novel electrochemical reaction based on glu-
tamate (Glu) anions and demonstrate its potential for studying DNA translocations
through solid-state nanopores. This approach provides a way to avoid the use of
chloride and slow down the translocation velocity using high-viscosity solutions.

We first provide a brief overview of the solid-state nanopore method. Nanopores
are typically fabricated in a 20 nm thick free-standing SiN membrane by focusing an
electron beam on the membrane using a transmission electron microscope (TEM).
This allows simultaneous in-situ imaging of the pore as it is being created. Mem-
branes with pores are subsequently placed in a flow cell such that it separates two
aqueous reservoirs filled with salt solution, as shown in Figure 8.1a. Chlorinated
silver electrodes are placed into the solution on each side and an electric potential
is applied. The resulting ionic current is measured with a low-noise amplifier. Since
DNA is negatively charged, it is electrophoretically driven through the nanopore.
When a DNA molecule passes through the pore it causes a transient drop in the
ionic current, since the molecule reduces the pore volume normally used by ions for
transport. The duration of the blockade can be related to the length of the polymer,
while the amplitude of the blockade is proportional to the volume of the molecule
currently in the pore constriction.

We now address the electrochemistry used for the ionic current detection. In
silver/silver-chloride based electrochemistry, a chlorinated silver wire is placed in
a chloride-based solution and an electric potential is applied. At the anode, chlo-
ride ions are oxidized into solid-phase silver chloride through the reaction 𝐴𝑔(𝑠) +
𝐶𝑙ዅ(𝑎𝑞) → 𝐴𝑔𝐶𝑙(𝑠)+𝑒ዅ while at the cathode silver chloride is reduced and chloride
ions are released into the solution via the reaction 𝐴𝑔𝐶𝑙(𝑠)+𝑒ዅ → 𝐴𝑔(𝑠)+𝐶𝑙ዅ(𝑎𝑞).
The measured ionic current is linear with voltage at potentials below 1V. The ease of
electrode preparation, made by placing silver wire in a bleach solution, makes this
a simple and effective experimental approach. With one exception, all nanopore
publications that we are aware of use silver-chloride based electrochemistry to-
gether with either alkali metal halide solutions (LiCl[9], NaCl[3], KCl[11], RbCl[12],
CsCl[13]) or organic-salts (BMIM-Cl)[10]. The only non-chloride electrochemistry
nanopore study looked at ionic liquids using platinum electrodes[14].

L-Glutamic acid (Glu) plays a fundamental role in biology as one of the amino
acids used in protein synthesis. In many organisms glutamate, not chloride, is the
major intracellular anion[15]. Although many of its properties have been studied
in detail, we are not aware of any literature on non-enzymatic glutamate-based
electrochemistry. In 1974, an article by Tabei et al[16] described a method for
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Figure 8.1: a) Schematic illustration of the nanopore setup with the redox reactions occurring at the
electrodes. b) The current voltage response for 20 nm pores is observed to be linear over the range
-800 mV to 800 mV for NaGlu and KGlu at all concentrations tested. The pore conductance is higher for
KGlu solutions compared to NaGlu. For both salts, the pore conductance is higher at 2M compared to
3M concentration. c) Typical translocation events for a 20.7 kbp linear DNA molecule observed in a 16
nm pore and 3M KGlu at 100 mV.
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making printed circuits through the photolysis of silver glutamate. From this work,
we know that silver glutamate is a stable, albeit photosensitive, solid-phase com-
pound, much like silver chloride. We hypothesized that glutamate could be used to
replace chloride in the electrochemical reactions used in nanopore studies. Anal-
ogously to the silver chloride case, we expect similar electrochemical reactions to
take place at the anode

𝐴𝑔(𝑠) + 𝐺𝑙𝑢ዅ(𝑎𝑞) → 𝐴𝑔𝐺𝑙𝑢(𝑠) + 𝑒ዅ (8.1)

and the cathode

𝐴𝑔𝐺𝑙𝑢(𝑠) + 𝑒ዅ → 𝐴𝑔(𝑠) + 𝐺𝑙𝑢ዅ(𝑎𝑞) . (8.2)

In such a way, glutamate could be used as a redox-capable thickening agent to
increase the viscosity of a solution while still maintaining the required electrochem-
istry.

8.2. Results
We now show that glutamate solutions produce a linear current-voltage response
and can be used for detecting DNA nanopore translocations. We prepared sil-
ver glutamate electrodes by electrolysis of a 99.99% silver wire (anode) and plat-
inum wire (cathode) in a concentrated 3M potassium glutamate solution. These
electrodes were then used, following standard procedures, in solid-state nanopore
experiments. Figure 8.1b shows the typical current-voltage curves observed for
potassium glutamate (KGlu) and sodium glutamate (NaGlu) solutions at 2M and 3M
concentration in 20 nm pores. We have also included a typical response observed
for 1M KCl (dashed green line) for comparison. The IV responses were observed
to be linear in the tested range of -800 mV to 800 mV. Additionally, the open pore
conductance was observed to be higher at 2M compared to 3M, in both KGlu and
NaGlu, as explained below in discussing the conductivity measurements. Upon ad-
dition of a DNA solution to the flowcell, typical DNA translocation events could be
observed in the current trace, as shown in Figure 8.1c. These results demonstrate
the feasibility of using glutamate-based salts for nanopore experiments.

To understand the pore conductance, we measured the conductivity of concen-
trated solutions of glutamate salts. Figure 8.2a shows the conductivity at 23∘C as
a function of concentration for KGlu, NaGlu, LiGlu, alongside literature values[17]
for KCl, NaCl, and LiCl at 25∘C. The maximum concentrations tested were limited
by the solubility of the salts which were found to be around 1M for LiGlu, 3.5M for
KGlu, and 3.3M for NaGlu. The conductivity of KGlu was observed to be significantly
higher than NaGlu, with values for KGlu of 6.57 S/m and 5.33 S/m at 2M and 3M
compared to 3.76 S/m and 2.69 S/m, respectively, for NaGlu. The conductivities of
both solutions were observed to have maxima, which occurred around 2.0 for KGlu
and 1.7 for NaGlu. This is a common phenomenon at very high electrolyte concen-
trations and is attributed to the small inter-ionic separations which lead to strong
ion-ion interactions that begin to reduce the conductivity of solutions above a cer-
tain concentration. Since we would like to maximize the ionic current signal, larger
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conductivities are desired and these measurements reveal that KGlu is preferable
over NaGlu. As expected, the conductivities observed for the glutamate solutions
were smaller than the corresponding chloride solutions at the same concentrations.

We also investigated the viscosity of glutamate salt solutions, relevant for the
translocation speed of traversing molecules. A Brookfield DV2TLVCP Wells-Brookfield
cone/plate viscometer was used to measure the viscosities of KGlu, NaGlu, and LiGlu
at 23∘C. Viscosity is an important parameter in nanopore measurements since in-
creasing viscosity results in higher drag forces and longer translocation times. In
Figure 8.2b the viscosity of LiGlu, KGlu, and NaGlu is shown as a function of so-
lution concentration alongside literature values for KCl[18], NaCl[18], and LiCl[19]
at 25∘C. As expected, the glutamate solutions have a significantly higher viscosity
than the chloride solutions at the same concentration. We measure a viscosity of
2.8 cP and 6.6 cP for KGlu at 2M and 3M, and even higher viscosities of 4.1 cP and
11.3 cP, respectively, for NaGlu. The larger viscosities of the glutamate solutions
compared to the chloride solutions can be explained by the much larger size of the
glutamate (MW 147.13 g/mol) anion compared to chloride (MW 35.45 g/mol) and
highlight its potential as a thickening agent.

