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GENERAL INTRODUCTION

Here, I motivate the importance of single molecule sensing with nanopores and nanoaper-
tures.Though DNA sequencing has been successfully realised using biological nanopores,

solid state nanopores remain highly useful for a wide variety of application. Furthermore,
the chapters in the thesis are outlined.
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1.1. INTRODUCTION - THE POLYMERS OF LIFE

Already more than a millennia ago, it was apparent to the ancients that hereditary in-
formation is passed down through the generations as one observes a certain likeness
between related members of a family [1, 2]. Various philosophers such as Hippocrates
and Aristotle speculated about the possible manner through which this information was
transmitted [3]. Notably, Aristotle proposed that this information was physically trans-
mitted through the mixing of sperm and blood, a marked shift from the non-physical
mechanisms proposed by the philosophers before him. Over the years, different can-
didates were proposed to be the carrier for hereditary information [4]. As recent as the
1940s, many scientists thought that proteins were the main carrier of this information,
as its abundance and importance to many celluar function was thought to explain the
wide diversity in life.

This theory was dispelled by the Hershey-Chase experiment where the backbone of
DNA and the protein coating of bacteriophages were labelled with different isotopes
(phosphorous P-32 in the case for DNA and sulphur S-35 for the protein)[5]. These
labelled bacteriophages (bacteria viruses) were used to infect healthy cells. Hershey
and Chase reasoned that the medium carrying the genetic information would be found
within the cells when the cells were lysed, whereas nongenetic material would remain
outside the cell, since the bacteriophages had to introduce genetic information for its
replication within the cell. After infection and cell lysis process, a high concentration of
P-32 was found in the cells but almost no presence of S-35 (See Fig. 1.1)[6]. This results
strongly suggested that it was DNA that entered the cell and hence carried the genetic
information (Fig 1.1). Exactly how the genetic information was encoded physically was
not known. It was until the work of James Watson, Francis Crick and Rosalind Franklin
that the structure of DNA was elucidated through x-ray crystallography [7-9]. From the
structure, they were able to hypothesize the physical manner that genetic information
was actually encoded in the molecule (Fig 1.2a).

1.2. DNA, RNA AND PROTEINS

Genetic information is stored in a long polymer chain made from 4 different nucleotides,
or ‘DNA bases’. Figure 1.2b shows a schematic representation of DNA [10, 11]. Each base
consists of 4 nucleobases (adenine (A), thymine (T), cytosine (C) and guanine (G)) that
are linked to a sugar (deoxyribose) and a phosphate group. Each base is linked, via a
covalent bond between the sugar and phosphate groups, to neighboring bases which
leads to a long sugar-phosphate backbone forming a strand of DNA. The single DNA
strand can be linked to another strand of DNA, through hydrogen bonds, to the respec-
tive complimentary bases - A to T and C to G. It is the order of the bases in this chain
that constitutes the DNA sequence which codes the genetic information that determine
everything from eye colour to susceptibility to certain diseases [12-14].
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Figure 1.1: Schematic of Hershey-Chase experiment DNA and protein of bacteriophages were labelled with
sulfur and phosphorous isotopes. Cells were infected and collected after a blending and centrifugation step
that removed materials that were outside of the cells. The cells were subsequently lysed and checked for the
presence of either sulfur or phosphorus in the cell. Only phosphorus remained, indicating that DNA was the
material that was injected into the cell and carried the genetic information that was used for the expression of
bacteriophages. Reproduced from Ref [15].
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Figure 1.2: Schematic of DNA structure. a) DNA structure as reported by Watson and Crick in their 1953
paper. DNA is a right-handed double helix with a phosphate backbone. The bases of the DNA are separated
by 0.34nm. Reproduced from Ref.[7]. b) Chemical make-up of DNA. DNA consist of 4 different nucleobases
adenine (A), thymine (T), cytosine (C) and guanine (G) that are linked to a sugar (deoxyribose) and a phosphate
group. Reproduced from Ref[16].
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Figure 1.3: Schematic of amino acids forming proteins. There are over 20 amino acids. They can be arranged
in different sequences to form a linear peptide chain and here are represented as coloured spheres. Amino
acids have different interactions with others, which leads to a variety of structures and properties when folded.
The different combinations and structures of the peptide chains give rise to many different proteins with dif-
ferent physical shapes and function. Protein rendered from "The Protein Imager", Ref [20].

Particular segments of DNA sequences, known as genes, code for RNA (through a
process called ‘transcription’), and these RNA molecules can subsequently be translated
into proteins within the cell [17]. There are 20 different amino acids that are encoded by
the DNA/RNA. Moving up the heirarchy, these amino acids can link to form a chain. A
polymer chain of amino acids in a specific sequence forms a polypeptide chain which
typically folds into a particular shape to form a protein (Illustrated in Fig 1.3). Proteins
are the workhorses of the cell through which functions are accomplished [18]. Proper
folding and maintenance of protein shape is paramount to proper functioning of the
cell. Misfolded proteins can lose their function and are at the heart of many diseases
[19].

Given this importance of the sequentially stored information in DNA and proteins,
there has been a longstanding drive for quick and cheap sequencing methods to readout
this information for diagnostics applications[21]. New and subsequent generations of
sequencing technologies have drastically brought down the speed and cost of sequenc-
ing. One can now sequence the entire human genome for less than $1000 [22, 23]. Re-
markably, it cost less to sequence your genome than to take a chest X-ray or MRI scan!
The newest sequencing technologies, known as next-gen sequencing, which are largely
based around nanopores, are expected to bring this cost down further, and to make se-
quencing more routine beyond the traditional healthcare setting [24-26].

1.3. READING THE CODE OF LIFE - NANOPORES

Nanopores operate on a simple principle of sensing, through sensing of the ionic con-
ductance. We describe the procedure briefly as more details of this sensing principle can
be found in Chapter 2 of this thesis. Two different aqueous reservoirs are separated by a
thin membrane [27, 28]. A tiny hole is etched in the membrane and an ionic current can
be measured by applying a voltage difference between the two reservoirs to drive ions
in the solution through this hole and by monitoring the resulting current. An analyte of
interest (such as a DNA sample) is introduced in one reservoir and the passage of the an-
alyte through this tiny hole can then be detected from the disruption of the ionic current
[29, 30]. There are two main categories of nanopores, biological nanopores which insert
pore-forming proteins called porins into a lipid membrane, and solid state nanopores
where the pores are produced in a solid-state membrane by nanofabrication techniques
[31].
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Figure 1.4: Nanopore sequencing devices Figures adapted from Ref [39]. a) Schematic of nanopore sequencing
device with a biological nanopore. An enzyme is used to unwind and ratched single strand DNA through
(ssDNA). The ionic current throught the nanopore is measured. Different DNA bases gives rise to different
current blockades and can then be identified. b) Examples of Oxford Nanopore MinION sequencers. The
devices are no larger than an external hard drive thus enabling in-field sequencing.

Through this simple sensing principle, the sequencing of DNA has been demon-
strated, most notably by the labs of Gundlach and subsequently commercialized by a
number of sequencing companies, most notably Oxford Nanopore Technologies [32—
34]. At the heart of their technology is the use of biological pores such as (MspA and Csg)
that naturally form tiny nanopores of about 1-2 nm in diameter in lipid membranes. It
is through this that DNA is ratchet through by a molecular motor and detected. To high-
light one such device, the MinION sequencer is a compact device smaller than a typical
hard drive and enables in-field sequencing (Fig 1.4) [35, 36]. The portability and robust-
ness of such sequencers were proven when they were launched into the international
space station for sequencing experiments in microgravity environments [37, 38].

Given the success of the nanopore-based sequencers, we project that in 5-10 years,
nanopores will be ubiquitous, found in every doctor’s office and used for everything from
clinical diagnostics for personalized medicine to quality control purposes and monitor-
ing in food and crop production [40]. The global sequencing market has been projected
to go from 7 billion in 2020 to more than 25 billion in 10 years[41].

1.4. WHY NOT SEQUENCE?

In view of the impressive success of biological nanopore-based and other sequencing
technologies, one may wonder if everything useful been done with solid state nanopores?
Afterall, sensing at the base pair resolution of DNA (a mere distance of 0.34nm between
neighbor base pair) seems to be the ultimate limit in biosensing. As described at the start
of the thesis, all genetic information is encoded in DNA, and hence, the key information
can in principle be deduced from simply sequencing the DNA. For example, the pres-
ence of viral and disease-causing DNA mutations that produce protein misfolding can
be directly detected or worked back from the sequencing data. The question “Why not
simply sequence instead of developing a DNA sensor?“ was a recurrent critique behind
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every project proposal during my PhD.

This thesis is a culmination of work that I hope proves that the answer to this ques-
tion is a resounding NO. There is a lot to be done both in terms of developing solid
state nanopores as sensors as well as in the application of nanopores to biosensing in
order to answer key questions to biology [27]. For example, the prevalence of post-
translational modification to proteins after their synthesis indicates the need for direct
protein-sensing tools that can probe protein shape and sequence and opens up de-
mands for new sensors — an area where solid-state nanopores may play a future role
[42]. New sensors can combine the lessons and principles of nanopore sensing with op-
tical readout methods. Indeed, I am confident that sensing with solid-state nanopores
will remain highly relevant for the coming decade.

1.5. OUTLINE OF THIS THESIS

We begin this thesis by giving an overview to single molecule sensing in nanoapertures
in Chapter 2. We introduce two main ways, ionic conductance sensing as well as optical
sensing. We compare the features of both these sensing methods and highlight some of
the recent work to integrate both of these approaches for biosensing.

From the technical point of view, solid-state nanopores are still hindered by a lack of
a fabrication method that is reliable and compatible with mass production. In Chapter
3, we tackle this problem as we show a fabrication method for the production of both
nanopore arrays and single nanopores using single-shot electron-beam lithography and
an etching step. Our method produces consistent nanopores down to the 15 nm size on
both free-standing silicon nitride, and remarkably, also on graphene membranes which
are only an atomic layer thick. The nanopores thus created can be used for DNA sensing
purposes and perform on par with TEM-milled nanopores.

Solid state pores are typically too large for single-base pair resolution and direct DNA
sequencing. However, we demonstrate their application in both applied and fundamen-
tal research questions by sensing protein-bound DNA complexes in a novel detection
scheme for diagnostics, as well as DNA-structure modulation induced by protein com-
plexes to answer questions on DNA organization. First, in Chapter 4, we demonstrate
a CRISPR-dCas9 based DNA detection method for fingerprinting of DNA down to the
single nucleotide level. The dCas9 proteins remain stably bound in high salt and the lo-
cation of the targeted sequence can be detected. The binding of the Cas9 protein was
sensitive to single mutations in the gRNA, demonstrating basepair accuracy. We antici-
pate future nanopore-based CRISPR-Cas detection schemes for DNA typing. Second, we
explored DNA sequence-directed cooperation of nucleoid-associated proteins in Chap-
ter 5. We find that the sequential arrangement of the genes mattered in determining
DNA organisation on top of just the presence of the sequence. Two plasmids with the
same DNA sequence but arranged in a different order gave a different level of DNA com-
paction with the same concentrations of nucleoid associated proteins as detected in a
nanopore. These two examples illustrate the relevance of solid state nanopores to tackle
relevant questions in both applied research and fundamental biology.

In the final two chapters of the thesis, we explored 2 new types of solid state sen-
sors. In Chapter 6, we use 2D nanoslits, fabricated from ultra-smooth 2D materials to
probe fundamental polymer transport and physics. The height of the slits can be very
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precisely (0.3 nm) controlled. We observe DNA sliding through the length of the slit in
a near-frictionless manner with weak and transient interactions with the channels. We
anticipate a new class of precise amenable sensors to probe polymer transport in con-
finement and advance the understanding of polymer physics of DNA. Finally, in Chapter
7, we develop a direct milling method with focused ion beam (FIB) to fabricate huge ar-
rays of plasmonics gold nanoapertures. We demonstrate that these apertures are able to
both optically tweeze and detect nanosized objects such as polystyrene beads and single
proteins in a label-free manner. Proteins can be captured and tweezed for minutes. We
see hints of protein conformational changes and propose a future set of experiment to
observe conformational changes in individual Heat Shock Protein 90 (hsp90) proteins,
for which the kinetic can be by modulated with AMP-PNP.
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SINGLE-MOLECULE IONIC AND
OPTICAL SENSING WITH
NANOAPERTURES

Solid-state nanoapertures (nanometer sized holes within a membrane) allow for the in-
terrogation of single molecules by probing them within their nanoscale volume through
which molecules pass in a single-file manner. Molecules are probed using two main tech-
niques: ionic sensing where a salt solution and applied voltage is used to produce an
ionic current through the nanopore, and optical sensing through a shift in the resonance
wavelength of the plasmonic nanoaperture. Here, we briefly review the basic principles,
applications, and challenges in sensing with solid-state nanoapertures, as well as some
strategies for further improvements. We compare the complimentary features of the two
approaches and highlight recent attempts to combine them into new sensing platforms.

This chapter was authored by Wayne Yang and Cees Dekker and has been contributed for a book chapter for
’Single Molecule Nanosensors and Nanosystems’. Editors: Warwick Bowen, Reuven Gordon, Frank Vollmer;
Springer book Series Nanostructure Science and Technology.
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2.1. INTRODUCTION

All biosensors can be categorized by the size of their sensing region which is important
for their detection sensitivity. By constraining a sensor to a small enough volume and
by tuning the concentration of the analyte to low values, even single molecules can be
sensed and studied [1-3]. Properties on the single-molecule level often differ from en-
semble studies [4-6]. For example, transient intermittent conformational states of pro-
teins, which are important for an understanding of their function, are often lost with
ensemble techniques such as crystallography [7-9]. Similarly, detection of single-base
mutations in the DNA sequence (known as single nucleotide polymorphisms) which are
only present on some DNA strands, are quickly lost in the background signal when an
ensemble of DNA molecules is sequenced [10, 11]. Indeed, the ability for sensing on the
single-molecule level is important for both the understanding of biological processes as
well as in applications for diagnostics [12-15].

Solid-state nanopores are a common way of building such single-molecule sensors.
Here one etches a tiny hole (aperture) into a solid-state membrane which allows single
molecules to physically pass by, as they are small enough to fit, similar to a molecular
tunnel [16]. The apertures need to be reliably fabricated on the nanometer scale the size
scale of single biomolecules —in order to physically restrict the passage of molecules to a
single-file manner. During the passage of the molecule, its properties can be probed. In-
terestingly, in cells, such pores are formed naturally within the membranes of cells where
they serve to control the passage of molecules like DNA, RNA, and proteins. However,
such biological pores are hard to integrate into solid-state platforms as the fabrication
of such systems requires a wide range of material science, engineering, and nanofab-
rication techniques [1, 17, 18]. Fortunately, the rapid development and the increasing
availability of nanolitho graphy techniques in the last few decades have enabled the top-
down fabrication of similar solid-state nanoapertures [19]. Apertures, of various shapes
on the scale of one to many tens of nanometers, can be reliably formed in a variety of
different solid-state membranes such as silicon nitride. The use of novel 2D materials
has pushed the membrane thickness and therefore volume of the sensing region even
down to the ultimate thickness of a single atomic layer [20].