Finally, we studied the characteristics of DNA translocation through nanopores
in high concentration glutamate solutions to see how much the translocation veloc-
ity and conductance blockade were reduced. Linear 20.7 kbp DNA molecules were
translocated through nanopores in 2M and 3M solutions of KGlu and NaGlu at 100
mV. Figure 8.3a shows a typical heat plot showing the event’s conductance block-
ade and translocation time in 2M KGlu and a 20 nm pore. As expected from the
viscosity measurements, events were slower in NaGlu compared to KGlu, as shown
in Figure 8.3b. In 2M and 3M KGlu, events had a 3.3𝑋 and 5.8𝑋 longer transloca-
tion time relative to 1M KCl, while the translocation in 3M NaGlu took 11.3𝑋 longer.
The price paid for this slower translocation is a reduction in the blockade signal,
as already observed in the conductivity measurements. In Figure 8.3c we show
the DNA conductance blockade in 2M and 3M solutions of NaGlu and KGlu. We
observe blockade amplitudes of 0.35 nS and 0.31 nS in 2M and 3M KGlu, which
are around 3.6𝑋 and 4𝑋 smaller than the DNA blockade in 1M KCl (1.25 nS). This
becomes worse for the NaGlu, with blockades of 0.22 nS and 0.18 nS, respectively.
One common approach to increase the conductance blockade is to decrease the
diameter of the nanopores used. Figure 8.3d shows the DNA blockade for 3M KGlu
in 10, 16, and 20 nm pores. When the pore diameter is reduced from 20 nm to 10
nm we see a 1.5𝑋 increase in the DNA blockade, to 0.47 nS. The observed trend
matches the prediction from a simple geometric model (dashed line) using the mea-
sured solution conductivity, pore diameter, and membrane thickness[20]. At very
small pore sizes we eventually expect to see a decrease in the pore conductance,
as predicted by hindered transport theory[21] for large ions. These initial exper-
iments demonstrate the viability of using glutamate-based solvents for nanopore
measurements.



..

8

170 DNA nanopore translocation in glutamate solutions

a

b
0 1 2 3 4

0

2

4

6

8

10

12

Concentration (M)

C
on

du
ct

iv
ity

 (S
/m

)

KCl NaCl LiCl

KGlu

NaGlu

LiGlu

0 1 2 3 4
0

2

4

6

8

10

12

Concentration (M)

V
is

co
si

ty
 (c

P
)

KGlu

NaGlu

LiGlu

Figure 8.2: a) The conductivity of the glutamate solutions is lower than the equivalent chloride solutions
and reaches a maximum between 1.5M and 2M. LiGlu could not be dissolved at concentrations above 1M.
b) The viscosity of glutamate solutions can be significantly higher than corresponding chloride solutions
demonstrating their potential advantage as thickening agents.

8.3. Conclusion
In this preliminary study we have demonstrated that glutamate-based electrochem-
istry can replace traditional chloride-based reactions for use in nanopore measure-
ments. Potassium glutamate provides a higher conductivity, compared to sodium
glutamate, with a maximum of 6.57 S/m at around 2M concentration. The use of
lithium glutamate is limited by its maximum solubility of around 1M. DNA translo-
cation through glutamate solutions can be slowed down by 3.3𝑋 to 11.3𝑋 relative
to 1M KCl, while the conductance blockade signal is reduced by 3.6𝑋 and 7𝑋 re-
spectively. These numbers are similar to those from a study carried out by adding
glycerol into 1.5M KCl solutions[22]. There, a 5.3𝑋 increase in viscosity resulted
in a 4.4𝑋 increase in the translocation time and a 3.1𝑋 decrease in the blockade
amplitude, relative to the values for 1.5M KCl. In addition to slowing down DNA
translocation, the use of glutamate instead of chloride may provide a better envi-
ronment for gold electrodes in three terminal devices, an application which is now
under investigation.
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Figure 8.3: a) Heat plot showing the conductance blockade and translocation time of 20.7 kbp DNA
translocating through a 20 nm pore in 2M KGlu. b) The most probable dwell times observed for 20.7
kbp DNA at 100 mV in a variety of buffers. c) DNA conductance blockade of 2M and 3M solutions of
KGlu and NaGlu at 100 mV in 20 nm pores. d) DNA conductance blockade in 3M KGlu as a function of
the pore diameter. The solid line is the dependence predicted by the geometric model of Kowalczyk et
al.[20]

8.4.Methods

Free standing SiN membranes were fabricated using trans-chip illumination litho-
graphy[23]. Pores were drilled with a Philips CM200-FEG TEM. Ionic currents were
measured with an Axopatch 200B and digitized at 500kHz. Signals were sub-
sequently analysed with the Transalyzer Matlab package[24]. Potassium gluta-
mate, sodium glutamate, and L-glutamic acid was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Lithium glutamate was made by Tocris Bioscience (Bristol,
UK) following a procedure similar to Wiesbrock et al[25]. Briefly high purity L-𝛼-
glutamic acid was dissolved in HPLC grade water, after which an equivalent amount
of lithium hydroxide was added. The resulting clear solution was then freeze dried
to yield the solid salt. The product was characterized with micro analysis, infrared
spectroscopy, proton NMR, and mass spectrometry. High purity silver and platinum
wire was purchased from Advent Research Materials (Oxford, UK).
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9
Data analysis methods for

solid-state nanopores

We describe a number of techniques for the analysis of solid-state nanopore ionic
current traces and introduce a new package of Matlab analysis scripts with GUI
frontends. We discuss methods for the detection of the local baseline and propose a
newdetectionalgorithmwhichbypasses someof the classicalweaknesses ofmoving-
average detection. Our new approach removes detected events and re-creates an
ideal event-free baseline which is subsequently used to recalculate the local base-
line. Iterative operation of this algorithm causes both the moving average of the
baseline current and its standard deviation to converge to their correct values. We
explain different approaches to selecting events and building event populations,
and we show the value of keeping track of the changes in parameters such as the
event rate and the pore resistance throughout the course of the experiment. Finally,
we introduce a new technique for separating unfolded events and detecting current
spikes present within translocation events. This open source software package is
available online at: http://ceesdekkerlab.tudelft.nl/downloads/

C. Plesa and C. Dekker, Data analysis methods for solid-state nanopores, submitted.
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9.1. Introduction

O ver the past decade, there has been tremendous growth and progress in re-
search on solid-state nanopores[1, 2]. In this technique, a membrane con-

taining a nanometer-scale pore is placed in-between two chambers containing an
electrolyte solution, as shown in Figure 9.1a. An electric field is applied across the
membrane and charged molecules, such as DNA, present in the solution experi-
ence an electrophoretic force which pulls them towards the pore and causes them
to translocate through. As a molecule translocates through the nanopore, it tem-
porarily blocks the current and this causes a temporary resistive pulse, as shown
in Figure 9.1b. Typically, the duration of the pulse contains information about the
length of the molecule while its amplitude is dependent on the molecule’s cross-
sectional volume.

With the steep development of this field has come the need for signal-processing
tools specifically suited to this niche. While many different techniques exist for
analysis of nanopore current traces, the majority of data analysis is done on custom
software which differs from lab to lab, although some approaches have recently
been published[3–5]. Arjmandi et al[3] have discussed the advantages of wavelets
over low-pass filtering, particularly in the accurate recovery of the dwell time and
amplitude of translocation events. Raillon et al[5] have proposed a new level-fitting
algorithm based on the cumulative-sums algorithm. Pedone et al[4] focused on the
accurate analysis of short pulses, which is a common issue in experiments aimed
at detecting proteins and short DNA.

In this paper, we describe the many aspects of nanopore data analysis as com-
bined in one single comprehensive new Matlab GUI-based package named Trans-
alyzer. We also introduce novel approaches for detecting the local baseline, extract-
ing current peaks present within events, and we describe various analysis strategies
for specific scenarios. Our analysis procedure is split into three successive stages,
with each stage utilizing parameters determined in the previous stage, as shown in
Figure 9.1c. The first stage (GUI_detect) determines the local baseline, rms noise
level (𝜎), it detects each translocation event, and determines its basic properties
such as duration, current blockade level, and integrated area [event charge deficit
(ECD)]. In the second stage (GUI_events), mixed event populations are sorted and
population level statistics are generated, such as the most probable dwell time,
blockade level, and event rate. The third and final stage (GUI_localstructures) re-
analyzes each event in a given population for the presence of local structures such
as bound protein or knots. This analysis pipeline allows us to address the large
variability encountered in different types of experiments.

9.2. Event detection and characterization
The analysis procedure begins with the detection of translocation events within a
noisy baseline. As most other labs, we use a thresholding algorithm to extract
events. In this approach, events are identified if they cross a threshold (typically
5𝜎) away from the local baseline level. The threshold is defined by multiplying a
peak detection factor and the rms noise level (𝜎), as shown in Figure 9.2. The
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peak detection factor is chosen large enough to minimize the number of noise
spikes captured, while simultaneously low enough to capture as many translocation
events as possible. Successful detection of translocation events requires proper
identification of the local value of the baseline and the noise level (𝜎). A variety of
factors complicate the determination of these two values, including: (1) inherently
unstable baselines, (2) very large event rates, (3) pore clogging, and (4) successive
closely-spaced events. Here, we describe how we have addressed some of these
issues in our analysis software, which has been used to analyze a large variety of
experimental data.
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Figure 9.1: a) Illustration of a typical nanopore setup. b) Current signal produced by a translocating DNA
molecule. c) Schematic of the typical analysis procedure of a nanopore current trace, which is divided
into three parts. The first part splits a current file, detects the events in each segment, characterizes
each event, and concatenates all found events. The second part sorts and characterizes the event
populations. The final part can be used to sort and re-analyze events for the presence of local structures
and to generate relevant statistics.
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Figure 9.2: A typical threshold detection scheme involves finding the local baseline and rms noise level
(᎟). A detection threshold is set as a constant (PDF; peak detection factor) multiplied by the rms noise
level, away from the local baseline. Events are detected by finding points where the current trace crosses
the detection level. The trace can be analyzed backward from the first crossing point and forward from
the next crossing point to find the points where the current crosses the local baseline, which define the
start and stop of the event.

9.2.1. Baseline detection

Traditionally, baseline detection is performed by calculating a moving average, with
the window size optimized to the maximum period of time over which the baseline
value is allowed to fluctuate by some chosen amount. Issues affecting proper
baseline detection can be distinguished based on the baseline’s stability. In the
case of a stable baseline, the size of the window can be kept quite large (say, 30k
points at 500k samples/s) and this can provide an accurate value in most cases.
In cases where the baseline is unstable, however, the window size must be kept
small (<6k points) in order to track the baseline fluctuations. In both of these cases,
particularly the latter, the moving average can become an inaccurate representation
of the local baseline due to the fact that previous events influence the value of the
local baseline. This effect is especially noticeable if the event rate is very high,
leading to many closely spaced events, or if the event durations are a significant
fraction of the window size. We introduce a simple algorithm to deal with all these
issues in Section 9.2.3.

9.2.2.Noise level determination

A number of techniques exist for determining the noise level. In the case of a stable
baseline, with short-duration events at a low event rate, the trace file can be split
into small segments and the global standard deviation can be used. A more accurate
method, which works well with high-event-rate data sets, is to first determine the
standard deviation in a small moving window (typically 1000 points in size). The
values of the standard deviation for all of the windows in a trace segment can be
put into a histogram where the bin width is defined by the precision required. The
center of the main peak in the resulting histogram typically provides an accurate
value of the standard deviation within the trace.
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9.2.3. Iterative detection algorithm
In order to overcome the limitations of the thresholding approach, we designed
and implemented a new algorithm shown in Figure 9.3a. This approach involves
iterating through the thresholding algorithm multiples times in order to decouple
the moving average calculation of the local baseline from the influence of previous
events. At the end of each iteration a new current trace is generated where the
duration of each detected event is replaced by the value of the local baseline at
the start of the event. An assumption is thus made that the baseline value does
not change significantly (>𝜎) over an average event’s translocation time. This new
trace is subsequently used to recalculate the moving average (using the same ap-
proach described in section 9.2.1), the rms noise level, and detect the events again.
In Figure 9.3b we show a comparison of the value of the local baseline for a 20k
moving average, a 5k moving average, and a 5k moving average with 2 iterations
of the algorithm. In this simulation, three events are placed close together. Using
the small 5k-point moving average results in a very inaccurate value of the local
baseline for the second and third events. Increasing the window size to 20k points
improves the accuracy but fails to completely eliminate this effect. The proposed
algorithm quickly converges to the correct value with each iteration, while allowing
small window sizes to be used, as shown by the 5k-point 2-iteration trace. Simi-
larly for the calculation of the standard deviation, a second trace is created after
each iteration were the events are removed and this is subsequently used to de-
termine the new value of the standard deviation. The iterative algorithm is capable
of handling event rates where the average time between events is twice as small
as the size of the moving window used. So a 5k point window, corresponding to
10 ms at 500k samples/s, can be used on data with event rates of 200 Hz, as
long as the average translocation time of the events is several times smaller than
the size of the moving window. Much higher event rates must be addressed on
a case-by-case basis, although these situations are typically avoided because they
can lead to multiple molecules within the pore simultaneously, which can signifi-
cantly complicate analysis. In the future several alternative implementations of the
iterative algorithm could be used to handle more unstable baselines, at the cost
of increased computational time. This could include using both the forward and
backward moving averages to determine starting and ending points for the event,
and interpolating the change in the baseline that occurred over the course of the
event.