We define a nanoaperture to be a nanometer-sized hole (of varying shape and with
lateral dimensions of 1-100nm) that is fabricated within a free-standing membrane that
is of a similar thickness. In this chapter, we cover two common ways to probe the pas-
sage of the molecules of interest through such nanoapertures. First, ionic sensing which
involves the detection of a temporary blockade in the ionic current when molecules
translocates through the nanopore [21]. Second, optical sensing where a change is de-
tected in the light transmission or reflection upon the passage of the molecule, due to a
change in the optical resonance of the nanoaperture (which will be further explained be-
low) [22]. Notably, both of these methods do not require the biomolecule of interest to be
labelled. Such label-free techniques are to be preferred over other single-molecule tech-
niques such as electron microscopy, fluorescence microscopy, or force techniques such
as AFM or optical/magnetic tweezers, that all require the use of labels such as heavy-
atom stains in electron microscopy, fluorophores in fluorescence techniques, and at-
tachment groups for force spectroscopy, which might alter the native behavior of the
molecule of interest [23-25]. Below, we introduce the ionic and optical sensing tech-
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niques, describe a few applications, and lay out the limitations and challenges facing
each approach.

2.2. PRINCIPLE OF IONIC CURRENT SENSING WITH NANOPORES

A long-standing idea in biosensing has been to monitor blockades in the in order to de-
tect single particles. This idea was first proposed by Wallace Coulter in the 1940s for the
screening and counting of blood cells [26]. In so-called ’Coulter counters’, a blood sam-
ple is diluted in an ionic solution such as NaCl, and an electric field is applied through
a voltage difference between both reservoirs, driving ions through an aperture (which
here was ~10 um diameter). This narrow constriction provides a resistance in the ionic
current because it constricts the flow of ions. When the particle of interest, here a blood
cell, passes through the constriction, the flow of ions is temporarily disrupted, causing
a measurable change in the ionic current. This sensing principle was later extended to
single-molecule detection with nano-constrictions such as nanopores (~1-50nm), where
the passage of a single DNA causes a measurable change in the ionic current [1, 27-29]
(Fig.2.1a).

The current through such a nanopore is, to first approximation, given by equation
2.1[33]:

iopen pore current(d) = 1 (Kcation + Hanion) €V * R (2.1

where n is the number density of charge carriers in solution, fcation and fanion are the
electrophoretic mobility of the cation and anions, respectively, V is the applied voltage,
and R is the geometric resistance of the nanoconstriction which is given by equation 2.2
[34]:

1
R(d) = n(lcation + Hanion)eV * E (2.2)

where L is the approximate thickness of the membrane and d is the diameter of the
nanopore. In most literature, the conductance rather than the current is reported, which
is given by Gziopenpore current /V-

When an analyte passes through the constriction, it disrupts the flow of ions by way
of the excluded volume, thereby inducing a lower pore conductance. This change in
conductance is given by equation 2.3:

AG= Gopen pore current — Ganalyte = G(d) — G(dreduced) (2.3)

where Ganalyte is the reduced ionic conductance of the nanopore when the analyte re-
sides in the pore. For an extended object that spans the entire thickness of the pore
(such as a long DNA molecule), this d;equceq is equal to the new effective diameter from
the reduction of the open pore volume that is now occupied by the analyte equation 2.4

dreduced = \/ d? - dznalyte (2.4)
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Figure 2.1: Overview of ionic sensing and fabrication of nanopores a) Schematic overview of ionic sensing.
A nanoaperture is immersed in an ionic solution (pictured here with LiCl) and a voltage difference is applied.
Ions in the solution are electrophoretically driven to the respective electrodes. Charged biomolecules such as
DNA can also be driven through this nanoaperture. b) Illustration of the current blockade during the DNA
passage of the nanopore. When a molecule such as DNA enters the nanopore, it temporarily blocks the flow
of ions leading to a measurable decrease in the current during the time of passage. c¢) Example trace of the
ionic current (100mV, 1M LiCl) through an 15 nm nanopore, showing clear dips in the current each time a
DNA molecule translocates (20kbp, 1ng/ul). d) Illustration of ion/electron beam milling of SiN membranes
for nanopores. Typically, the electron beam needs to be ~200 keV to be able to mill away the Silicon Nitride
membrane. Nanopore image on the right is from the first application of a TEM drilling of nanopores, repro-
duced from [30]. e) An array of nanopores produced with e-beam lithography and reactive ion etching. Repro-
duced from [31]. f) Illustration of nanopores produced by dielectric breakdown of SiN membranes. A voltage
is applied across an insulating membrane which causes charges to accumulate at a defect site. This leads the
membrane to locally collapse and produce a nanopore. Reproduced from [32].

where dapaiyte is the diameter of the rod that approximates the analyte (2.2 nm for the
case of DNA), see Fig.2.1b. Fig. 2.1c shows an example of ionic current trace for a buffer
of 2M LiCl containing DNA. Clear dips can be seen which are caused by the passage
of individual DNA molecules. Equation 2.3 highlight a few parameters that are crucial
for ionic sensing: the salt concentration, the applied voltage which supplies the driving
force to force the molecule through the constriction, and the size of the constriction that
defines the geometric resistance [35, 36].

The nanoscale apertures for ionic sensing are usually fabricated in a thin membrane
(such as 5-20nm thick SiN membrane) through direct-milling techniques with an elec-
tron beam in a Transmission Electron Microscope (TEM), typically with electron ener-
gies over 200KeV or with a Focused Ion Beam (FIB) [30, 37, 38] (Fig.2.1d). In recent years,
more accessible pore-fabrication techniques have been developed such as nanolithogra-
phy combined with a dry etching (Fig.2.1e) or dielectric breakdown of the membrane by
applying a large voltage across the membrane (Fig.2.1f) [31, 32, 39-41]. There has also
been a drive to control the fabrication of such pores down to the precision of a single
atom with crystalline 2D materials and advanced milling techniques [42, 43].
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Figure 2.2: Ionic-sensing application of nanopores a) Sensing of DNA folds and knots in solid-state nanopore,
which show up as distinct shapes in the ionic current blockades. The depth of the blockade is quantized ac-
cording to the number of strands of the DNA that simultaneously resides in the pore. Reproduced from [44].
b) Detection of proteins in a lipid-coated solid-state nanopore to discriminate between the size, shape, and
charge of the proteins. Reproduced from [45]. c) Detection of CRISPR/dCas9 bound on DNA. Due to their
larger physical size, the CRISPR/dCas9 complex show up as additional blockade on top of the DNA blockade
current. Since the proteins are programmable to bind any target sequence, specific sequences along the DNA
can be targeted for detection and fingerprinting of the DNA. Reproduced from [46]. d) Sensing of proteins
with DNA aptamers. Specific DNA sequences allows for binding of certain proteins, thereby facilitating their
detection and identification. Reproduced from [47].

2.3. APPLICATION OF IONIC SENSING IN NANOPORE EXPERI-
MENTS

Ionic sensing has been successfully applied to the sensing of single DNA molecules.
Most applications with solid-state nanopores focus on a fundamental biophysical un-
derstanding of the polymer physics of the translocating DNA. Different polymer con-
figurations are adopted by DNA as it translocates through the nanopore, as already ob-
served in the earliest work on solid-state nanopores [48-50]. This spawn interest in using
nanopores as a tool to probe DNA polymer physics on the nanoscopic scale, an order of
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Figure 2.3: Signals and noise in solid-state nanopores a) DNA blockade signals in buffers with different con-
centrations and types of salt. Reproduced from [56]. b) Power spectrum density of the nanopore ionic current,
with the main noise regions indicated. Reproduced from [57]. ¢) Depth of ionic blockade with different low-
pass frequency filters. For the same input signal, the resultant signal is plotted after the different low pass filter
is applied. The low pass filter distorts the maximum depth of the current blockade due to the different tempo-
ral resolution of the low pass filter. If a detection level is set (green line), the signal passed through the 10, 20
us (100, 50 KHz) will not pass this cut off. Reproduced from [58].

magnitude smaller than the typical sub-micrometer resolution of fluorescence-based
techniques. More recently, the groups of Dekker and Garaj (Fig.2.2a) used solid-state
nanopores to study DNA folds and knots [44, 51] where they interrogated thousands of
DNA at the single-molecule level to elucidate the behavior of DNA knots. Nanopores
have also been used to detect and identify single proteins [52], for example, in work by
Mayer et al who used lipid-coated solid-state nanopores to determine the size, shape,
and charge of single proteins based on differences in the ionic current [45] (Fig.2.2b).

The success of solid-state nanopores to interrogate molecules has inspired nanopore-
based diagnostic applications. As the nanopore sensing principle revolves around the
sensitivity of the ionic current to the size of the object, people have started using lo-
cally bound proteins to fingerprint DNA, as the proteins yield measurable spikes above
the DNA-only blockade level (such as in RecA-coated DNA or streptavidin-biotin-tagged
DNA [53, 54]). Recent work has focused on CRISPR/dCas9 proteins that bind particu-
lar DNA sequences. Weckman et al and Yang et al. showed that differences as small
as a single base mutation can lead to detectable changes in the protein-binding rate to
DNA, opening up applications in screening for single-nucleotide polymorphism [46, 55]
(Fig.2.2c). Alternatively, Edel et al. explored the use of aptamers, DNA sequences that are
specially designed to bind specific proteins, to screen for the presence of certain proteins
in human serum [47] (Figure 2.2d). These efforts illustrate the application of nanopores
to real world diagnostics applications beyond just biophysics experiments in a research
setting.

2.4. LIMITATIONS AND CHALLENGES OF IONIC SENSING

Though successful in such applications, the ionic-sensing approach suffers from sev-
eral limitations. First, it requires the use of an ionic liquid as the signal scales with con-
centration of salt dissolved (typically 0.3-4 M) [56]. The higher the salt concentration,
the higher the conductivity of the liquid and therefore the higher the current obtained
(Fig2.3a). However, high-salt solutions are usually detrimental for many biomolecules
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which require physiological conditions (0.1-0.25M) as high salt interferes with the proper
binding and functioning of proteins which are often mediated by electrostatic interac-
tions [59]. Second, ionic current sensing with nanopores comes with a fair amount of
noise. A wide range of electrical noise sources contributes across the frequency spec-
trum, as illustrated in Figure2.3b. For an in depth look at each of the noise sources, we
refer to the recent review by Fragasso et al. [57]. In brief, it is challenging to eliminate
or control all these sources of noise, for example, those that arise from chemical pro-
cesses happening on the membrane surface (e.g., transient binding and unbinding of
ions to defect sites) which are very hard to prevent [57, 60-62]. Third, there is a limit
to the temporal resolution that can be achieved in ionic sensing. Molecules, driven by
the electrophoretic force from the applied electric field, typically transverse very quickly
across the nanosized apertures (< 5 us for proteins and < 0.5 us for each bp in a 10kbp
long DNA) [58, 63]. Many commercial amplifier have a bandwidth limitation of ~50KHz
(20us), making it impossible to resolve the full blockade of relevant analytes. Further-
more, low-pass filters are typically applied to eliminate high-frequency electrical noise,
which further exacerbates the problem as it reduces the signal from the translocation
event by clipping the full depth of the nanopore event (See Fig.2.3c).

Various solutions have been proposed to address these problems. Newly developed
amplifiers and the miniaturization and integration of on-chip CMOS preamplifiers with
solid-state nanopores have pushed the temporal resolution to the 10 MHz range (0.1 us)
[64]. Effective operation with such amplifiers, however, still need low-noise nanopores.
New nanopore chips are being developed with glass support or additional insulating
layers that lower the capacitance and hence lower the electrical noise [65, 66]. Fur-
thermore, with the advent of 2D materials, membranes fabricated from a single or few
layer graphene or hexagonal boron nitride have been explored [42, 67]. These mem-
branes can be as thin as a single atomic layer which is the ultimate limit in terms of the
sensing volume that a membrane can define. An added bonus feature is that many 2D
materials have remarkable electronic transport properties which can be used to sense
biomolecules in complementary ways to conventional ionic sensing schemes such as
through sensing of tunneling and gating currents in the 2D membrane [68-70].

2.5. OPTICAL SENSING IN PLASMONIC APERTURES

We now turn to a complimentary sensing technique, the monitoring of optical trans-
mission through the nanoaperture. Classically, it was thought that nanoapertures with
subwavelength dimensions (~100nm) were too small for significant light transmission
and hence for optical readout methods to be employed [75]. However, the report of
extraordinary transmission through nanoapertures [76], where the magnitude of trans-
mission was measured to be orders of magnitude higher than classically predicted, over-
turned this idea and reinvigorated the exploration of optical readout methods to probe
the nanoscale volumes confined by a small aperture.

Central to the phenomenon of extraordinary transmission of light is the role of sur-
face plasmons that are excited in plasmonic materials such as gold or silver films. These
plasmonic oscillations of electrons in the metal can focus the incident electromagnetic
(EM) field to the aperture, which gives rise to the enhancement of scattered and trans-
mitted light [77]. Transmission of light though these apertures strongly depends on the
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Figure 2.4: Optical detection and trapping with nanoapertures a) Illustration of the sensing principle. A
nanoaperture has a peak wavelength where the transmission through the aperture is the highest (black curve).
A laser is parked at a wavelength slightly detuned from the resonant wavelength peak. When an object of a
higher refractive enters the aperture, the resonant wavelength is redshifted (red curve). This increases the
transmission through the nanoaperture. b) Optical trapping in a nanoaperture. A gold nanoaperture focuses
the incident E-field to the center of the bowtie. The accompanying field gradient gives rise to an optical trap-
ping force similar to optical tweezers. Small objects such as proteins can be trapped in the nanoaperture.
Shown here is the trapping signal from a beta-amylase protein. Reproduced from [71]. c-e) Examples of var-
ious nanoapertures that produces an E-field gradient and trapping force. Shapes vary from round holes of
100nm to inverted bowtie structures with features <5 nm in scale. Reproduced from [72-74].

wavelength of the incident light and the size/geometry of the aperture, typically show-
ing a resonance peak at a particular wavelength. As the resonant wavelength, where
transmission is maximum, is very sensitive to the surrounding refractive index enclos-
ing the nanoaperture, small modulations, such as a protein or molecule occupying the
nanoaperture volume, can lead to a measurable redshift in the wavelength of the reso-
nance peak. Figure 2.4a illustrates this principle of optical detection. Notably, this can
lead to a decrease or an increase of the measured transmission signal: if the incident
wavelength was lower than the resonant peak wavelength (i.e., on the left of the peak of
the back curve in Figure 4a), there will be a decrease in the transmission when the peak
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is redshifted, while there will be an increase in the transmission if the laser wavelength
was higher than the resonant wavelength (right of the peak as drawn in Fig.2.4a). The
change in the transmitted light can be detected with a fast photodetector, typically an
avalanche photodiode (APD). This has inspired a new class of sensors with optical read-
out methods that are based on detecting this resonance-wavelength shift in either the
transmitted or reflected light.

Additionally, the tight focusing of the incident optical light produces strong optical
gradients within the nanoaperture, yielding a trapping force on the particle in the aper-
ture, similar to that of an optical tweezer. This can be employed as nanotweezers to hold
the molecule in place for sensing [72, 78, 79]. Finite-difference time-domain method
(FDTD) simulations of the EM field in the structures estimate these EM gradients for a
variety of different structures (Fig2.4b-c). They produce a gradient force given by Eqn 2.5

1 2
F=ZavE (2.5)

where a is the polarizability of the particle and VE? is the magnitude of the gradient of
the EM field E. Figure2.4b shows an example of such a structure that exhibits a strong
gradient within the gap of the inverted bowtie.

For optical detection, nanoapertures are typically fabricated in a plasmonic material
such as a thin gold film that is thick enough to block transmitted light to ensure that
only the nanoaperture is responsible for the transmitted light. Similar to nanopores, the
structures are usually milled into the film through direct ion beam milling or e-beam
lithography [80-82]. Figure2.4c-e shows various structures fabricated with such tech-
niques that were used to detect and tweeze nanoscale objects.