How does the iterative algorithm perform when analyzing experimental data?
We can quantify the improvement in the value determined for the local baseline by
introducing a new measure <𝐼ጂፁ>. This is calculated by first finding the mean value
of the fifty points preceding the start of this event and subsequently determining the
difference between this mean and the value of the local baseline (from the moving
average) for each particular event. We take the absolute value of this difference
and determine the mean (<𝐼ጂፁ>) and standard deviation (STD) of the resulting
distribution. If the value of the baseline improves, we expect the value of <𝐼ጂፁ> to
reduce and the spread of its distribution to become more narrow. We applied this
approach to several DNA and protein experimental datasets and reanalyzed each
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Figure 9.3: a) Flowchart of the iterative detection algorithm. After each iteration, information about the
events found feeds back into the next iteration to improve the value of the local baseline and rms noise
level. b) A simulation of three closely spaced translocation events, with the local baseline determined
using three different techniques. Moving averages of 20k and 5k points, represented by the dashed
green and red lines, fail to properly determine the local baseline of the 2nd and 3rd events because the
moving average is influenced by the previous events. The solid magenta line shows the same 5k-point
moving average after 2 iterations of the detection algorithm, demonstrating that it is able to accurately
determine the value of the local baseline despite using a small window size.
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dataset using 0, 1, or 2 iterations of the algorithm, with the results shown in Table
9.1. We observed reductions in <𝐼ጂፁ> and STD after one iteration in all cases,
with further iterations bringing minimal improvements. The larger improvements
observed in DNA experiments, can be attributed to the longer duration of these
events compared to proteins, which leads to larger changes in the moving average.
Although the changes may appear small, these values are averaged over thousands
of events. This simple algorithm can thus improve the analysis results and overcome
the issues associated with thresholding detection.

Table 9.1: In order to quantify the improvement in the calculation of the baseline we determine ፈᏺᐹ,
which is the absolute value of the difference between the mean of the fifty points preceding the start of
the event and its local baseline value. The mean (<ፈᏺᐹ>) and standard deviation of ፈᏺᐹ values in each
dataset is shown. All experiments were carried out in 1M KCl, filtered at 10 kHz, and analyzed with a 5k
point moving average. Improvements in the value determined for the baseline results in lower values
of <ፈᏺᐹ> and its STD. In all cases we see an improvement after one iteration, with further iterations
bringing only minimal improvements.

Dataset
Num.

of
Events

Event
rate
(Hz)

Num.
of

Iter.

<𝐼ጂፁ>
(pA)

STD
(pA)

A
𝜆 DNA,

20 nm pore,
100 mV

1975 4.8

0 6.3 6.2
1 5.5 4.7
2 5.4 4.4
3 5.4 4.4

B
𝜆 DNA,

10 nm pore,
500 mV

1477 10.0
0 23.4 23.7
1 20.9 20.1
2 20.9 20.1

C
T4 DNA,

20 nm pore,
100 mV

1287 0.3
0 4.7 4.1
1 4.6 3.7
2 4.6 3.7

D
IgG antibody,
20 nm pore,

100 mV
10221 162.2

0 6.6 6.7
1 6.0 6.0
2 5.9 6.0

E
99kDa protein,
16 nm pore,

100 mV
6009 35.8

0 7.0 6.2
1 6.9 6.1
2 6.9 6.1

9.2.4.Noise level determination
Proper determination of each event’s characteristics (duration, blockade, and ECD)
can be complicated by many types of physical phenomena and data-handling ef-
fects, depending on the type of experiment, including: short events prone to fil-
tering distortions[4], low SNR, long tail events, folding[6, 7], events were the cur-
rent increases rather than decreases during translocation[8], hybrid events were
the current both decreases and increases[9], events where the molecule docks
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onto the pore before translocating[10–13], knotting[14], mixed populations, pore
growth over time[15], biomolecule-pore interactions[16], protein-DNA interactions,
and the presence of short DNA fragments. For the event duration, using the full-
width-half-maximum value (in conjunction with a Gaussian low-pass filter), provides
the most accurate translocation time value, even in the light of various distortions
introduced by filtering[3, 4]. The blockade level for very short duration events (short
DNA or proteins) is best represented by the maximum blockade value. For longer
events, dividing the ECD by the FWHM time provides the best representation of the
blockade level for many different types of events. For blockades with well-defined
levels such as large folds[6], level-fitting software such as OpenNanopore[5] can
be used. We have added an export function into Transalyzer capable of exporting
event databases into OpenNanopore, effectively acting as an event pre-processor.
Our software allows the user to select between multiple analysis techniques to de-
termine the translocation time and blockade level of each population, since multiple
populations can coexist within the same experiment.

Due to the many different types of event blockades possible, we allow the user
to select between three different types: current increase, current decrease, and
hybrid (decrease and increase). This feature can also be used in situations where
there is a very low SNR by exploiting the fact that noise is symmetric around the
baseline while translocation events (typically) are not. In our approach, the same
dataset is analyzed twice, once assuming current increase and again using current
decrease. Differences in the properties of the resulting populations, such as the
event rate, provide strong evidence that translocation events are present, even
when it is difficult to differentiate individual events from noise.

9.3. Population sorting and characterization
Events can be sorted using a number of different criteria into different popula-
tions. Our software allows the user to set a minimum and maximum translocation
time, current blockade, local baseline level, event number, and event charge deficit
in order to select out an event population. In most situations, the event charge
deficit (ECD) has a Gaussian distribution for a population of molecules with homo-
geneous length. A non-Gaussian or distorted ECD distribution can be caused by
significant molecule fragmentation, strong biomolecule-pore interactions, low SNR,
the presence of docking levels, or overlapping populations. Importantly, selecting
a population using the ECD allows folded events to be included in the selection.
If folding is not possible, due to the nature of the analyte (nanoparticle, globular
protein, etc..) or because the size of the pore is too small, selection using the
translocation time can also be useful. Unfolded events (i.e. events with no extra
peaks present) can be selected by looking at the maximum amplitude distribution,
where similar to current histograms, events contribute to Gaussian peaks depending
on the folding, with the first peak corresponding to unfolded events. Selection on
event number can be used in time-dependent processes where conditions change
during the experiment. Finally, selecting using each event’s local baseline allows
the quick removal of clogs as well as, if preferred, translocation events which oc-
curred while the pore was partially blocked. Once an event population is selected,
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it can be characterized using well-established properties such as the most probable
translocation time, the most probable blockade amplitude, the most probable ECD,
and the event rate.

Keeping track of how properties change over time during an experiment can be
quite useful in many instances. Fluctuations in the event rate as a function of time
can indicate the presence of a number of processes: Sudden changes in the event
rate can indicate the presence of a clog or partial pore blockage. A slow decrease
in the event rate over time suggests possible adsorption of the analyte to the pore
membrane or flowcell walls, as can, for example, occur with DNA sticking to SiN in
the presence of divalent cations. A gradual increase in the event rate at the start
of the experiment which subsequently reaches a plateau level is indicative of poor
mixing conditions in the flowcell, an effect noticeable with high-viscosity buffers.
Tracking of the absolute value of the baseline as a function of time can be used
to quantify effects such as pore growth. Indeed, for long-duration experiments
where the baseline value is observed to change significantly over the course of the
experiment, the amplitude of the events should be normalized by the value of the
local baseline in order to be comparable to each other. This issue is particularly
relevant in measurements on small diameter pores. These issues highlight the
benefit of tracking how global properties change over the course of an experiment.

9.4. Local structures detection
Finally, we briefly describe how the presence of small current spikes within a translo-
cation event can be detected. Such analysis can, for example, be useful for experi-
ments involving DNA-bound proteins or DNA knots. We begin by separating events
containing large folds from unfolded events that contain local spikes. This is accom-
plished by looking at the area occupied by the current trace in between the first two
DNA blockade levels (𝐼ኻ and 𝐼ኼ). The first blockade level (𝐼ኻ) is the most probable
blockade level with only a single (double-stranded) DNA molecule inside the pore,
while the second blockade level (𝐼ኼ) is the most probable blockade level when two
DNA molecules are in the nanopore simultaneously. These two levels can be de-
termined from their respective peaks in a current histogram. Figure 9.4ab provides
two example events, one unfolded and one with a large fold at the start. The area
occupied by the current trace (between 𝐼ኻ and 𝐼ኼ) is shown in red in Figure 9.4cd,
while the product (𝐼ኻ𝑡ፅፖፇፌ) of the DNA blockade level (𝐼ኻ) and the FWHM translo-
cation time of the event (𝑡ፅፖፇፌ) is represented by a green rectangle. The area
occupied by the current (red) is normalized using this value (green) to produce the
normalized charge deficit between 𝐼ኻ and 𝐼ኼ (𝑁𝐶𝐷ኻዅኼ). Events with large folds have
a large value of 𝑁𝐶𝐷ኻዅኼ while unfolded events with spikes have smaller values. For
example, the event in Figure 9.4a has 𝑁𝐶𝐷ኻዅኼ = 0.125 while the folded example of
Figure 9.4b has 𝑁𝐶𝐷ኻዅኼ = 0.350. Circular molecules produce 𝑁𝐶𝐷ኻዅኼ values close
to 1. Figure 9.4e shows a typical distribution of 𝑁𝐶𝐷ኻዅኼ values for an experiment
of DNA with bound proteins that translocate through a 20 nm pore. In order to
determine a cutoff between folded and unfolded events, we look at known folding
rates from DNA-only experiments. For example, in 1M KCl at 30 kHz bandwidth in
a 20 nm pore (i.e. the same conditions of the experiment of Fig. 9.4e), lambda-
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phage DNA is observed to have approximately 36% of events unfolded. Figure 9.4f
shows the normalized cumulative sum of the 𝑁𝐶𝐷ኻዅኼ distribution. A horizontal blue
line has been added at a value of 0.36; a vertical blue line defined by the point of
intersection (in this case at 𝑁𝐶𝐷ኻዅኼ = 0.22) between the curve and 0.36 provides
the cutoff value used to define events as unfolded or folded. Once a dataset is
generated with only unfolded events, we then detect peaks present within the DNA
event. Essentially our analysis comes down to detecting events within events. For
each peak detected we record the temporal position, the position normalized with
the total event duration, the peak FWHM, and the peak amplitude. This simple
approach allows for the quick separation of folded and unfolded events and the
subsequent detection of any local structures present.

9.5.Discussion and conclusions
We have described a number of analysis techniques implemented in our analysis
software and provided a number of examples for specific scenarios. Unlike previ-
ous works, we have addressed various effects which occur throughout the analysis
procedure. The iterative detection algorithm that we have described provides a
simple way to overcome issues typically encountered when using the thresholding
detection approach. Furthermore, we have outlined a new method for separating
folded events from unfolded events containing current spikes, which is particularly
useful in the detection of local structures.

Our Transalyzer analysis package has been licensed under the New BSD Licence,
which encourages further development and modification by other labs by impos-
ing minimal restrictions on its modification and redistribution. It is freely avail-
able for download from our lab website (http://ceesdekkerlab.tudelft.
nl/downloads/). A Subversion repository has also been created on Google Code
(http://code.google.com/p/transalyzer/) to encourage future improve-
ments, additions, and code modifications by other labs.

http://ceesdekkerlab.tudelft.nl/downloads/
http://ceesdekkerlab.tudelft.nl/downloads/
http://code.google.com/p/transalyzer/
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Figure 9.4: Detection of local peaks within events. a) Current trace of an unfolded event with a single
spike. b) Current trace with a folded event. The horizontal green lines represent multiples of the single
dsDNA blockade level (ፈᎳ) as determined using a current histogram. c-d) The same events as in a-b with
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of the event, shown as a green rectangle. The resulting value is termed the normalized charge deficit
between ፈᎳ and ፈᎴ (ፍፂፃᎳᎽᎴ). Events with folds have higher ፍፂፃᎳᎽᎴ values. e) Typical distribution
of ፍፂፃᎳᎽᎴ values for a protein-DNA experiment where DNA events contain short spikes, along with
the positions of the two example events of panel a and b. f) Normalized cumulative histogram for the
distribution shown in e. The vertical line shows the proportion of events which are typically unfolded in
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Summary

Solid-state nanopores are small nanometer-scale holes in thin membranes. When
used to separate two chambers containing salt solution, any biomolecule passing
from one chamber to the other is forced to pass through the pore constriction.
An electric field applied across the membrane is used to create an ionic current
and electrophoretically drive charged molecules through the pore. As a molecule
translocates through the pore, it causes a temporary reduction in the ionic current
which is measured with a low-noise amplifier. The current blockade is a unique sig-
nature containing information about the volume and length of the molecule. Many
translocation events are recorded in each experiment and the resulting distributions
are analysed statistically. In most cases, high-concentration salt solutions like 1M
KCl are used as the measurement buffer, since they provide the highest signal-to-
noise ratios. Higher concentrations and different cations such as lithium can be
used to slow down the translocation velocity at the cost of a reduced event rate.
The work in this thesis uses nanopores with diameters in the range from 5 nm to
40 nm. At these diameters DNA molecules can also translocate through in a folded
configuration, where the capture point is not at an end but somewhere along the
length of the polymer. The simple but versatile nanopore technique can be applied
and modified in many ways, revealing a wide variety of phenomena.

In the first part of this thesis, we focus on translocation of DNA through solid-
state nanopores. Instead of probing thousands of individual molecules using a
nanopore, as typically done, one can measure one individual molecule thousands
of times by switching the electric field very quickly after a molecule has passed
through the pore. This is the approach taken in Chapter 2, where we recapture
four different types of molecules hundreds or even thousands of times and anal-
yse their behavior. The recaptured translocation events are characterized by very
strong folding of the DNA molecule. This reflects an inherent trade-off in this ap-
proach. If the molecule is recaptured too quickly, it will still be in a high-density
non-equilibrium state close to the pore, which results in a lot of folding, while if too
much time is allowed to pass, the molecule will diffuse away and escape into the
solution. This dense non-equilibrium state is present on a timescale defined by the
time required for the polymer to relax back to equilibrium. We observe that the
amount of folding indeed is dependent on how quickly the molecule is recaptured
relative to this relaxation time. Furthermore, we also note that the total translo-
cation time correlates with the molecule’s initial conformation at the start of the
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translocation, which can be controlled by changing the recapture time relative to
the relaxation time. Molecules with more extended conformations are found to have
longer translocation times. These observations highlight some of the characteristics
of this method and pave the way for a number of other possible applications.