2.6. APPLICATION OF OPTICAL SENSING IN NANOPORES

Though the application of optical sensing and tweezing with nanoapertures is still in its
infancy, early success with the tweezing of nanoparticles have led to the exploration of
sensing and trapping of a variety of biological objects including bacterial cells, DNA, and
single proteins [85-87]. Figure2.5a shows an array of gold nanoantennas (here fabricated
as simply two parallel Au wires that were 500nm long and spaced ~30nm apart, thereby
generating an optical gradient in the proximity of the antennas) were used to tweeze
single E-coli [83]. Moving to smaller biomolecules, Gold nanoapertures were already
employed in 2012 to optically tweeze and detect single proteins [84, 88] by the group of
Gordon et al. (Figure.2.5b). Bovine serum albumin (BSA) was used as a model proteins
in their double nanohole traps. When BSA was trapped, two different intensity levels
could be seen above the baseline which they attribute to the two different protein con-
formations [89]. The same traps were also used to study a variety of reactions including
binding rates of protein-antibodies [89]. Finally, Verschueren et al. and Shi et al. were
able to optically detect single DNA molecules that traversed a plasmonic nanopore, in
both transmission and reflection mode [71, 90] (Fig.2.5c). The DNA molecules were elec-
trophoretically driven into the nanoapertures where they caused a shift in the resonance
wavelength of the laser and a measurable change in the transmission (in this instance,
a decrease). They verified their optical signal with conventional current blockade sig-
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Figure 2.5: Examples of optical detection and trapping of biomolecules in Au nanoapertures a) Trapping of
Escherichia coli bacteria with an array of Au nanoantenna. Scale bar is 200 nm. The Au nanoantenna was
500nm with a 30 nm gap between them. A set of time series shows the E. coli (white) localising to the nanoan-
tennas (the pair of nanoantennas (1030nm) show up as black dots in the image). At time V, the incident laser
was switched off and the E.coli was released from the vicinity of the nanoantennas indicating that they had
been optically trapped. Reproduced from [83]. b) Trapping of BSA proteins in a double hole nanoapertures.
When a single protein is trapped, two different intensity levels are observed, associated with two different con-
formational shapes [84]. c) Detection of DNA in Au nanoapertures. When DNA is electrophoretically driven
into an inverted-bowtie-shaped nanoaperture, the ionic and optical signals can be simultaneously detected.
Reproduced from [71].
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nal from ionic sensing. Notably, even folds in the DNA during the passage through the
nanoaperture led to a corresponding change in the optical signal.

These studies show some of the many exciting features of label-free biosensing. There
is also the ability for multiplex sensing of parallel apertures where a high density of these
sensors can be packed into a small volume and simultaneously read out, because each
nanoaperture can be independently measured optically. Notably, optical sensing is inde-
pendent of buffer solutions unlike ionic sensing which requires a salt solution, allowing
native physiological buffers to be used [91]. The noise sources for optical readout meth-
ods are very different from the noise sources affecting electrical readout methods. They
are usually dictated by sources in the far-field such as the laser source and aberrations in
the optical components, rather than in local conditions such as surface effects. Finally,
optical signals can be acquired by photodetectors at a much higher temporal resolution
(as fast as picoseconds or 10'? Hz), fast enough to observe protein dynamics.

2.7. LIMITATIONS AND CHALLENGES IN OPTICAL SENSING

Yet, as any technique, optical sensing with nanoapertures also has some limitations.
First, the fabrication of nanoapertures is extremely difficult because the plasmon re-
sponse are very sensitive to small (~nm) geometric changes which can shift the reso-
nance and thus decrease the sensitivity of the nanoaperture. Complex shapes with a
well-defined sensing region are hard to produce as the fabrication process quickly re-
duces the sharpness of the structure, giving it rounded edges which damp out the plas-
mons and the focusing of the EM field. Generally, the fabrication process is critical, yet
difficult to control and consistently reproduce. Second, the use of the laser source for
the readout method can cause local heating which may lead to denaturation of proteins.
Moreover, heating may introduce convection currents near the surface that decrease the
potential well of the trapping force, allowing trapped objects to escape [92]. Lastly, un-
like for conventional optical tweezers, there is a lack of detailed models for the trapping
of single molecules [93].

Many of the challenges with nano-optical traps relate to the relative infancy of the
technology. Various strategies are being explored to circumvent the above listed chal-
lenges. The limits of nanofabrication techniques can be pushed for example, from the
current effectively ~5 nm scale [80, 94, 95] (set by the resolution of the resist used) with
e-beam lithography and laser interferometery, to the 1-2 nm scale using maskless direct-
milling techniques [82]. An interesting approach to circumvent resolution issues is to
simply fabricate a huge array of structures on the same gold film [81], with each slightly
different geometries and scanned with the laser to find structures that are ideal for op-
tical sensing and trapping. Second, local heating from the impinging laser beam can be
reduced by the use of heat sinks surrounding the nanoapertures [96]. Third, attempts
are underway to improve modelling of nano-optical tweezers in order to better model
probe and understand the nanoscale forces in the nanoaperture and guide future de-
signs of such nanotraps [72, 79].
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Figure 2.6: Combined optical-ionic nanopores a) Zero mode waveguides where an aperture is fabricated in
a thin metal film to sense single enzymes. At the bottom of the well, a DNA polymerase complex is bound
that produces a fluorescence signal that can be used to identify the DNA sequence of interest. Reproduced
from [97]. b) Illustration of a nanowell milled in a thin gold film with an integrated nanopore termed "opto-
nanopore". The nanopore is used to electrophoretically drive the DNA into the sensing area where it is optically
sensed. Reproduced from [98]. c¢) Integration of a zero-mode waveguide with a nanopore that drives DNA
molecules to the sensing area. Reproduced from [99].
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2.8. SIMULTANEOUS IONIC AND OPTICAL SENSING

In the preceding sections, we have covered the features and limitations of both the ionic
and optical sensing approaches. Given their complimentary advantages, efforts are on-
going to develop new sensors that combine the optical and ionic readout readouts. A va-
riety of schemes are proposed to combine the thermophoretic (a byproduct of the optical
readout) and electrophoretic effect to transport particles to targeted sensing area [100].
One such approach builds upon zero mode waveguides which are a class of nanoaper-
tures where the fluorescence is enhanced in strongly localised regions, which can be
used to sense single enzymes (Fig.2.6 a) [97]. However, these devices suffered from a
lack of active delivery of the biomolecules into the sensing region. Wanunu et al. took
inspiration from ionic sensing approaches and integrated a nanopore at the bottom of
the zero-mode waveguide well where a DNA polymerase was assembled, in order to de-
terministically drive and deliver DNA for sequencing (Fig.2.6¢) with a fluorescent read-
out method [99]. Similarly, Meller et al. developed what they called "opto-nanopores"
where they integrated a nanopore at the bottom of the well of a nanoaperture (Fig.2.6b),
thus allowing them to combine ionic sensing techniques in nanopores with a variety of
optical readout methods for high-bandwidth measurements [101-103]. They, along with
others, demonstrate optical detection and fingerprinting of DNA molecules through the
use of fluorescent labels [71, 90]. The expansion of research in combining ionic and op-
tical sensing in nanoapertures also led to the discovery that nanopores can be directly
fabricated in thin SiN membranes with a laser beam. This opens up yet another scalable
avenue for the reliable fabrication of nanopore arrays [104, 105].
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2.9. SUMMARY AND OUTLOOK

Summing up, nanoapertures define a sensing volume that can be probed with an ionic
current or through optical sensing at the single-molecule level. The two approaches of-
fer complimentary advantages and recent attempts to combine them have led to the
advent of a new class of optical nanopores for detection and manipulation of single
biomolecules. These nanosensors will increasingly be benificial for a fundamental un-
derstanding of biology as well as for real-world applications such as the detection of
biomarkers in point-of-care devices.
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LITHOGRAPHY-BASED
FABRICATION OF NANOPORE
ARRAYS IN FREESTANDING SIN AND
GRAPHENE MEMBRANES

We report a simple and scalable technique for the fabrication of nanopore arrays on free-
standing SiN and graphene membranes based on electron-beam lithography and reactive
ion etching. By controlling the dose of the single-shot electron-beam exposure, circular
nanopores of any size down to 16 nm in diameter can be fabricated in both materials at
high accuracy and precision. We demonstrate the sensing capabilities of these nanopores
by translocating dsDNA through pores fabricated using this method, and find signal-to-
noise characteristics on par with TEM-drilled nanopores. This versatile lithography-based
approach allows for the high-throughput manufacturing of nanopores and can in princi-
ple be used on any substrate, in particular membranes made out of transferable 2D mate-
rials.

This chapter has been published as: Daniel V Verschueren®, Wayne Yang*, and Cees Dekker. "Lithography-
based fabrication of nanopore arrays in freestanding SiN and graphene membranes". Nanotechnology 29 (14),
145302) [1]
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3.1. INTRODUCTION

Solid-state nanopores drilled in a thin membrane are unique tools that allow for label-
free high-throughput single-molecule investigation of biomolecules such as DNA, pro-
teins, and peptides chains [2]. Their robustness, versatility, and ease of integration in
CMOS processing are paramount to the sustained interest this class of biosensors has
received over the past 15 years [3]. The principle of interrogation for nanopore sensing
derives elegance from its simplicity: a nanopore, typically drilled in a 20nm thick mem-
brane, defines a nanoscale sensing volume through which biomolecules can be probed
on passage, usually via an ionic-current readout [4]. More recently, nanopores in single-
layer materials like graphene and MoS2 have received a great deal of attention, as the
two-dimensional (2D) nature of these materials drastically reduces the sensing volume
and helps to enhance the signal [5, 6]. Both SiN and 2D nanopores have been used to
provide insight into many complex biophysical phenomena, such as DNA-protein inter-
actions [5-9], protein-protein interactions [10], and DNA polymer physics [11, 12]. How-
ever nanopore fabrication is typically slow and expensive, particularly in 2D materials,
preventing large-scale use of solid-state nanopores in commercial applications, such as
clinical sensors for the detection of biomolecules in diagnostics [13, 14].

Currently, there are several techniques for the production of nanopores. First and
foremost is the use of the electron beam of a Transmission Electron Microscope (TEM)
[15]. This technique provides sub-nanometer precise control over the pore’s diameter,
but is very low in throughput, especially for larger sized nanopores (>15 nm) [16], very
expensive, and labor intensive. A single nanopore takes at least 30 mins to be loaded into
the TEM, aligned and sculpted to the desired size in a TEM by a trained operator. Fur-
thermore, nanopores are notoriously hard to fabricate in 2D materials with conventional
TEM drilling due to their sensitivity to carbon deposition and membrane damage [17].
Hence, the method lacks scalability and cost efficiency which are both required for com-
mercialization. Fabrication using Helium Ion Microscope (HIM) is a promising, more
high-throughput alternative for the fabrication of nanopores, but also requires access to
expensive and delicate instrumentation [18, 19]. An alternative cost-effective technique
is nanopore fabrication by controlled dielectric breakdown, where a nanopore is created
by the timed termination of a large transmembrane voltage stress (~10V) [20, 21]. How-
ever, the stochastic nature of the breakdown process does not provide control over the
position of the nanopore [22]. Other techniques use ion bombardment and subsequent
chemical [23, 24] or electrochemical wet etching [25]. Whereas these techniques can be
used at high throughput, challenges remain in the timed termination of the wet etching
and the associated uniformity of the pore size.

Chemical dry etching or reactive ion etching (RIE) is a more promising alternative for
high-throughput fabrication of large nanopores. In this widely used technique a pattern
is predefined in a resist by electron-beam lithography (EBL), which is the standard tech-
nique used to define high-resolution structure in microfabrication, and is transferred
into a substrate by plasma etching using reactive ions [26]. The directionality of the RIE
process preserves the resolution obtained in the EBL pattern and allows for the resolu-
tion to be defined on a wafer scale [26-29]. The chemical dry etching allows a range of
substrates to be used as membrane material [27], notably including 2D materials that
require a transfer step. To exploit the potential of this technique for transferable materi-
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als, the EBL patterning should be performed on a freestanding membrane. Furthermore,
patterning on a thin membrane can improve resolution, because it eliminates electron
backscatter [30].

Here, we present a novel and simple method for rapid nanopore fabrication based
on electron-beam lithography with reactive ion etching. By patterning the nanopores
as a last step in the fabrication process, in principle any (transferable) membrane mate-
rial can be readily used. To demonstrate the flexibility of this technique, we create sin-
gle nanopores and nanopore arrays in both 20 nm thick SiN and single-layer graphene
membranes. TEM inspection shows that the fabricated nanopores are highly circular
and uniform in size. We show that the nanopore diameter can be set with nanome-
ter precision by controlling the electron-beam dose. Finally, we demonstrate lambda-
DNA translocations through nanopores fabricated using this method. Although applied
here for single-molecule biosensing, we anticipate that this simple, high-throughput,
and versatile nanopore fabrication technique will find applications in other domains of
the nanopore research field such as filtration, power generation and chemical sensing
(5,31, 32].

3.2. RESULTS AND DISCUSSION

Figure 3.1A outlines a schematic of the fabrication protocol for the production of a nanopore
array in SiN. First, a layer a 100 nm thick layer of poly(methyl methacrylate) (PMMA-
A3, 495K) electron sensitive resist (MicroChem Corp) is spin-coated on top of the chip
containing a freestanding SiN membrane. Subsequently, the layer is patterned by ex-
posing the resist with a 100 keV electron bundle from the electron-beam pattern gener-
ator (EBPG5200, Raith), using one single shot of e-beam exposure per nanopore. Details
about the fabrication of the support and E-beam patterning can be found in the Sup-
porting Information (SI3.4.1). After exposure, the PMMA is developed in a 1:3 mixture
of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) for 1 min. Finally, the pat-
tern is transferred into the SiN membrane by reactive ion etching with CHF3 (100 sec, 50
W, 50 sccm of CHF3, 2.5 sccm of 02, 8.6 pbar, Leybold) and the resist is stripped in hot
acetone (50°C) for 2 hours.

The fabrication of the graphene nanopore array (Fig.3.1B) is analogous to the fab-
rication of the SiN nanopores. First, a layer of graphene (Graphenea, single layer CVD
graphene on copper) is transferred onto a SiN membrane pre-patterned with square
windows 1 ym in size, creating 1x1um freestanding areas of graphene (see SI3.4.2). Then,
a 150 nm thick layer of PMMA is spin-coated on top of the chip and the resist is ex-
posed by a single shot from the electron beam. We note that thicker PMMA is used in
the graphene nanopore arrays because the graphene requires an oxygen etch which also
etches the PMMA mask substantially. After the development of the resist in 1:3 MIBK:IPA
for one minute, the pattern is transferred into the graphene layer by reactive ion etch-
ing with oxygen (20 sec, 50 W, 20 sccm of 02, 3.3 ubar, Leybold). The remaining resist is
stripped for 20 min in hot m-xylene (85°C) and air-dried. To avoid collapsing the free-
standing graphene layer, the sample is gently plunged vertically into the solution. After
20 mins, the sample is removed and placed at an angle (20 degrees to the horizontal
plane) to allow the remaining droplet of m-xylene to evaporate.