One of the major open questions on the mechanism of nanopore translocation
is how the local velocity changes as a function of the length of the molecule that
is translocating through. The shape of this velocity profile is vital to be able to
convert the measured signals which are recorded in the temporal domain into po-
sitional information. One can imagine that a large DNA blob, such as the one at
the start of the translocation process, induces a much larger drag force compared
to the situation close to the end of the translocation process when only a few DNA
segments remain to be pulled through. In Chapter 3 we address this problem by
assembling linear DNA origami constructs with markers at known positions in order
to measure the velocities of different segments along the molecule as it translocates
through. We observe significant intramolecular velocity fluctuations which are at-
tributed to changes in the drag force as the DNA blob unfolds. Furthermore, we also
see significant intermolecular fluctuations between different molecules of the same
length as well as between equal-length molecules translocating through different
pores of the same diameter. A speed up is observed at the end of the translocation
process which is consistent with the proposed model of the DNA blob unfolding.
The measured velocity profile allows us to estimate the uncertainty present when
determining the position of a feature along the DNA and highlights the importance
of carrying out ensemble measurements.

In the next chapter, we shift attention to knotting. Have you ever placed some
earphones into your pocket, only to find them completely tangled when you pull
them out again? A similar effect occurs in long polymers such as DNA, which can
form knots in equilibrium conditions. The amount of molecules with a knot is de-
pendent on the persistence length (flexibility) of the polymer, the ionic conditions,
and the polymer’s length. Previous methods to study DNA knotting were limited
to short circular molecules which could be separated on a gel. In Chapter 4 we
demonstrate that solid-state nanopores can be used to detect DNA knots in both
linear and circular molecules up to 166 kbp in length. Knots are found to be very
tight, with sizes below 100 nm, which requires the use of high-resolution measure-
ments. The translocation process can cause knots to slide out of linear molecules
or get pushed towards the end in the case of circular molecules at high applied
forces. The knotting probability is observed to increase quickly with length and is in
agreement with simulation-based predictions. These measurements highlight the
usefulness of this approach in probing DNA knotting phenomena.

One approach to controlling the geometry and chemical functionalities of a
nanopore is to dock a DNA origami nanoplate on top of a nanopore. In order
to achieve the highest signal-to-noise ratio for these types of measurements, the
ionic permeability of the nanoplates must be minimized, such that most of the ions
pass through the aperture rather than the DNA origami nanoplate itself. In Chap-
ter 5 we characterize four different DNA origami nanoplate designs by docking
them on top of nanopores of different diameter and measuring their conductance
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relative to the open pore conductance. We find that all designs show high ionic
permeability with only small differences observed between different designs. The
ionic permeability is found to increase with pore diameter and increase at lower
ionic strengths. A number of interesting mechanical effects are observed. The
DNA nanoplates can physically deform under high applied force and even be pulled
through the nanopore if enough force is applied. Some DNA nanoplates are also
observed to spontaneously mechanically buckle, a phenomenon which manifests
as discrete jumps in the current level of docked nanoplates. This characterization
should facilitate the development of new applications using DNA origami nanoplates
docked onto nanopores.

In part 2 of this thesis we introduce proteins. Proteins have several key differ-
ences compared to DNA which makes them more challenging to work with. Most
proteins are globular with a much smaller size which is able to fit within the volume
of the nanopore constriction. Unlike DNA, they can have various charges which can
be distributed in a non-uniform manner across their structure. These differences,
in particular their small size, can make them difficult to detect. In Chapter 6 we
examine the event rates for a number of different proteins translocating through
nanopores and find that they are significantly smaller than expected. This discrep-
ancy, which can be orders of magnitude in size, is larger for smaller proteins which
both diffuse faster and produce smaller current blockades. We investigate this phe-
nomenon experimentally by looking at how the event rate changes with pore size
and protein concentration for both large and small proteins. We conclude that the
majority of proteins pass through the pore undetected due to a combination of
limited temporal resolution and low signal-to-noise ratios. We consider the poten-
tial implications of this on nanopore-based protein detection and discuss several
possible solutions.

Within the cell, DNA is never bare but rather covered with many different pro-
teins having different functions. Detection of DNA-bound protein is an interesting
application with many potential uses. In Chapter 7 we demonstrate the detec-
tion of single DNA-bound protein using anti-DNA antibodies. These antibodies bind
randomly onto DNA, can withstand high-salt concentrations, and only translocate
through the pore when bound to DNA, due to their positive charge. The bound an-
tibodies produce current spikes within the DNA current blockades which have very
short durations and high amplitudes. Given the limited resolution of the measure-
ment, we conclude that antibodies are primarily observed due to transient protein-
pore interactions. Further developments could allow this type of detection approach
to be generalized to other DNA-binding protein.

In the last part of the thesis we look at new methods for nanopore sensing.
Nearly all nanopore experiments carried out in literature have used silver/silver-
chloride electrochemistry. In Chapter 8we introduce an alternative electrochemisty
based on silver/silver-glutamate. We observe that this set of reactions produces a
linear response and can be used to detect DNA translocations. Due to its much
larger size, the glutamate anion can act as a thickening agent in high-concentration
solutions. We use this approach to slow down DNA translocation by up to 11 times,
with a reciprocal reduction in signal of up to 7 times. These results demonstrate
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that this is a viable alternative approach to existing methods.
Data analysis is an important part of the nanopore sensing process. In Chapter

9 we discuss a number of techniques for analysing nanopore data. A new detec-
tion algorithm is introduced which aims to bypass some of the typical issues with
moving-average-based detection. This is achieved by removing detected events
from the current trace and recalculating the moving average. This approach is
shown to quickly converge to correct values after several iterations. We also de-
tail how different event populations can be sorted and how different analysis ap-
proaches can be used to infer certain experimental properties. A new technique for
separating folded and unfolded events is also introduced which should be useful in
the detection of local structures.

The wide variety of results presented in this thesis demonstrate the versatility
of the solid-state nanopore approach and highlight some of its potential applica-
tions. We expect many follow-up studies to continue developing some of the topics
explored in this thesis, particularly the use of nanopores to determine polymer prop-
erties, the combination of DNA-origami nanostructures and nanopores, the use of
nanopores to study knotting phenomenon in long polymers, and detection of DNA-
bound protein. This young field of research will continue to experience tremendous
growth and development well into the foreseeable future.
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’Solid-state nanopores’ (vaste-stof nanogaatjes) zijn gaatjes van enkele nanometers
in een dun membraan van bijvoorbeeld silicium nitride. Zo’n membraan met een
nanogaatjes kan worden gebruikt om twee compartimenten met een zoutoplossing
te scheiden. Wanneer er biomoleculen in de oplossing zitten, kunnen deze zich via
het gaatje van het ene compartiment naar het andere bewegen. Als men een elek-
trisch veld over het membraan aanlegt, wordt er een ionenstroom gegenereerd en
worden geladen moleculen via elektroforese door het nanogaatje gedreven. Een
molecuul dat door het gaatje beweegt resulteert dan in een tijdelijke reductie van
de ionenstroom, die wordt gemeten met een lage-ruis versterker. Deze tijdelijke
stroomafname bevat unieke informatie over het volume en de lengte van het mo-
lecuul. Door veel van dit type molecuultranslocaties te meten kan de statistische
distributie worden bepaald en bestudeerd. Vaak wordt er gebruik gemaakt van een
hoge zoutconcentratie in de oplossing, zeg 1 M KCl, omdat dit de hoogste signaal-
ruis verhouding oplevert. Nog hogere zoutconcentraties en andere kationen, zoals
lithium, kunnen worden gebruikt om de translocatiesnelheid van een molecuul te
verlagen, maar heeft als nadeel dat de frequentie van de translocaties afneemt.
Voor het werk dat in deze thesis wordt beschreven zijn nanogaatjes met diameters
van 5 tot 40 nm gebruikt. DNA moleculen kunnen gaatjes van deze diameters ook
in gevouwen toestand passeren. In dat geval penetreert niet het uiteinde van het
molecuul als eerste het gaatje, maar een punt ergens in het midden van het DNA
polymeermolecuul. De simpele en veelzijdige ’nanopore’ techniek kan op veel ver-
schillende manieren worden toegepast en gemodificeerd, waarmee een breed scala
aan fenomenen kan worden onthuld.

In het eerste deel van deze thesis bespreken we DNA translocaties door vaste-
stof nanogaatjes. In plaats van duizenden verschillende moleculen te meten door
een enkel nanogaatje, zoals meestal gedaan wordt, kan men ook een en hetzelfde
molecuul duizend maal opnieuw meten. Dit kan door het elektrisch veld snel om te
keren wanneer het molecuul net het gaatje gepasseerd is. Deze techniek wordt be-
sproken in Hoofdstuk 2, waar we vier verschillende typen DNA moleculen honderd
en soms zelfs duizend keer terugvangen om hun gedrag te kunnen analyseren. De
DNA moleculen uit deze metingen, waarbij we de moleculen na passage direct weer
opnieuw transloceren, worden gekarakteriseerd door een hoge mate van vouwing
in het DNA, iets waar rekening mee moet worden gehouden wanneer men deze
techniek gebruikt. Wanneer het molecuul te snel wordt terug gevangen, zal het
zich in hoge dichtheid, in een niet-evenwichtstoestand bevinden vlakbij de pore,
wat resulteert in een veelvuldig opgevouwen structuur. Wanneer men echter te
lang wacht met het omschakelen van het elektrisch veld, dan diffunderen de mole-
culen weg en ontsnappen deze weer in de oplossing. De niet-evenwichtstoestand
van het molecuul dichtbij het gaatje duurt voort gedurende een tijd die het poly-
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meer nodig heeft om te relaxeren naar evenwicht. We zien inderdaad dat de mate
van vouwing direct afhankelijk is van de relaxatietijd. Ook zien we dat de totale
translocatietijd correleert met de initiële formatie van het molecuul bij aanvang van
de translocatie. Dit wordt gecontroleerd door de tijd waarin het molecuul opnieuw
wordt gevangen te variëren ten opzichte van de relaxatietijd. Langere moleculen
hebben een langere translocatietijd. Deze observaties laten zien wat de karakte-
ristieke eigenschappen zijn van dit type ’ping-pong’ metingen en vormen een basis
voor een aantal toepassingen.

Een van de belangrijkste open vragen voor onderzoekers die werken aan de ont-
wikkeling van nanogaatjes is hoe de lokale snelheid verandert tijdend het proces
van translocatie. De vorm van dit snelheidsprofiel is essentieel voor de omzetting
van de gemeten signalen die opgenomen worden in het tijdsdomein, terwijl we in
het algemeen juist geïnteresseerd zijn in de positie-informatie. Men kan zich voor-
stellen dat een grote DNA kluwen, zoals aanwezig bij de start van de translocatie,
een veel grotere wrijvingsweerstand veroorzaakt in vergelijking met de situatie vlak
voor het eind van de translocatie, wanneer er nog slechts een aantal DNA segmen-
ten resteren die door het gaatje getrokken moeten worden. In Hoofdstuk 3 komt
dit probleem aan de orde. Hier wordt de snelheid van de verschillende DNA seg-
menten gemeten met behulp van een lineair DNA origami construct met markers op
gegeven posities. We observeren significante intramoleculaire fluctuaties, die waar-
schijnlijk veroorzaakt worden door de verandering in weerstand wanneer het DNA
zich ontvouwt. Tevens zien we ook significante intermoleculaire fluctuaties tussen
moleculen van dezelfde lengte, alsmede aanzienlijke fluctuaties tussen moleculen
van dezelfde lengte die door verschillende gaatjes van dezelfde diameter getrokken
worden. Aan het einde van de translocatieproces voor een molecuul wordt een
verhoogde snelheid geobserveerd, wat consistent is met het voorgestelde model
van het uitvouwen van de DNA kluwen. Het gemeten snelheidsprofiel maakt het
mogelijk om een schatting te maken van de onzekerheid van de plaatsbepaling
van een bepaald object langs het DNA. Ook benadrukken de snelheidsfluctuaties in
deze experimenten het belang van het uitvoeren van experimenten aan een grote
hoeveelheid moleculen.

In het volgende hoofdstuk, verschuiven we de aandacht naar knopen. Heeft u
dat ook wel eens: u stopt uw oordopjes in uw zak en wanneer u ze er vervolgens
weer uit haalt, zit het snoer volledig in de war. Een soortgelijk effect treedt op
in lange polymeren zoals DNA, die knopen kunnen vormen in evenwichtstoestand.
Het aantal moleculen met een knoop hangt af van de persistentie lengte (buig-
zaamheid) van het polymeer, de zoutconcentratie van de oplossing en de lengte
van het polymeer. Eerdere methoden om knopen in DNA te onderzoeken waren
gelimiteerd tot het gebruik van korte circulaire moleculen die op een gel geschei-
den konden worden. In Hoofdstuk 4 demonstreren wij dat vaste-stof nanogaatjes
gebruikt kunnen worden voor de detectie van DNA knopen in zowel lineair als cir-
culaire moleculen van zeer grote lengtes (maximaal 166 kbp). De waargenomen
knopen blijken heel strak te zijn, met een grootte die kleiner is dan 100nm. Obser-
vatie ervan vereist daarom hoge resolutie metingen. Het translocatieproces kan er
toe leiden dat knopen uit het molecuul schuiven in het geval van lineaire molecu-
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len, terwijl knopen naar het eind van het molecuul worden geschoven voor circulaire
moleculen bij hoge kracht. Wij observeren een waarschijnlijkheid tot knoopvorming
die snel toe neemt naarmate de lengte van het molecuul toe neemt, en die over-
eenkomt met op simulatie gebaseerde voorspellingen. De resultaten benadrukken
de waarde van deze aanpak in het onderzoek naar het fenomeen van DNA knopen.