Figure 3.2 shows example TEM images of nanopore arrays fabricated in both SiN
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Figure 3.1: Schematic of EBL assisted RIE nanopore fabrication. A) Fabrication process on SiN membrane.
A 100 nm thick layer of PMMA is spin-coated on a SiN membrane prior to e-beam patterning. The pattern
is transferred into the SiN membrane by reactive ion etching in a CHF3 plasma. Finally, the remaining resist
is stripped in hot acetone (50°C) leaving a functional nanopore array. B) The same process on the graphene
membrane. A graphene layer with a supporting PMMA layer is deposited on a pre-etched SiN window. The
supporting layer of PMMA is stripped and a new 150 nm of PMMA is deposited prior to e-beam patterning.
The pattern is transferred into the graphene membrane by reactive ion etching in an oxygen plasma. Finally,
the remaining resist is stripped in m-xylene, leaving a functional nanopore array.

(Fig. 3.2A) and in freestanding graphene (Fig. 3.2B) using the protocol outlined above.
The nanopores in these examples were 29 + 3 nm and 38 + 2 nm (average + standard
deviation) in diameter, for the SiN and graphene respectively. The nanopores produced
are highly circular; The average ratio between their major and minor axis (major/minor)
is 1.08+0.08 for the SiN arrays and 1.08+0.14 for the graphene nanopore arrays. We note
that the graphene pores fabricated through this method seem to exhibit much less car-
bon deposition around the edges of the pore than conventionally drilled TEM graphene
pores [33].

By adjusting the electron dose used in the patterning, we are able to vary the size of
the nanopores formed, as shown in Fig.3.3, where resulting diameter of the nanopore is
plotted against the electron-beam dose used per shot of e-beam exposure, for both the
SiN (Fig.3.3A) and graphene nanopores (Fig. 3.3 B). The smallest nanopore made was
approximately 16+2 nm, both for SiN and graphene. Nanopores fabricated show similar
variation in size (standard deviation is <10%) in both SiN and graphene. Because these
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Figure 3.2: TEM image of nanopore arrays fabricated using RIE. A) Nanopore array fabricated in a SiN mem-
brane. The array was fabricated using fabricated using a dose of 22 fC/shot, and the average pore diameter was
29+3 nm. B) Nanopore array fabricated in free-standing graphene. The array was fabricated using fabricated
using a dose of 320 fC/shot, and the average pore diameter was 38+2 nm. The insets are zooms of a nanopore
from each respective array, showing a circular nanopore. C) An array of 16+2 nm size pores in SiN. D) A dose
test of nanopores on free-standing graphene. The nanopore diameters are, from left to right, 26nm, 19 nm,
and 17 nm. More examples of nanopore arrays are attached in the Supporting Information.

values are similar and close to the size of the beamspot used (~15 nm), we speculate
that the electron-beam spot size limits the resolution and hence it may be possible to
fabricate smaller pores using a smaller spot size. By varying the electron-beam dose
only, we obtained a range of nanopore sizes from 16 to >100 nm, though in principle
even bigger sized pores can be produced by rasterizing a larger area with multiple shots
of e"beam exposure.

Interestingly, we find that the diameter of the resulting nanopore follows an empiri-
cal logarithmic relationship to the electron dose used for both SiN and graphene:

d=Axlog(D)+B 3.1)

where d is the nanopore diameter, D is the total electron dose, and A and B are fit
parameters. A least-squares fit of Eqn. 3.1 to the red data points is plotted as a solid
blue line in Fig. 3.3 and shows good agreement with the data (SiN: )(f cq=2-8, graphene:
xie 4=2.3). The specific values of the fit parameters A and B are not universal and will de-
pend on experimental factors, such as the membrane material, resist thickness and the
electron accelerating voltage. For instance, a higher dose is needed to create the same
size of nanopores in free standing graphene as compared to SiN. A different dependence
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Figure 3.3: Single-shot nanopore diameter versus electron-beam dose. The solid blue line is an empirical
logarithmic fit (A-SIN: Xie 4 =28B- Graphene : X%e 1=23), the green curve is a fit assuming a Gaussian depen-

dence of dose on diameter (A-SiN: ﬁe 4=7-2, B-Graphene: )(fe 4=10.8). Error bars are the standard deviation,
xfe , Values are calculated using the standard error of the mean for each datapoint.

results if patterning is performed on a thick substrate since electron backscatter from
the substrate will be the dominant contribution to the exposure [29]. The agreement be-
tween the data and relationship is somewhat surprising as a more complex dependence
is expected if one assumes that the nanopore size is merely set by the point spread func-
tion (PSF) of the electron beam [30]. This dependency can be modelled by assuming the
resist only develops after receiving a local electron dose per unit area D larger than some
threshold value of the dose Dr. Using a Gaussian PSF to describe the electron beam
profile (D(r)x De(‘yrz), where r is the distance from the center of the electron beam, D
is the total dose, and 7y is a fit parameter) and setting Dr= ~D(d), a dependency of the
diameter on the total dose can be extracted. This dependency is plotted as a green line
in Fig. 3.3 and does not explain the trend well. Only moderate agreement between data
(SiN x?e 4=7-2, graphene: )(fe 4=10.8) is obtained. Hence the phenomenological model in
equation 3.1 should be used to determine the correct size of the nanopore from the dose.

One might wonder if the use of PMMA as a resist will set a maximum size for the
nanopore size that can be fabricated, as it is known that PMMA will behave as a negative-
tone resist at high doses [34] (>100fC). This is however not the case, as at high-dose ex-
posure, the resist in the tail of the beam will still be exposed to a low dose. This leads to
a donut-shaped cut in the resist after development which will create a hole in the mem-
brane after pattern transfer by RIE. Moreover, standard resist patterning (rastering) can
be used for nanopores larger than 50 nm in diameter or for large nanopores of different
shapes.

To show that the SiN and graphene nanopores created using this method can be used
for the detection of DNA, we performed double-stranded DNA (lambda-DNA, 48.5kbp)
translocation experiments on these nanopores. A schematic of a typical nanopore ex-
periment is shown in Fig. 3.4A, where DNA molecules added to the negatively-biased cis
compartment of the flow cell are electrophoretically driven through the nanopore and
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Figure 3.4: DNA translocations through RIE-fabricated SiN and graphene nanopores. (A) Schematic illustra-
tion of a DNA translocation experiment. (B) IV-curve of a 25 nm SiN nanopore with a resistance of 4.5 MQ,
with the corresponding linear fit. (C) Left: Current time trace through a SiN nanopore of 25 nm (4.5 MQ). Data
was taken at 100 mV in 2M LiCl and low-pass filtered at 10 kHz. Right: zooms of DNA translocations, showing
a folded and a linear translocation. (D) Left: Current time trace through a graphene nanopore of 18 nm (4.0
MQ). Data was taken at 500 mV in 2M LiCl and low-pass filtered at 5 kHz. The large driving voltage was used
to enhance the DNA translocation rate. Right: zooms of DNA translocations, showing a folded and a linear
translocation.

detected by a change in ionic current through the pore. Fig. 3.4B shows examples of
DNA translocations through a 18 nm graphene nanopore, fabricated using a dose of 88
fC, and a 25 nm SiN nanopore, fabricated using a dose of 15 fC. DNA translocation exper-
iments were done in a PEEK (Polyether ether ketone) flow cell in 2M LiCl (buffered with
20mM Tris-Cl, 2mM EDTA, pH 8) and we used Ag/AgCl electrodes and an Axopatch 200B
amplifier (Molecular Devices) for current detection. To wet the graphene nanopore, we
incubated the chip in the flow cell with a mixture of equal parts ethanol and water for 30
min.

Figure 3.4B shows the linear I-V curve of the SiN nanopore with a resistance of 4.5
MQ. This compares well with the expected resistance of 3.9 MQ for a 25 nm nanopore,
calculated using a measured buffer conductivity of 13.8 nS/m and an effective mem-
brane thickness of 6.7 nm. After adding lambda-DNA to the cis chamber at a concentra-
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tion of 10 ng/ uL, transient current blockades could be clearly discerned, as shown in the
first panel of Fig. 3.4C. The translocations show excellent signal-to-noise characteristics,
illustrated by the zooms in the right panel of Fig. 3.4C of two such DNA translocations,
one molecule translocating in a linear fashion (right) and one in a folded conformation
(left). The double-strand DNA conductance blockade of 1.8 nS (N = 580) matches the ex-
pected value of 1.8 nS well. The normalized current power spectral density can be found
in the SL

Fig. 3.4D shows example DNA translocations through a 18 nm graphene nanopore.
The nanopore had a resistance of 4.9 MQ, which agrees reasonably well with the ex-
pected 4.2 MQ using an effective membrane thickness of 0.6 nm [35, 36]. We used a
high driving voltage of 500 mV, to enhance the low capture rates often observed in bare
graphene nanopores [37]. The current time trace shows considerable low-frequency cur-
rent noise, similar to what was observed for TEM-drilled graphene nanopores [35] (see
S13.4.5). Analysis of all detected events at 500 mV (N = 59) show a blockade levels of 1.0
nS [38]. This is markedly lower than the theoretically expected blockade of 5.6 nS from
a dsDNA strand in a 18 nm graphene nanopore [39], but the discrepancy is consistent
with previous work on TEM-drilled graphene nanopores which gave values of 1.5 nS for
similar sized pores [33]. Graphene nanopores drilled using this RIE based method suffer
from the same challenges as graphene nanopores drilled using TEM such as low fab-
rication yield. These challenges include limited statistics and current-signal resolving
power caused by graphene-DNA interactions and high 1/f noise [35, 40]. Overall about
10% of the graphene devices showed successful DNA translocation events compared to
over 50% in SiN devices. Fortunately, these issues can be mitigated by reducing the free-
standing area and using a molecular coating of the graphene [37]. Summarizing, these
nanopores created using EBL with RIE show sensing characteristics that are on par with
their TEM-drilled counterparts.

3.3. CONCLUSIONS

In conclusion, we have developed a facile method for rapid, flexible, and large-scale
nanopore manufacturing in freestanding SiN and graphene membranes using electron-
beam lithography with reactive ion etching which are very commonly available fabrica-
tion techniques. As the nanopore is created in the final step of the fabrication, our ap-
proach is extremely versatile and can in principle by used on any substrate, in particular
2D materials that require a transfer step. By adjusting the electron-beam dose, the di-
ameter of the nanopore can accurately be controlled with a high-level of uniformity and
precision. Furthermore, we demonstrate that the nanopores fabricated with this method
show single-molecule sensing performances equivalent to their TEM drilled predeces-
sors. The ease of the method allows for patterning large intact areas of freestanding 2D
materials like graphene with a clearly defined array of nanopores. We expect that this
technique will also find a range of applications beyond mere nanopore sensing, such as
filtration with nano-sieves.
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3.4. SUPPORTING INFORMATION

3.4.1. FABRICATION OF SIN MEMBRANE SUPPORTS WITH A 1X1uM SQUARE
AND E BEAM PATTERNING DETAILS

The silicon-nitride chips are fabricated using similar protocol as published in Janssen
et al [41] to obtain 20 nm thick freestanding SiN membranes of 40 by 40 pm wide. The
top layers on the substrate are removed to create a flat SiN surface extending over the
chip. Subsequently squares are etched in the SiN membrane which defined the area of
freestanding graphene, in a similar procedure to making the nanopore arrays in SiN. For
this, the chips are spincoated with a 100 nm thick layer of poly(methyl methacrylate)
(PMMA, 495K) electron sensitive resist (MicroChem Corp). Then, the layer is patterned
by exposing the resist with a 100 keV electron bundle from the electron-beam pattern
generator (EBPG5200, Raith). Depending on the experiment, either a single square or
an array of squares is patterned. For the dose test, we patterned an array of squares (1
by 1 um). After exposure, the PMMA is developed in a 1:3 mixture of methyl isobutyl
ketone (MIBK) and isopropyl alcohol (IPA) for 1 min. The pattern is transferred into the
SiN by reactive ion etching (1 min 40 sec, 50 W, 50 sccm CHF3 and 2.5 sccm 02, 8.5 pbar,
Leybold). The remaining resist is stripped using hot acetone (50°C) for 20 mins. For
the nanopore experiments, a single 100 by 100 nm wide square is etched to define the
freestanding graphene area.

Electron-beam patterns are created in Layout-BEAMER (GenlSys) from a gds file,
where each nanopore is designed as a single 2x2nm pixel size. The beam step size is
set equal to the pixel size to ensure a single exposure per pixel and a mainfield size of
520 by 520 um is used. The pattern is subsequently imported into CJOB to generate a
file compatible to the electron-beam pattern generator. Here an area dose is set and a
beam is selected from a predefined list on the machine. The beam current used is 512pA
at an aperture size of 300um. We note that using a different optimization marker on the
sample holder did not reduce the optimized beam size of 16nm. The dose per shot is
calculated by multiplying the area dose by the beam step size.

3.4.2. GRAPHENE TRANSFER PROCESS

A supporting layer of 150 nm of PMMA is spin coated onto CVD graphene on copper
(bought from Graphenea). The copper is etched away in a solution of 0.1M ammonium
persulfate ((NH4)2S208, 5g/100 ml). After 10 mins, the underside of the graphene-
copper substrate is rinsed to strip the bottom layer of graphene. This is important to
reduce the formation of graphene wrinkles. Subsequently, the graphene-copper sub-
strate is placed back into the etching solution to fully etch the copper. The freely float-
ing graphene-PMMA sample is scooped up by a clean glass slide and transferred into a
beaker of clean deionized water. The sample was transferred to a second clean beaker
of deionised water to completely remove all ammonium persulfate residues. In the final
step, the graphene-PMMA sample is scooped up by the silicon nitride wafer sample (pre-
etched with the freestanding window) and allowed to dry at an angle overnight. Finally,
the PMMA is stripped by using a solution of hot acetone (45 °C) or hot xylene (85 °C) and
the sample is ready for the patterning step.
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3.4.3. TEM IMAGES OF GRAPHENE NANOPORE ARRAY

Figure 3.5: Example TEM images of a nanopore arrays fabricated using RIE on graphene. The electron dose
was varied to produce different sized holes. A) Graphene nanopore array with diameters ranging from 140 nm
to 67 nm. B-D) Graphene nanopore array with diameters ranging from (B) 69 nm to 23 nm, (C) 62 nm to 17
nm (D) 53 nm to 18 nm. The variance in size of hole produced at each of the respective dose is reported in the
main text.
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3.4.4. TEM IMAGES OF GRAPHENE NANOPORE ARRAY

Figure 3.6: Example TEM images of a nanopore arrays fabricated using RIE in SiN. (A) Nanopore array with
an average diameter of 16+2 nm. (B) Nanopore array with an average diameter of 26+2 nm. (C) Nanopore array
with an average diameter of 35+3 nm. (D) Nanopore array with 62+2nm.
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3.4.5. NOISE SPECTRUM OF RIE FABRICATED GRAPHENE NANOPORE

C/f; C=7.5e-7

Normalized Current PSD [1/Hz]

10° 10' 10° 10° 10
Frequency [Hz]

Figure 3.7: Noise spectrum of graphene nanopore Normalized current power spectral density (PSD) (Sy/ 12)
of a 18 nm graphene nanopore fabricated using RIE using a dose of 88fC and a fit to flicker noise contribu-
tion (S;/12)=C/f,), where fis the frequency and C is low-frequency noise amplitude. The fit shows a value for
the low-frequency noise amplitude of 7.5¥10~7, which is similar to values obtained from graphene nanopores
drilled with the TEM ( 10_6) [35]. The PSDs are smoothened using a 20 point moving average.

3.4.6. NOISE SPECTRUM OF RIE FABRICATED SIN NANOPORE
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Figure 3.8: Noise spectrum of SiN nanopore Normalized current power spectral density (PSD) (S;/ 12) of a 25
nm SiN nanopore fabricated using RIE with a dose of 15fC and a 20 nm nanopore created using TEM drilling.
The low frequency component of the noise (< 1kHz) is comparable between TEM drilled and RIE fabricated
nanopores. The PSDs are smoothened using a 20-point moving average.
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DETECTION OF CRISPR-DCAS9
ON DNA WITH SOLID-STATE
NANOPORES

Solid-state nanopores have emerged as promising platforms for biosensing including di-
agnostics for disease detection. Here we show nanopore experiments that detect CRISPR-
dCas9, a sequence-specific RNA-guided protein system that specifically binds to a tar-
get DNA sequence. While CRISPR-Cas9 is acclaimed for its gene editing potential, the
CRISPR-dCas9 variant employed here does not cut DNA but instead remains tightly bound
at a user-defined binding site, thus providing an excellent target for biosensing. In our
nanopore experiments, we observe the CRISPR-dCas9 proteins as local spikes that appear
on top of the ionic current blockade signal of DNA molecules that translocate through the
nanopore. The proteins exhibit a pronounced blockade signal that allows for facile iden-
tification of the targeted sequence. Even at the high salt conditions (1M LiCl) required for
nanopore experiments, dCas9 proteins are found to remain stably bound. The binding
position of the target sequence can be read from the spike position along the DNA signal.
We anticipate applications of this nanopore-based CRISPR-dCas9 biosensing approach
in DNA-typing based diagnostics such as quick disease-strain identification, antibiotic-
resistance detection, and genome typing.

This chapter has been published as: Wayne Yang, Laura Restrepo-Pérez, Michel Bengtson, Stephanie J.
Heerema, Anthony Birnie, Jaco van der Torre, and Cees Dekker, "Detection of CRISPR-dCas9 on DNA with
Solid-State Nanopores". Nano letters 18 (10), 6469-6474,2018. The full paper can be found here [1].
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4.1. INTRODUCTION

While nanopores are most well-known for their use in biophysics experiments and DNA
sequencing [2], they also hold great promise as diagnostic sensing devices, due to their
high sensitivity, simple readout, ease of device fabrication, and their ability to detect in-
dividual disease-related biomarkers. A solid-state nanopore is a nanometer-sized hole
that is etched in a thin membrane such as silicon nitride (SiN). Upon application of a
voltage across the nanopore in an electrolyte solution, biomolecules such as DNA will
translocate through the pore, thus temporarily blocking the passage of ions that leads to
a drop in the current, which constitutes the basic sensing signal. This simple and ele-
gant principle enables an easy readout and interpretation of the nanopore signal. Solid-
state nanopores feature a number of additional advantages for developing biosensors
such as their robustness, sensitivity, versatility, and compatibility with CMOS fabrica-
tion processes [3]. Indeed, in recent years, solid-state nanopores have been applied to
study protein—-DNA interactions with proteins such as nucleosomes [4] or antibodies [5]
and for protein-sensing applications of medically relevant proteins such as thrombin
[6]. The larger hydrodynamic radius of these protein-DNA complexes gives rise to a
larger blockade current signal as they transverse the pore. These studies have suggested
a genome-mapping type of approach through the monitoring of sequence-specific pro-
teins [7]. However, such an approach has remained challenging because suitable strong-
DNA-binding proteins are rare due to the high salt concentrations that are required for
decent signals in nanopore experiments.

Here we employ the CRISPR-dCas9 protein system for the detection of DNA motifs.
In recent years, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
and its CRISPR-associated (Cas) proteins have gained enormous attention for its un-
precedented potential as a gene-editing tool. The Cas9 protein is able to bind to a target
DNA sequence through a guide RNA (gRNA) [8]. This gRNA is easily programmable, al-
lowing Cas9 to target any DNA sequence, including DNA motifs that uniquely identify
a variety of disease-DNA [9]. The CRISPR-Cas9 protein has been shown to be sensitive
to even single nucleotide mismatches and has a large hydrodynamic diameter (~7 nm)
[10, 11]. The Cas9 protein can be modified to remove its endonuclease activity (i.e. cleav-
ing activity) while keeping its programmable DNA-binding activity intact [12]. This Cas9
variant, known as dCas9, is favorable to be repurposed as a DNA detection tool in the
nanopore detection scheme proposed here.

In this work, we demonstrate a solid-state nanopore-based detection scheme for
probing DNA motifs using CRISPR-dCas9 (Fig. 4.1). Target RNA is preincubated with
dCas9 and then mixed with the DNA sample of interest (see Methods). Next, the DNA
with bound CRISPR-dCas9 is driven through the solid-state nanopore where the dCas9
protein gives rise to a pronounced feature on top of the DNA signal which allows for
facile identification of specific DNA motifs (Fig.4.1B,C). We demonstrate stable binding
of dCas9 to DNA, even in the high salt concentrations of the nanopore buffer. The high
salt concentration and the large hydrodynamic radius of the dCas9 boost the nanopore
signal and allow for identification of the targeted sequence in easily fabricated large-
diameter solid-state nanopores. The binding position of dCas9 along the DNA can be
determined from the spike position along each nanopore event. We anticipate applica-
tions of the CRISPR-dCas9 detection scheme in DNA-typing diagnostics with solid-state
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Figure 4.1: dCas9-DNA nanopore detection scheme. A) gRNA is preincubated with dCas9 (labeled in green;
not to scale) and then incubated to form a complex with target DNA prior to nanopore detection. B) Voltage
applied across the membrane induces an ionic current through a 20 nm size nanopore aperture and drives
dCas9-DNA complexes to translocate through the nanopore. C) The dCas9 signal appears as an additional
blockade event (the sharp spike in the red shaded region) on top of the single-molecule DNA ionic-current
signature which shows a constant current blockade except for the start of the event (gray shaded area) where
DNA enters the pore in a folded manner [13]

nanopores such as quick disease strain identification, antibiotic resistance detection,
and genome typing.

4.2. RESULTS AND DISCUSSION

CRISPR-dCas9 is found to stably bind to DNA even at the high salt concentrations that
are favored for nanopore experiments. Figure 4.2a shows a clear shift of the band of the
dCas9-DNA complex with respect to the DNA control bands in both the Cas9 reaction
buffer and 1 M LiCl conditions. Notably most of the DNA gets bound by dCas9, even in
the 1 M LiCl condition. The experiment also shows that dCas9 can remain bound over
the ~2.5 h course of the gel experiment. Note that the bands in the 1 M LiCl condition did
not run to the same position as the Cas9 reaction buffer because of electrostatic screen-
ing in the high-salt conditions. Gel experiments for the full range of salt concentrations
from 0.5 M LiCl to 4 M LiCl can be found in the Supporting Information (see SI4.6).

DNA translocation events in nanopore experiments clearly show the signatures of
CRISPR-dCas9 binding. Upon addition of a control sample with bare DNA to the flow
cell with a 20 nm SiN nanopore, we observe the typical current trace signals (Figure 4.2b),
namely, a ~2ms long partial blockade of the ionic current with a blockade current of I,=
0.12 nA, often starting with a double-blockade current of 2I, at the start of the current
trace that can be attributed to the capture and translocation of a folded ds-DNA at the
start of the event [13]. Notably, the nanopore events for the CRISPR-dCas9-incubated
sample look exactly the same except for the fact that they contain a single sharp spikelike
feature on top of the DNA current signature; see Figure 4.2 c. We attribute these spikes
along the DNA blockade to the presence of the locally bound dCas9 protein. The local-
ized spikes have a short duration (~25-60 us) and a much deeper blockade level (up to
1.5 nA) than the bare dsDNA. Such a large signal is also expected since the dCas9 protein
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Figure 4.2: Stability of dCas9 on DNA at high salt and examples of nanopore current traces. A) Gel shift assay
showing binding of dCas9 in 1 M LiCl nanopore buffer. A clear shift in the DNA band at 1 M LiCl indicates
that the dCas9 remains bound on the DNA even at high salt concentrations. The plus (+) sign indicates 1 kbp
DNA samples that were incubated with the dCas9 complex. B) Examples of nanopore current traces for a 20
kb long dsDNA-only control sample. The left trace shows a type 1 event, where the DNA translocated in a
linear head-to-tail fashion, while the right trace shows a type 2-1 event, where there is a fold at the start of the
translocation. C) Examples of nanopore current traces for a sample where CRISPR-dCas9 was incubated with
DNA. Due to the CRISPR-dCas9 complex that is locally bound along the DNA, additional spikes are seen on
top of the DNA events. Left and right traces show type 1 and type 2-1 events, respectively. The dCas9 complex
was mixed in a solution of 20 kb dsDNA and incubated at 37°C for 30 min prior to nanopore experiment. The
sample was then diluted to a final concentration of 1 M LiCl.
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will block a sizable part of the pore volume upon translocating through the nanopore.
Though most spikes were sharp, some of them exhibited broadening or more complex
features due to sticking events (see SI4.5.7). The results reported here are mainly ob-
tained from one particular experiment on the same pore with N = 308 events recorded
for the dCas9-DNA samples as well as N = 308 events for the DNA-only control sam-
ple. Similar results were obtained for three independent other runs with different pores
(yielding 30%, 34%, and 33% of events with spikes higher than 31,).

The deep spike-like events enable us to clearly separate two different populations,
i.e., those with and those without dCas9 bound to the DNA. The two can best be dis-
criminated based on the maximum current blockade of each translocation event. Figure
4.3C,D displays a scatter plot of the maximum current blockade versus dwell time of
each translocation event. Both for the dCas9-DNA sample and for the DNA-only con-
trol sample, two clusters can be observed with maxima at ~0.12 and ~0.24 nA. These
two clusters are due to, respectively, linear head-to-tail translocations of dsDNA, known
as type 1 events (cf. Figure 4.2b left) that show up as the 0.12 nA level, and type 2-1
events (cf. Figure 4.2b right) where DNA enters the pore in a folded fashion, resulting in
twice the blockade leve 1[13]. While virtually all events for bare dsDNA have a maximum
current blockade level of less than 0.4 nA, the data for the dCas9-DNA sample shows a
population with a clearly larger maximum current blockade level.
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Figure 4.3: Statistics of nanopore measurements of CRISPR-dCas9 bound to DNA. A) Typical example of a
dCas9-labeled DNA translocation event. The dCas9-labeled DNA displays an additional spike in the current
blockade signal that is observed when the DNA-bound protein transverses the pore (shaded in red). A deeper
current blockade of DNA at the start of the translocation (shaded in gray) is due to a fold in the DNA as it
first enters the pore. B) Example translocation signal from a typical DNA event. C,D) Scatter diagrams of the
maximum current blockade versus dwell time of each translocation event for the dCas9-DNA sample and the
bare DNA-only control sample, respectively. Unlike the bare DNA sample, the maximum current for dCas9-
labeled DNA events shows very large values of 0.4-1.5 nA that clearly exceed 3 times the blockade level I, for
bare DNA (31, = 0.36 nA).

We observed spikes on a large fraction of the events for the dCas9-DNA sample. Upon
using a threshold of 31, = 0.36 nA, we largely select only the events that corresponded
to dCas9-bound DNA. In this way, we deduce that 35% of the events (108/308) for the
dCas9-DNA sample showed these spikes. In the bare DNA-only control sample, this frac-
tion was much lower, ~5% (10/308). The fraction of spiked events did not reduce dur-
ing the typical duration of the nanopore experiment of ~2 h, indicating that the dCas9
remained stably bound to the DNA for extended periods of time even in the high-salt
nanopore buffer.

We demonstrate that the spikes were indeed due to the bound dCas9 targeting our
DNA region of interest by performing a number of different controls (Figure4.4a). First,
we investigated the translocation behavior of only the dCas9 protein by translocating a
sample containing 150 nM of dCas9 (~5x excess of the concentration used in the dCas9-
DNA experiments). This yielded translocation events only in the opposite applied bias
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Figure 4.4: Percentage of spike events and dwell times histograms. A) Percentage of spike events, for various
conditions. Left bar shows a much higher number of events with spikes than in all controls where one of the
components was lacking or where the guide RNA was mutated or nonfitting to the target DNA sequence. B) Bar
graph showing the percentage of spikes larger than 31, for the dCas9-DNA sample and the DNA-only control at
three different voltages. At all voltages, the percentage of spike events in the dCas9-DNA sample significantly
exceeds the presence of spike events of the DNA-only events (that are due to knots and folds). C) Histogram
of the dwell times of the dCas9-DNA at 100 mV (purple), 200 mV (blue), and 300 mV (red). At 300 and 200 mV,
the distribution times are clustered near 0.5 and 1 ms, respectively, whereas a broadening of the dwell times is
observed at 100 mV due to interactions with the pore.

(see SI.4.5.5). Also the dCas9-RNA complex translocated in the opposite polarity to the
dCas9-RNA-DNA (see SI.4.5.5). Furthermore, we investigated the effect of the gRNA se-
quence on the binding of dCas9 to the DNA. For this, we incubated dCas9 with gRNA
containing a sequence that is not complementary to our 20 kbp DNA. We saw a sharp
drop in the percentage of spike events, as compared to the 35% observed when the gRNA
and target site on the 20 kbp DNA were complementary in their sequences. We then
performed two more experiments where we used a mutated target gRNA sequence: (i)
Mutl, where base pair 1 and 3 (as counted from the NGG region) were mutated, and
(ii) Mut2, where every alternate base pair was mutated from the target sequence (see
S1.4.5.2, changes highlighted in yellow). In both cases, we again observed a sharp drop
in the percentage of spike events, as expected. Only when the entire target sequence is
present, the percentage of spike events was found to rise to a much larger value of ~35%
(Figure 4.4a).

The fraction of dCas9 events was measured as a function of applied voltage, see Fig-
ure4.4b. The percentage of spikes in the dCas9-DNA sample is found to be lower at
the higher voltages. Although the current blockade signals are more pronounced at the
higher voltages (see SI.11 Figure S-13 for example traces), the translocation speed of the
dCas9-DNA molecules is also higher which causes dCas9 spikes to be missed due to the
limited bandwidth of the amplifier. Across the entire voltage range, however, the per-
centage of spikes was always 5-7 times higher than that measured in the DNA-only con-
trol sample. The 5% false positives can be attributed to DNA knots which show up as
deep blockade events [14]. From the work reported by Plesa et al. we expect about 2-5%
events with knots at or beyond the 310 level for our linear 20 kb dsDNA. Figure 4.4c shows
dwell time histograms of dCas9-DNA events. At the higher applied voltages (cf. the 200
and 300 mV data), we observe, as expected, a narrow dwell-time distribution, indicating
that the dCas9-DNA complex flows freely through the pore. At lower voltage, however,
a broadening of the distribution is observed for the dCas9-DNA events (e.g., the 100 mV
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Figure 4.5: CRISPR-dCas9 binding position as detected in the translocation events. A) Two examples of
events where a dCas9-induced spike is located near the start or end of an event, which can be attributed to
the fact that a DNA molecule can enter the pore with either of its two ends. In order to determine the relative
binding position of the dCas9 proteins along the DNA, the integral of the current blockade up to the spike po-
sition was divided by the total integral of the entire translocation event. B) Histogram of this fraction, binned
into 20 bins. Two peaks are observed at 0.31 £0.04 and 0.75 + 0.02 (where the errors are the standard error of
the mean). The two peaks correlate well with the designed positions of the target site of the dCas9 on the DNA
which are at 0.28 (5872/20678 kbp) or 0.72 (14806/20678 kbp) for the two orientations.

data in Figure 4.4c), which was not seen for the DNA-only sample (see SI.4.12). We at-
tribute this to temporary sticking interactions between the protein and the inner SiN
surface of the nanopore, as the dCas9 protein is positively charged in the pH 7.5 buffer
(given its isoelectric point of 9), whereas the SiN surface is negatively charged.