Een nieuwe manier om de geometrie en chemische functionaliteit van een nano-
gaatje te regelen is het plaatsen van een DNA origami nanoplaat op een nanogaatje.
Ten einde een hoge signaal-ruis verhouding te verkrijgen voor dit type meting is
het noodzakelijk dat de doorlaatbaarheid van de nanoplaat voor ionen minimaal is,
zodat de ionen door de opening in de nanoplaat passeren, in plaats van door de
DNA origami nanoplaat zelf. In Hoofdstuk 5 karakteriseren we vier verschillende
types DNA origami nanoplaten door ze op nanogaatjes van verschillende diameter
te verankeren en dan de geleiding te bepalen ten opzichte van de geleiding van
het nanogaatje zonder nanoplaat. Onze resultaten laten een hoge ionische door-
laatbaarheid zien met slechts kleine verschillen tussen de verschillende ontwerpen.
We vonden dat de doorlaatbaarheid voor ionen toeneemt met de diameter van het
gaatje en toeneemt bij lagere zoutconcentraties. Een aantal interessante mecha-
nische effecten werden waargenomen. De DNA nanoplaat kan fysiek vervormen
onder hoge kracht en kan zelfs door het nanogaatje heengetrokken worden als er
genoeg kracht word aangebracht. Enkele DNA nanoplaten vertoonden spontane
mechanische knikken, een fenomeen dat zich manifesteert als een discrete stap-
jes in de elektrische stroom. Onze eerste karakterisering van deze DNA origami
structuren opent de weg naar de ontwikkeling van nieuwe toepassingen van DNA
origami nanoplaten op nanogaatjes.

In deel 2 van dit proefschrift introduceren we eiwitten. Eiwitten kenmerken zich
door een aantal belangrijke verschillen in vergelijking met DNA die er toe leiden
dat het een grotere uitdaging is om deze te detecteren met vaste-stof nanogaatjes.
De meeste eiwitten zijn bolvormig en veel kleiner dan DNA, waardoor ze geheel
binnen het volume van de nanogaatje passen. In tegenstelling tot DNA kunnen
eiwitten zowel positieve als negatieve ladingen hebben, die niet uniform verdeeld
zijn over hun oppervlak. Deze verschillen, voornamelijk het feit dat eiwitten zo
klein zijn, kunnen ervoor zorgen dat eiwitten lastig te detecteren zijn. In Hoofd-
stuk 6 onderzoeken we de frequentie waarmee translocaties door een nanogaatje
plaatsvinden voor een aantal verschillende eiwitten, en we vinden dat deze signi-
ficant lager is dan verwacht. Dit verschil, dat ordes van grootte kan zijn, is groter
voor kleinere eiwitten die zowel sneller diffunderen als kleinere stroomblokkades
teweegbrengen. We onderzoeken dit fenomeen experimenteel, door te kijken naar
de verandering van de frequentie als functie van de grootte van het nanogaatje
en als functie van de eiwitconcentratie voor zowel grote als kleine eiwitten. We
concluderen dat de meerderheid van de eiwitten door het nanogaatje gaan zonder
een meetbaar signaal af te geven, hetgeen veroorzaakt wordt door een combinatie
van een eindige tijdsresolutie en een lage signaal-ruis verhouding. We bekijken de
potentiële implicaties hiervan op eiwit detectie met nanogaatjes en we bespreken
verschillende mogelijke oplossingen.

In de cel is DNA nooit helemaal kaal, maar juist bedekt met veel verschillende
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eiwitten die diverse functies hebben. Detectie van aan DNA gebonden eiwitten
is interessant vanwege vele potentiële toepassingen. In Hoofdstuk 7 tonen we
detectie van individuele DNA-gebonden eiwitten aan met behulp van anti-DNA an-
tilichamen. Deze antilichamen binden DNA op willekeurige plekken, kunnen tegen
hoge zoutconcentraties en transloceren vanwege hun positieve lading alleen door
een nanogaatje wanneer ze aan DNA gebonden zijn. De gebonden antilichamen
geven zeer korte stroompieken met een hoge amplitude binnen de door DNA ver-
oorzaakte stroomblokkades. In het licht van de beperkingen in de resolutie van
onze metingen concluderen we dat de detectie van antilichamen voornamelijk mo-
gelijk wordt gemaakt door kortdurende interacties tussen het eiwit en het nano-
gaatje. Verdere ontwikkelingen kunnen de detectiemethode geschikt maken voor
metingen aan andere DNA-bindende eiwitten.

In het laatste gedeelte van dit proefschrift kijken we naar nieuwe detectieme-
thodes voor nanogaatjes. Bijna alle experimenten met nanogaatjes in de literatuur
gebruiken zilver/zilver-chloride elektrochemie. In Hoofdstuk 8 introduceren we
een elektrochemisch alternatief gebaseerd op zilver/zilver-glutamaat. Deze set van
reacties produceert een lineaire respons en kan worden gebruikt voor de detectie
van DNA translocaties. Omdat het glutamaat anion groter is, werkt het als een ver-
dikker in hoge-concentratie oplossingen. We gebruiken deze benadering om DNA
tot wel 11 keer langzamer te laten transloceren, waarbij het signaal met een factor
7 reduceert. Deze resultaten tonen aan dat deze aanpak een alternatief is voor
bestaande methodes.

Data analyse is een belangrijk onderdeel van detectie met behulp van nano-
gaatjes. In Hoofdstuk 9 bespreken we een aantal technieken voor de analyse van
nanogaatjesdata. We introduceren een nieuw detectie algoritme dat enkele typi-
sche problemen omzeilt die geassocieerd zijn met detectie gebaseerd op het voort-
schrijdende gemiddelde. We verhelpen dit probleem door gedetecteerde events
uit de curve te verwijderen en vervolgens het voortschrijdende gemiddelde te her-
berekenen. Na enkele iteraties convergeert deze methode snel naar de correcte
waardes. We beschrijven ook hoe verschillende populaties in de data gesorteerd
kunnen worden en hoe verschillende analysemethodes gebruikt kunnen worden
om een aantal verschillende experimentele eigenschappen te bepalen. Daarnaast
introduceren we een nieuwe techniek voor het scheiden van gevouwen en niet-
gevouwen events. Deze techniek zou waardevol kunnen zijn voor de detectie van
lokale structuren.

De grote verscheidenheid aan resultaten gepresenteerd in dit proefschrift de-
monstreert de veelzijdigheid van vaste stof nanogaatjes en onderstreept een aantal
potentiële toepassingen. Ik verwacht dat er veel studies uit dit onderzoek zullen
voortvloeien die doorgaan op de ontwikkelingen die in dit proefschrift verkend zijn,
in het bijzonder wat betreft het gebruik van nanogaatjes voor het bepalen van
polymeereigenschappen, de combinatie van DNA origami nanostructuren en na-
nogaatjes, het gebruik van nanogaatjes voor het bestuderen van knopen in lange
polymeren en de detectie van DNA gebonden eiwitten. Ik verwacht dat dit jonge
onderzoeksveld een verdere groei en ontwikkeling zal doormaken in de nabije toe-
komst.
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