Interestingly, we can discern the location where the dCas9 protein binds along the
DNA molecule as it translocates through the nanopore. For estimating this location,
we measure, for each event, the integral of the current blockade up to the dCas9 spike,
as well as the integral of the full event. These values are a measure for, respectively,
the amount of DNA that has translocated until the dCas9 is encountered and the total
amount of DNA. Accordingly, the relative position of the dCas9 along the DNA strand
is given by the ratio of these two integral current values. Figure 4.5 shows a histogram
of the dCas9 position obtained from the method thus applied. We observe two peaks,
corresponding to the two orientations in which a translocating DNA molecule can enter
the nanopore, either first with the end close to the protein-labeled site or, in the other
case, leading with the end further away from that site. We fit two Gaussian curves to the
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histogram and obtained two peaks at 0.31 + 0.04 and 0.75 + 0.02 (errors are the stan-
dard error of the mean). These peak values match remarkably well with the targeted site
of the dCas9 on the DNA at 0.28 (5872/20678 kbp) or equivalently (counting from the
other end) 0.72 (14806/20678 kbp).One might ask whether some error might arise from
assuming a constant average translocation velocity, as there will be some speed up of
DNA velocity toward the end of the translocation [15]. However, quantitatively this ef-
fectis very small for long molecules. The significant width of the two Gaussian peaks can
be explained by residual nanopore-protein interactions occurring during translocation
as well as by stochastic fluctuations in the velocity of the translocating molecule that
broaden the distribution [15]. For the first peak, the folded 2-1 events may furthermore
introduce an ambiguity in the localization of the dCas9 peak position in the, relatively
rare, cases that the folded region involves a large (>28% of the DNA length) fold at the
start of the event.

4.3. CONCLUSIONS

Looking ahead, the development of a nanopore-based diagnostic tool for direct DNA
detection of disease-inducing agents presents key advantages over traditional serologi-
cal methods based on the detection of antibodies, proteins, and biomarkers emanating
from infectious agents. The presence of such biomarkers can differ strongly depending
on the progression and stage of the disease [16], while the DNA of the causative agents re-
mains present throughout. In the scheme proposed here, the use of dCas9 opens new av-
enues for DNA-sequence-sensing capabilities with large-diameter solid-state nanopores
that can be scaled up and mass-produced [17]. The resiliency of the dCas9 protein to the
high-salt concentrations (whereas most DNA-binding proteins detach from DNA at high
salinity) makes it a particularly fitting candidate as a sequence-specific protein that can
be detected through the read-out capabilities of solid-state nanopores.

In recent years, other nanopore-based DNA mapping techniques have been pro-
posed as alternatives to the more conventional PCR-based (polymerase chain reaction
amplification) DNA-detection method, which require thermocycling. These proposed
nanopore techniques rely on the use of functionalized surfaces or complementary DNA
labels [18-22]. Compared to these approaches, our detection scheme has multiple ad-
vantages. First, the ease of programmability of the gRNA enables versatile detection of a
wide range of targets as well as multiplexing. Other nanopore approaches require exten-
sive preparation of either the sample (design, folding, and attachment of DNA origami
labels) or the nanopore surface (cleaning and (re)functionalization of the nanopore),
and procedures will have to be repeated between each experimental run for the detec-
tion of different analytes. Furthermore, the dCas9 protein can target and search dsDNA
directly without any temperature cycling step or additional enzyme for unzipping the
DNA. This significantly speeds up the sample processing time, and may be of use for
straightforward point-of-care diagnostics. The ease of approach of our proposed dCas9
detection scheme over the other techniques makes nanopore sensing of DNA targets us-
ing CRISPR-dCas9 a promising platform for disease detection and diagnostics. Indeed,
we envision the use of such nanopore sensing with CRISPR-dCas9 for the fast detection
and identification of DNA motifs of medically relevant DNA targets.
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4.4, METHODS

4.4.1. GRNA-DCAS9 COMPLEX ASSEMBLY

We assembled gRNA, dCas9 and DNA in a 1x Cas9 Nuclease Reaction Buffer (New Eng-
land Biolabs, 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA (pH 6.5 @ 25 °C)
in a molar ratio of 100:10:1 (RNA/dCas9/DNA). Excess ratios of dCas9 were used to en-
sure maximum binding of the protein to DNA. For the gel electrophoresis experiments,
1 kbp of DNA was incubated with the dCas9-gRNA complex. Full details on the gRNA
sequence, DNA plasmids, and dCas9-gRNA complex assembly protocol can be found in
the Supporting Information.

4.4.2. DCAS9 BINDING ASSAY

The binding affinity of the dCas9 protein to the DNA in 1 M LiCl was first verified using
6% retardation polyacrylamide gel electrophoresis (PAGE). A volume of 10 uL of sam-
ple was diluted with 5 uL of 5% glycerol to aid with the loading of the sample into the
gel. In all experiments, the sample was first prepared in 1x Cas9 reaction buffer and
then diluted to the final salt concentration prior to the gel experiments. Two samples of
dCas9-DNA complex were prepared, one with 1 M LiCl (buffered with 10 mM Tris-HCl,
1 mM EDTA, pH 8) and one in 1x Cas9 Nuclease Reaction Buffer (Cas9 reaction buffer)
which served as a positive control. For the DNA-only control samples, DNA with the
same concentration (300 nM) was diluted in the same salt conditions and loaded into
the lane parallel to the respective dCas9-DNA complex lane. The gel was run at 120 V for
2 h and stained with ethidium bromide for imaging.

4.4.3. NANOPORE EXPERIMENT

We used TEM-drilled 20 nm diameter SiN nanopores for the experiments. The SiN mem-
brane containing the nanopore was loaded in a PEEK (Polyether ether ketone) flow cell.
We used Ag/AgCl electrodes and an Axopatch 200B amplifier (Molecular Devices) for
current detection. The traces were recorded at 100 kHz and further low pass filtered at
20 kHz for the data at 100 mV and 50 kHz for the data taken from 200 to 300 mV with
the Transanalyzer Matlab package [23]. For the nanopore experiments, the dCas9-DNA
complex, prepared in 1X reaction buffer, was diluted to a final concentration of 1.5 ng/uL
in 1 M LiCl solution (buffered with 10 mM Tris-HCI, 1 mM EDTA, pH 8). Approximately
40 pL of the solution was pipetted to the negatively biased cis compartment of the flow
cell. The complex was electrophoretically driven through the nanopore with a bias volt-
age of 100 mV (or otherwise, as indicated in the text) and detected by measuring changes
in the current flowing through the pore. Following the experiment, the flow cell and
nanopore were repeatedly flushed with 1 M LiCl solution. Blank traces were recorded to
ensure that no residual sample remained prior to the DNA-only control experiment that
was carried out in the same nanopore. The total measurement time was typically 1-2 h
for each sample. During this time, we observed no discernible decrease in the event rate.
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4.5. SUPPORTING INFORMATION

4.5.1. GRNA PRODUCTION

To make the gRNA, we first PCR amplify a dsDNA template which contains the target
sequence from a DNA plasmid (pgRNA-bacteria plasmid from Addgen1,2) using a for-
ward primer that contains a T7 promoter. The following thermal cycling conditions were
used to generate the PCR template: 98°C for 3 minutes; 98°C for 10 seconds; 65°C for 20
seconds; 72°C for 15 seconds; go to step 2 for 29 cycles and 72°C for 8 minutes. PCR
template were verified using gel electrophoresis (1,5% agarose, 1X TBE buffer, 120V for
90 minutes) and subsequently purified using the Wizard®SV Gel and PCR Clean-Up Sys-
tem (Promega) according to the manufacturer’s instructions.

Forward primer: gRNA:

TAATACGACTCACTATAGGTACGGT GGUACGGUUAUCCACAGAAUC
TATCCACAGAATCAGTTTTAGAGCT AGUUUUAGAGCUAGAAAUAGC
AGAAATAGCAAGTTAAAATAAGG AAGUUAAAAUAAGGCUAGUCC
Reverse primer: GUUAUCAACUUGAAAAAGUGG
AAAAAAAGCACCGACTCGGTGCCAC CACCGAGUCGGUGCUUUUUUU

A single gRNA was then transcribed from the PCR template using the RiboMax™ Large
Scale RNA Production Systems kit (Promega) according to the manufacturer’s instruc-
tions. Following transcription, RNA products were purified using the
RNeasy®MinElute®Cleanup Kit (Qiagen) according to the manufacturer’s instructions.
RNA quality was verified using gel electrophoresis (Mini-Protean® TBE-Urea Precast Gels
(Bio-Rad), 200V for 30 minutes).

4.5.2. GRNA SEQUENCE FOR TARGETING, NON-TARGETING RNA, MUTI1-
RNA, AND MUT2-RNA

Target RNA: TACGGTTATCCACAGAATCA (NGG)

Non—Target RNA: GGCGCATAAAGATGAGACGC (NGG)

Mut1-RNA: TACGGTTATCCACAGA T A (NGG)

Mut2-RNA:T C G T T CC G A C (NGG)

(Mutations with respect to the targeting guide RNA are indicated in yellow.)
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4.5.3. PREPARATION OF THE DCAS9-DNA COMPLEX

dCas9 was added to gRNA in a 1X Cas9 Nuclease Reaction Buffer (New England Biolabs)
in a molar ratio of 1:10. The sample was incubated for 30 minutes at 25°C. Following this
process, 20kbp pSuperCos-y1,2 DNA, which was linearized with MSCI (New England
Biolabs INC), was added in a molar ratio of 1:10 to dCas9 (PNA Bio INC), effecting a
total molar ratio of 100:10:1 of gRNA:dCas9:DNA. An excess ratio was used to ensure
complete binding. The complex was incubated for 30 minutes at 37°C. The dCas9 is
expected to bind to the target sequence TACGGTTATCCACAGAATCA that was located at
(14806/20678kbp) of the DNA.

4.5.4. GEL SHIFT ASSAY TO STUDY THE STABILITY OF DCAS9 ON DNA AT
HIGH SALT CONCENTRATIONS

1M LiCl

4M LiCl
dCas9 - +

b —

2M LiCL
-+
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- 4

L
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Figure 4.6: Gel shift assay showing binding of dCas9 in 0.5-4M LiCl nanopore buffer. A clear shift in the
DNA band indicates that the dCas9 remains bound on the DNA at 0.5 and 1M LiCl. We did however not see a
significant shift in the 2M and 4M LiCl conditions. The + sign indicates that the dCas9 complex was added to
the 1kbp DNA samples.
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4.5.5. DCAS9 AND DCAS9+GRNA CURRENT TRACES AND TRANSLOCATION
EVENTS
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Figure 4.7: Current traces and scatter diagram of unbound dCas9 and dCas9+gRNA. a & c) Current trace of
dCas9 and dCas9+gRNA, respectively at 150nM and 27nM. Typical baseline current values are ~7.2nA. The
blockade signal is taken with respect to the baseline. Note that in the dCas9-only case a), we used 5X the
concentration of dCas9 as in the main experiments. The current trace shows events only when the negative
bias is applied, namely in the direction opposite to the applied voltage for DNA translocation. b & d) Scatter
diagrams of the maximum current. Inserts show example events.
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4.5.6. ADDITIONAL EXAMPLE TRACES OF DCAS9 SPIKE EVENTS
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Figure 4.8: Current traces from the dCas9-DNA complex through a 20nm SiN pore at a 100 mV bias. The
data was collected at the full 100kHz bandwidth of the amplifier and filtered at 20kHz with a Matlab program
(Transanalyzer) [23].

4.5.7. EXAMPLE TRACES OF DCAS9 SPIKE EXHIBITING INTERACTIONS WITH

THE PORE

Figure 4.9: dCas9-DNA complex events showing interactions with the pore Current traces at 100mV from the
dCas9-DNA complex through a 20nm SiN pore where the dCas9 protein was exhibiting interactions with the
nanopore (grey shaded area).
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4.5.8. SCATTER DIAGRAMS OF THE MAXIMUM CURRENT BLOCKADE VERSUS
DWELL TIME FOR DIFFERENT SAMPLES
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Figure 4.10: Scatter diagrams of the maximum current blockade versus dwell time at 100mV for different

samples.The fraction of events with a maximum current value of more than 3 times the DNA blockade signal
is listed. Mutl and Mut2 mutational sequences are described in 4.5.2.
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4.5.9. SCATTER DIAGRAMS OF THE MAXIMUM CURRENT BLOCKADE TAKEN
AT 200MV AND 300MV
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Figure 4.11: Scatter diagrams of the maximum current blockade versus dwell time. A) Data for 200mV; B)
data for 300mV of the dCas9+gRNA+DNA complex.

4.5.10. HISTOGRAM OF DWELL TIME FOR BARE DNA EVENTS TAKEN AT 100MV
AND 300MV
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Figure 4.12: Histogram of dwell times of bare DNA. Histogram of the dwell times of the bare DNA sample at
100mV (top) and 300mV (bottom).
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4.5.11. EXAMPLES OF DATA TRACES AT VARIOUS VOLTAGES
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Figure 4.13: Current traces measured at the applied voltage of 100, 200, and 300mV. The signal from the
higher voltages is larger at the expense of a shorter translocation time. The data were filtered at 20kHz for the
100mV and 50kHz for the 200 and 300mV trace.
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DNA SEQUENCE-DIRECTED
COOPERATION BETWEEN
NUCLEOID-ASSOCIATED PROTEINS

Nucleoid associated proteins (NAPs) are a class of highly abundant DNA binding pro-
teins in bacteria and archaea. While the composition and relative abundance of the NAPs
change during the bacterial growth cycle, surprisingly little is known about their crosstalk
in mutually binding to the bacterial chromosome and stabilising higher-order nucleopro-
tein complexes. Here, we use atomic force microscopy and solid-state nanopores to inves-
tigate long-range nucleoprotein structures formed by the binding of two major NAPs, FIS
and H-NS, to DNA molecules with distinct binding-site arrangements. We find that spa-
tial organisation of the protein binding sites can govern the higher-order architecture of
the nucleoprotein complexes. Based on sequence arrangement the complexes differed in
their global shape and compaction, as well as the extent of FIS and H-NS binding. Our
observations highlight the important role the DNA sequence plays in driving structural
differentiations within the bacterial chromosome.

This chapter has been adapted from a submitted work: Aleksandre Japaridze, Wayne Yang, Cees Dekker,
William Nasser and Georgi Muskhelishvili. "DNA sequence-directed cooperation between nucleoid-
associated proteins", iScience, under review. The full version of this work can be found at [1].
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5.1. INTRODUCTION

Nucleoid-associated proteins (NAPs) represent a small class of highly abundant DNA ar-
chitectural proteins involved in shaping the bacterial chromatin as well as in regulating
the gene expression in prokaryotes and archaea [2-6]. During the bacterial growth cy-
cle, these proteins are expressed in a growth-phase-dependent manner to coordinate
the chromosome structure with the metabolic state [7-10]. NAPs bind DNA with varying
affinities from nanomolar to micromolar concentrations and affect the gene expression
by acting as bona fide transcription factors as well as so-called “topological homeostats”
[11, 12]. The regulation of genomic transcription by NAPs is closely coupled to the avail-
ability of free or “unconstrained” DNA superhelicity, as NAPs constrain the DNA acting
both as supercoil repositories and topological barriers to supercoil diffusion [12-16].

Factor for Inversion Stimulation (FIS) protein is the most abundant NAP during the
exponential growth phase in Escherichia coli, while its concentration quickly drops to
undetectable levels upon the transition of cells to stationary phase [7, 17, 18]. FIS has
a global nucleoid-structuring function [19-22] as well as local accessory roles in the as-
sembly of synaptic complexes by site-specific recombinases [23, 24]and transcription-
initiation complexes at various promoters, including the exceptionally strong RNA (rRNA
and tRNA) promoters [25, 26]. The latter are characterized by upstream activating se-
quences (UAS) containing multiple FIS-binding sites that are arranged in a helical reg-
ister [27]. FIS is also a helix-turn-helix (HTH) DNA-bending protein [28] which upon
binding at the phased sites in UAS forms a coherently bent DNA loop that associates
with RNA polymerase [29]. In general, FIS nucleoprotein complexes form loops and sta-
bilise branches in supercoiled DNA [11, 30-32].

In contrast to FIS, the Histone-like Nucleoid-Structuring (H-NS) protein is a NAP ex-
pressed throughout the entire bacterial growth cycle [7], slightly increasing in concen-
tration towards the later growth stages. While overproduction of H-NS in vivo is lethal
for the cel 1[33], the deletion of the hns gene does not result in large scale restructuring
of the nucleoid [19, 34, 35]. H-NS is a DNA-bridging protein that binds preferentially to
A/T-rich DNA sequences [36, 37], in part mediated by an A-T hook motif that interacts
with the DNA minor groove [38, 39]. It was shown that H-NS can bridge two DNA he-
lices within a rigid filament [40, 41], trapping RNA polymerase [42, 43]. It is assumed
that binding of H-NS nucleates at high-affinity sites and subsequently spreads along the
DNA strands, leading to gene silencing [44-46]. While H-NS can polymerize on a single
DNA duplex, resulting in its stiffening [47], it is the DNA-bridging mode facilitated by
Mg?* ions that has been primarily implicated in transcriptional repression [48-50].

While the structural role of FIS, H-NS and other DNA-binding NAPs has been inten-
sively studied [19-22, 29, 40, 41], surprisingly little is known about putative cooperative
binding effects and the architecture of the ensuing long-range DNA structures. From
NAP expression patterns [7] it is clear that distinct combinations of these proteins inter-
act with the genomic DNA during the different stages of the cell cycle [10]. Indeed, ex-
ploration of their cooperative binding effects appears indispensable for understanding
gene regulation. Interestingly, previous studies using Atomic Force Microscopy (AFM)
showed that cooperative binding of various combinations of NAPs to the linear phage
A-DNA led to regular structures that were quite distinct from those observed with indi-
vidual proteins [51], while on binding to large supercoiled molecules, NAPs did phase
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separate, forming domain-like regions [32]. Resolving specific higher-order structures
formed by cooperative binding of NAPs is challenging, but it can be achieved by using
model DNA sequences that contain a few high-affinity binding sites that facilitate the
nucleation of long-range nucleoprotein complexes.

Two complementary single molecule techniques for probing DNA architecture are
AFM microscopy and ionic pulse sensing in a solid state nanopore. AFM involves using
a sharp cantilever to directly probe and ‘feel’ a surface as the sharp tip rasterises across
the field of view [52-54]. Sample, such as DNA is mapped as changes in the surface inter-
action that can be reconstructed into height changes in a 3D map. The sample requires
no further treatment beyond deposition on a freshly cleaved mica surface and is usu-
ally mapped in ambient air. While noted for their high resolution and label free method,
AFM microscopy techniques suffer from a variety of effects including interactions with
the surface, drying artefacts and long rastering times for the large enough field of view
to gather enough statistics [55].

Solid state nanopores on the other hand, are able to screen large numbers of molecules
in solution at the single molecule level which makes them an excellent complimentary
tool to the AFM techniques [56]. Solid state nanopore employ the use of a tiny nanoaper-
ture etched in a membrane separating two reservoirs. Analyte such as DNA are im-
mersed in an ionic solution and electrophoretically driven through this aperture. During
the passage through the aperture, the DNA blocks the flow of ions and shows up as cur-
rent blockade in the measured ionic current trace. The current blockade depends on
the volume of ions displaced and hence the instantaneous amount of DNA translocating
through the pore. Nanopores have been successfully used in research to probe physical
organisation of DNA such as knots and folds at the single molecule level as well as the de-
gree of protein-induced DNA compaction which shows up as distinct current blockade
levels [57-59].

Here, we explore whether the binding of a combination of two major bacterial NAPs,
FIS and H-NS, leads to the emergence of distinct nucleoprotein structures that are more
than the mere sum of those formed by the individual NAPs. Stating the question directly,
“does the arrangement of the DNA sequence matter?”. To address this question, we em-
ployed DNA sequences with various arrangements of FIS and H-NS binding sites and
study the resulting higher-order nucleoprotein complexes using nanopore experiments
in support of a larger work combining AFM studies.

5.2. FABRICATION AND RESULTS

5.2.1. PREPARATION OF THE PLASMID

To study the combined effects of FIS and H-NS proteins binding to DNA, we used two
plasmids that differed in the sequence arrangement of the NAP-binding sites (Figure
5.1a,b). In one construct, we arranged a FIS-binding sequence UAS and an H-NS-binding
sequence NRE in a Head-to-Tail fashion (HT: UAS-NRE-UAS-NRE). Here, UAS is the up-
stream activating sequence of tyrosyl tRNA gene promoter (tyrT UAS) [60] and NRE is the
negative regulatory element of proV gene (proV NRE) from an osmoregulatory operon
[61]. In the second construct, the same NAP-binding sequences were arranged in a
Head-to-Head fashion (HH: UAS-NRE-NRE-UAS). These sequences were inserted into
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a 2.9kb backbone devoid of any strong FIS or H-NS binding sites [32] (Figure 5.1.a & b,
Materials and Methods). The 397bp-long tyrT UAS region contained three specific FIS
binding sites (with Kd values ranging between 7.5 nM and 60 nM) arranged in a heli-
cal register [25], while the 264 bp long proV NRE contained two high-affinity H-NS sites
(Kd values between 15 nM and 25 nM) separated by about 10 helical turns [44]. The
constructs with Head-to-Tail (HT) and Head-to-Head (HH) arrangements have been de-
scribed in detail in a previous study [32], which showed that the binding of H-NS to var-
ious arrangements of high-affinity binding sites led to the formation of distinct long-
range plectonemic coiled structures, that differed in their shape, compaction, and ca-
pacity to constrain DNA supercoils.The total length of each of the two constructs were
4kb. As an additional control, we used pBR322 plasmid of a similar size (4.4kb) that was
devoid of any strong FIS binding sites.

d. NRE UASA/ &RE NRE, (/

&
Head - to - Tail

Figure 5.1: Design of plasmid and schematics of experiment. Design of plasmid and schematics of experi-
ment. a-b) Schematic depiction of the Head-to-Tail (HT) and Head-to-Head (HH) circular constructs. The two
plasmid were identical except for the arrangements of their UAS and NRE sequences. ¢) Schematics depicting
the translocation of a DNA through a nanopore. d) Sample traces illustrating that different degrees of DNA
compaction will show up as different maximum amplitudes in the current blockade level.

Constructs

5.2.2. NANOPORE EXPERIMENTS
We investigated the formation of these nucleoprotein complexes in solution by use of
solid-state nanopores (Fig. 5.1c). As schematically illustrated in Figure 5.1d, one can
distinguish the level of folding and compaction of DNA molecules based on their current
blockade levels [57, 58], as well as see if the molecules are bound by proteins [62]. If the
HH and HT nucleoprotein complexes were different in their level of compaction, one
would expect to see different blockade levels between the two constructs, i.e the higher
the degree of compaction, the deeper the blockade level should be.

The two plasmids were incubated with FIS (5.6ng/ul incubation concentration) and
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H-NS 6ng/ul incubation concentration) with the respective DNA molecules (10ng/ul) in
binding buffer(we used DNA elution buffer (10mM Tris) in this case) for 10 mins. Each
of the sample was then diluted 10 times in 1M LiCl buffer to a final DNA concentration
of Ing/ul and added to the cis side of the nanopore (15nm, TEM drilled SiN nanopore).
A voltage of 100mV was applied and clear dips in the current can be seen in the current
trace which show up as transient downward spikes. Figure5.2 a and b show the sample
current trace for HH and HT incubated with FIS & H-NS respectively. The current dips
represent the passage of the nucleoprotein complexes and recorded as events. Several
hundred events were recorded in each condition to ensure sufficient statistics. Between
the different samples, the nanopore was flushed with 1M LiCL solution and blank traces
were recorded to prove that all of the preceding sample has been washed away (Figure
5.2). Additional details on the nanopore setup can be found in the method section.

d. HH + FIS & H-NS b- HT + FIS & H-NS

<
946 ]
S 9.42 Control without DNA (1M LiCl 100mV)
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Figure 5.2: Typical blockade events for HH and HT DNA construct passing through a nanopore. a) Typi-
cal nanopore traces for the HH + FIS & H-NS samples (1ng/ul final DNA concentration, 100mV). b) Typical
nanopore traces for HT+ FIS & H-NS samples, (Ing/ul final DNA concentration, 100mV). We note that the
events are hetergenous and reach different blockade levels as compared to the HH case. ¢) Open nanopore
current when no sample was added. No events can be seen.

We observe that the HT+FIS&H-NS sample showed much deeper and hetergenous
blockade levels compared to the HH+FIS&H-NS sample in the current trace displayed
in Figure 5.2 a and b. This deeper blockade level suggest a more compacted DNA in
the case of HT+FIS& H-NS as more of the nanopore is blocked during the passage of the
molecule. The nanopore events were collected and plotted in a scatter plot (see SI Figure
5.8) of their maximum amplitude reached and their calculated translocation time (dwell
time)[62].

We calculated the increase in the number of deep events (more compacted DNA) for
the HT and HH DNA when incubated with the proteins. To control for innate differences
in the quality of the purified DNA for each of the plasmid, we set a threshold to select for
the protein-bound molecules to obtain the percentage of events as compared to the con-
trol (the DNA only case, i.e, the average current blockade of a single-helix DNA event).
This was done in order to measure the relative increase in the current blockade when
the proteins were added to each of the respective plasmid. Figure 5.3a and b. show the
relative increase in the number of deep events for the HT and HH case in the presence of
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Figure 5.3: Normalised increase in the blockade current. . a-b) Normalized blockade events for the HT and
HH constructs, showing that the deeper events occur much more frequently for the HT construct (in 38% of
total events, Ny 14 protein=277 out of 737 total events), but not for the HH construct (in 18% of total events,
Nyp+Proteins=329 out of 1812 total events). Overall this represented a 1.65 fold increase in the number of
deep events for the HT construct, but only a 1.19 fold increase for the HH construct as compared to their
DNA-only condition. c¢) Increase in deep events as set by threshold level. We see that the effect is significant
irrespective of the used threshold up to 3.5X the average single helix DNA level.

both proteins. We observed a 1.65 fold increase in the number of deep events for the HT
construct, but only a 1.19 fold increase for the HH construct. These data confirm that the
NAPs binding of the HT construct indeed results in an increased compaction compared
to the HH construct (irrespective of the used threshold, see Figure 5.3c which plots the
increased in blockade vs. the threshold level).

Furthermore, while for HH-DNA, the blockade events in the presence of FIS and H-
NS were uniform and homogeneous, the addition of individual NAPs to HH construct re-
sulted in heterogeneous blockade levels. Figure5.4a shows the respective current trace.
Furthermore, for HH-DNA, the blockade events in the presence of FIS and H-NS simul-
taneously were uniform and homogeneous, indicative of a similar organization of nu-
cleoprotein complexes, whereas addition of individual NAPs to HH construct resulted
in heterogeneous blockade levels (Figure 5.4b, the addition of H-NS to HH-DNA led to
an increase in the number of events with a deep blocakde). This finding is consistent
with the formation of regular hairpin structures in the presence of both FIS and H-NS
observed in AFM [1].
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Figure 5.4: HH DNA showing binding with single NAPs. .a) Top to bottom: Sample current trace of HH-DNA,
HH+FIS and HH+H-NS. (1ng/pul, 100mV). The events stayed largely homgenous except when H-NS was in-
cubated with the sample. b) Bar graph showing the increased in blockade of HH-DNA with individual NAPs
-HH construct bound with FIS,HH construct bound by H-NS. No significant increase can be seen except in
the case where H-NS was added where we get deep and heterogeneous blockades, indicating various levels of
nucleoprotein compaction.
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Figure 5.5: pBR322 control experiments in a nanopore .a-b) Sample current trace of pBR322and pBR322 in-
cubated with H-NS and FIS in a nanopore (1ng/ul, 1M LiCL, 100mV). The events are extremely consistent at
the 0.2nA level and we do not see any noticable change this level upon addition of the proteins. C) Collected
scatter plot of pBR322 + H-NS and FIS showing no significant deep current blockade levels.
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0.4ms

Figure 5.6: Protein controls in a nanopore. a-b) Sample current trace of H-NS in the forward (+100mv) and
reverse bias (-100mV). No translocation can be seen in the forward bias and clear translocation can only be
seen in the reverse bias. c-d) Sample current trace of FIS in the forward (+100mv) and reverse bias (-100mV).
Clear translocation can only be seen in the reverse bias. These results indicate that the unbound proteins travel
in the opposite direction to the direction of the DNA translocation.

As a control, we measured pBR322 which is known to have no strong FIS or H-NS
binding sites. Figure5.5 a and b shows the sample trace from pBR322 and pBR322 in-
cubated with the combination of the proteins (DNA-1ng/ul). Both pbR322 only and
pBR322+H-NS& FIS sample displayed a current trace that was a homogenous blockade
level even after incubation with H-NS and FIS. The events were collected and binned
into the scatter plot in Figure 5.5c. No significant deep current blockade event can be
seen in the collected scatter plot of the pBR322 - H-NS and FIS condition. To ensure that
the nanopore had sufficient resolution and to eliminate the hypothesis of protein-pore
interactions or co-translocation of unbound protein aggregates and DNA, we measured
a sample containing only H-NS or FIS that was introduced in the same cis side as the
DNA sample. Figure 5.6a and c shows the respective current trace in the forward bias
(+100mV, the same bias applied for the DNA sample). When a negative bias was applied,
clear upward events indicating protein translocation can be seen (-100mV, Figure 5.6b,
d). This indicates that unbound proteins are drawn in the oppositely charged electrode
and direction of the translocation of DNA [63].

5.3. CONCLUSION

In summary, to study the nucleoprotein complexes formed by combination of FIS and
H-NS, we used two DNA substrates with a spatially different, Head-to-Head (HH) or
Head-to-Tail (HT) arrangement of the NAP binding sites. In the nanopore studies, we see
an increased compaction of the HT nucleoprotein complexes formed by FIS and H-NS
(Figure 5.3, SI Figure 5.8). Additionally, we found that the HH nucleoprotein complexes
formed by FIS and H-NS demonstrated regular current blockade levels in contrast to
HT (Fig. 5.4) which suggest a higher structural regularity of the HH nucleoprotein com-
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plexes compared to that of the HT nucleoprotein complexes. No binding or compaction
was observed in the pBR322 case where there are no strong FIS or H-NS binding sites.

Taken together, the nanopore results demonstrates in bulk that there is increased
binding and compaction of DNA in the HT arrangement as compared to the HH arrange-
ment. These findings are consistent with further AFM study which shows structurally
distinct nucleoprotein complexes formed by both arrangements. Remarkably, the two
plasmid differed only in the arrangement of their UAS and NRE sequences. This shows
that the presence of these sequence sites alone were not sufficient for DNA compaction
and the arrangement of the sequence mattered in the formation of more compact and
stable nucleoprotein complexes. Together with high resolution AFM imaging which can
directly observe the structures and shape formed by the nucleoprotein complexes, the
complex interplay between NAPs and their cognate genomic binding sites can be probed
in order to understand spatiotemporal organisation of DNA structures.
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5.4. MATERIALS AND METHODS

5.4.1. DNA AND PROTEIN PREPARATION

The two 3997 bp constructs (Head-to-Tail and Head-to-Head) were constructed as de-
scribed earlier[32]. Briefly, the constructs contained sequences with FIS binding sites
amplified from the UAS of the tyrT gene (denoted as UAS) and sequences with H-NS
binding sites amplified from the NRE of proV gene (denoted as NRE) of E. coli. In these
two constructs the individual UAS and NRE elements were cloned in different spatial
arrangements.

Circular DNA constructs were nicked using the Nt.BspQI nuclease (New England Bi-
oLabs) and purified from 1% agarose gel. DNA was then diluted in the P1 buffer (1ImM
TRIS-HCI, 4mM MgCl2, 0.003% Tween 20, 2.5% Glycerol, pH 7.9) to a final concentration
of 10 ng/ul. Fis and H-NS were purified as previously described [64, 65].

5.4.2. NANOPORE EXPERIMENTS

We used TEM-drilled 15 nm diameter SiN nanopores for the experiments. The SiN mem-
brane containing the nanopore was loaded in a PEEK (Polyether ether ketone) flow cell.
The DNA samples were diluted in 1M LiCl to a final concentration of 1ng/ul before be-
ing introduced to the cis side (-ve) of the nanopore. We used Ag/AgCl electrodes and
an Axopatch 200B amplifier (Molecular Devices) for current detection. In experiments
where FIS (5.6ng/pl incubation concentration) and/or H-NS (6ng/ ul incubation concen-
tration) were used, the DNA molecules (10ng/ul) were pre-incubated with proteins in
the binding buffer for 10min at room temperature. Afterwards the sample was diluted
10 times in 1M LiCl buffer (final DNA contecntration 1ng/ul) and added to the cis side of
the nanopopore. Blank traces were recorded to ensure that no residual sample remained
prior to the DNA-only control experiment that was carried out in the same nanopore.
The total measurement time was typically 1-2 h for each sample. During this time, we
observed no discernible decrease in the event rate.

The traces were recorded at 200 kHz and further low pass filtered at 10 kHz with the
Transanalyzer Matlab package [66]. As DNA purification quality as well as self-folding
of the DNA duplex may affect the current blockade levels, we normalized the blockade
levels for each construct to set the control standard for comparison of the protein-bound
constructs. We set a current blockade threshold at 2.5 times higher than the average
current blockade of a single DNA helix event (threshold = 2.5-Ipn4) and quantified the
percentage of events above this threshold as compared to the control. Variation of the
thresholding level had nearly no effect on the results, as can be seen in Fig 5.3.
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5.5. SUPPORTING INFORMATION
5.5.1. SAMPLE CURRENT TRACE FOR HT-DNA ONLY
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Figure 5.7: Sample current trace for HI-DNA only Sample current trace taken at 100mV for HT-DNA only
(Ing/ul, IM LiCL)

5.5.2. SCATTER PLOT FOR COLLECTED EVENT FOR THE DIFFERENT CONDI-

TIONS.
a. 25 T T T C. 25 T T T
z Control z R Control
£ 2r 7 £ 2re°;” 7
P Py - o
kel o] 8
L st . L 5% j
v [) 10>}
o o Kke} %6 N
E 1+@ . f, 11 i
c c %
: ?
3> - > .
O O
? o
4 0 1 2 3 4
Time (msec) Time (msec)
b- 25 T T T d 25 T T T
z + H-NS &Fis =z +H-NS & Fis
£ 2r B £ 2 B
G.) [
kel el
© 4 © 4
4 g
o (%
is} kel
[2a} ] o ]
o -
= =
[ [
= =
> 1 > A
o O
i ®0 oo
0 1 2 3 4 4
Time (msec) Time (msec)

Figure 5.8: Scatter plot for collected event for the different conditions. Current blockade vs. blockade time
scatter plots for a) control (N=491) and b) H-NS & FIS bound HH samples (N=1812). c) Current blockade vs.
blockade duration scatter plots for control (N=707) and d) H-NS & FIS bound HT samples (N=737).
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TRANSLOCATION OF DNA
THROUGH ULTRATHIN NANOSLITS

Two-dimensional (2D) nanoslit devices, where two crystals with atomically flat surfaces
are separated by only a few nanometers, have attracted considerable attention because
their tunable control over the confinement allows for the discovery of unusual transport
behavior of gas, water, and ions. Here, we study the passage of double-stranded DNA
molecules through nanoslits fabricated from exfoliated 2D materials, such as graphene
or boron nitride, and examine the DNA polymer behavior in this tight confinement. We
observe two types of events in the ionic current: long current blockades that signal DNA
translocation and short spikes where DNA enters the slits but withdraws. DNA transloca-
tion events exhibit three distinct phases in their current-blockade traces — loading, trans-
lation, and exit. Coarse-grained molecular dynamics simulation allows us to identify the
different polymer configurations of these phases. DNA molecules, including folds and
knots in their polymer structure, are observed to slide through the slits with near-uniform
velocity without noticeable frictional interactions of DNA with the confining graphene
surfaces. We anticipate that this new class of 2D-nanoslit devices may be used for study-
ing polymer physics and lab-on-a-chip biotechnology.

This chapter has been authored by Wayne Yang, Boya Radha, Adnan Choudhary, Gangaiah Mettela, Yi You,
Andre K. Geim, Aleksei Aksimentiev, Ashok Keerthi, Cees Dekker "Translocation of DNA through ultrathin
nanoslits", Advanced Materials, in print.
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6.1. INTRODUCTION

The translocation of biopolymers through nanoscale constrictions such as pores and
channels has inspired a new class of lab-on-a-chip sensors that can sense, sort, and pro-
cess DNA, RNA, and proteins for diagnostics and sequencing applications [1-4]. In par-
ticular, nanopores have been used abundantly for biophysics studies and DNA sequenc-
ing [5], while lab-on-a-chip platforms allow extensive microfluidic integration of differ-
ent sensors and reactions [6]. Such methods require nanoscale manipulation and an
understanding of the physics governing the transport of biopolymers. Despite decades
of research with efforts to design and fabricate different geometric confinements [7]
to probe various aspects of the transport process, the fundamentals of the biopolymer
transport phenomena through artificial nanochannels have not been fully resolved. One
challenge is the multitude of forces involved in the transport process on the nanoscale.
Molecular transport is driven by the interplay of entropic, electroosmotic, and elec-
trophoretic forces experienced by the biopolymers [7-12]. For example, nanoconfinement-
induced entropic barriers hinder the insertion of large DNA polymer coils driven by the
electrophoretic force into much smaller nanopores and channels that can be as small as
the length scale of natural biochannels and porins. Another challenge lies in mimicking
smooth and atomically precise surfaces that would allow researchers to disentangle the
intrinsic polymer behavior from surface interactions [13]. Silicon nitride/oxide-based
substrates have been extensively used for nanofluidic channels to translocate biopoly-
mers, but they suffer from significant (few nm root mean square (rms)) surface rough-
ness and inhomogeneous surfaces [14-16]. Attempts with carbon nanotubes (CNTSs),
which feature smooth inner surfaces, face challenges of device integration and leakage
due to the stringent requirements of a perfect seal as well as a lack of systematic control
of the channel length and diameter [17-19]. Until recently, it was impossible to fabri-
cate individual artificial channels with atomic scale dimensions or even subnanometric
size tunable nanofluidic devices which has hindered the further development of the field
[20].

Here we report the first study of DNA transport through two-dimensional (2D) nanoslits
with precisely designed dimensions and atomically smooth surfaces [21]. The nanoslits
were fabricated using exfoliated 2D materials such as graphene or hexagonal boron ni-
tride (hBN). They were assembled in a trilayer stack (Fig.6.1a), where the basal planes
of the two crystals (top and bottom) provide atomically flat walls, while the third crystal
with a precise controlled thickness serves as a spacer layer that separates these walls.
The height of the confinement was determined by the thickness of the spacer layer that
can be set at any value from a monolayer (0.34 nm) to tens of nanometers. The entire
crystal can then be etched down to the desired length of the slit. Entry and exit to the
slits were provided through out-of-plane bulk access reservoirs. Previous studies have
demonstrated remarkable water-, ion-, and gas-transport properties [21-23] of such de-
vices. Furthermore, the surface properties and chemical interactions of such nanoslits
can be tuned for studying various surface interactions and sensor applications. Explo-
ration of the DNA transport properties through nanoslits may experimentally answer
questions about the strength of DNA-graphene interactions hypothesized by many pre-
vious studies [1, 24-26] and allow studies of DNA in strongly confined 2D slits on scales
not previously probed by conventional nanofluidic devices.



6.2 FABRICATION AND RESULTS 85

a) b) c)
DNA . Graphene top layer 4
2D nanoslit — =z
c 2
Il Ihei%ht £0
Y B Graphene £
| SiN membrane | -2
@ SiN membrane . Spacer G :
* Graphene )
bottom layer -400 -200 0 200 400

Voltage (mV)

Figure 6.1: DNA translocation through 2D-nanoslit devices. a) Cross-sectional view of a 2D-nanoslit device
in the DNA translocation setup. DNA is introduced from the cis (negatively biased) side and a positive voltage
is applied to drive the DNA through the slit. b) Oblique-view schematic of the 2D nanoslit. The device is made
by sandwiching graphene spacers between top and bottom layers of graphite crystals to form an atomically
smooth surface within the slit. Graphene spacer defines the height of the device to an accuracy of a single
layer — 0.34 nm. The entire graphene crystal was then masked and etched perpendicularly to define the length
of the slit. The final device geometry was w= 110 nm, h= 6.5 nm, 1= 400 nm. c) Typical I-V curve of our 2D-
nanoslit device at 1M LiCl. The conductance is linear across this range. The measured conductance of our
graphene deviceis 1.2x1078 S,

6.2. FABRICATION AND RESULTS

The 2D-nanoslit devices were fabricated following the procedure previously outlined
by Keerthi et al. [22] (for details, see SI). Schematically, the device is represented in
Fig.6.1b. The spacer that controls the height of the nanoslit is made from few-layer
thick graphene. To smooth out any roughness coming from the supporting SiN surface,
thicker stacks of graphene (~20-30 nm) were used as the bottom and top crystals. The
length, width, and height, of the major 2D-nanoslit device that we here report on was 1 =
400 nm, w = 110 nm, h = 6.5 nm, respectively (for other devices, see SI). To facilitate the
detailed detection and analysis of translocation events of individual DNA molecules, our
device contained only a single nanoslit. First, using 1M LiCl solution, we checked that
the current-voltage characteristic was linear across the +300 to -300 mV range (Fig. 6.1c).
From the slope of the I-V graph, we measured a slit conductance of 1.2 x 1078 S —in line
with the expected conductance of 1.9 x 108 S as estimated from the bulk ionic conduc-
tivity and geometric size. The 2D-nanoslit devices could be filled properly and did not
show intrinsic instabilities. When left at a constant voltage (300 mV), the device showed
a stable open slit current for many hours. The devices were extremely stable and could
be used for weeks. For the DNA translocation experiments, the initial salt solution was
replaced with 4M LiCl in order to increase the signal-to-noise resolution of the currents
[27].
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Figure 6.2: Current blockades produced by DNA in 2D-nanoslit devices. a) Scatter plot of the average current
blockade versus the time of DNA events. Two regions can be seen - DNA translocation region which is marked
by deep current blockades and long passage times (red). The inset shows a histogram of the event duration,
with a median at 8.4 ms. The second region is the spike region (blue) marked by small current blockades
and fast dwell times. b) Representative current traces for DNA translocation events (top panel, red) and a
spike event (bottom panel, blue). We interpret the latter events as DNA probing the entrance of the slit but
withdrawing due to entropic force. Data were filtered with a 3 kHz low pass filter. c) Six representative current
traces produced by DNA translocation. The traces have an armchair shape and vary in the length and depth of
the current blockades.
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Upon addition of DNA (5 kbp, linear dsDNA) to the entry (cis, negative voltage-
biased) side of the device, we observed clear temporary reductions in the ionic current
through the 2D-nanoslit device at 300 mV. As is well known from the field of nanopores,
such current events indicate the presence of DNA in the slit [28]. Events are character-
ized by their average blockade current and the time that the DNA spends within the slit.
Fig. 6.2a plots these quantities in a scatter plot (N=796), where each dot represents a
separate single-molecule event collected from our graphene device with the dimensions
reported in the preceding paragraph (1 =400 nm,w= 110nm, h=6.5nm). Two main popu-
lations appear: a first one that we attribute to the translocation of DNA through the slit
(termed ‘DNA translocation region’), and a second region that comprises of much faster
transient events (termed ‘spike region’). These two populations of events are separated
by a threshold value that is set, similar to DNA events in nanopore experiments [29], as a
fraction of integrating the average current blockade level over the total time of the event
(0.2 nA*ms). We interpret the high-amplitude (above threshold) dips in the current trace
with a long passage of time (>1 ms) as events where the DNA molecule fully translocates
through the slit. Here, DNA is electrophoretically driven across the slit, temporarily dis-
placing ions within the slit, which leads to a drop in the measured current. This pro-
cess is directly analogous to the blockade of the ionic current in solid state nanopores
upon passage of DNA, but the dips are much longer here (tens of milliseconds versus
~0.5 ms for nanopores) owing to the length of the 2D-nanoslit which exceeds the typical
nanopore channel length by about two orders of magnitude. Example current traces are
shown in Fig.6.2b, c where we see individual dips that last from a few ms to more than
60 ms. Translocation times were broadly distributed, with a median translocation time
of 8.4 ms (Fig.6.2a insert).

Closer examination of the DNA translocation events showed that most events had
a characteristic armchair-like shape, displayed in the example events of Fig.6.2c, with a
linear rise, plateau, and a linear decay. The rise, dwell, and fall times as well as the maxi-
mum blockade amplitude reached during the event varied vastly. The blockade current
ranged between 0.5-1% of the open slit current, and a large spread in the total dwell
time and average blockade current was observed (over 2 orders of magnitude in time
and between 0.07-0.3 nA). We hypothesize that these variations originate from differ-
ent number of DNA loops that were captured from the randomly oriented polymer blob
and simultaneously translocated through the nanoslit — a scenario that we will further
examine below. Remarkably, we did not see any clogging of the 2D-nanoslit devices and
devices remained stable for hours showing clear DNA translocations, suggesting that any
interactions of the DNA with the graphene surface were transient in nature.

Turning to the second population of observed events (Fig.6.2b, spikes), these events
had a distinctive spike-like shape and exhibited smaller blockade current amplitudes
and shorter dwell times. We interpret these blockades as transient excursions of DNA
into the entrance of the nanoslit that did not result into complete translocations, but
rather, the DNA withdrew back into the entry reservoir. Similar phenomena have been
reported in a variety of nanofluidic experiments with microslits, nanopores, and other
micro- or nanofluidic devices that presented an entropic barrier to polymer entry [11,
30, 31]. A polymer can access way less configurations within a narrow slit than in free
solution, and hence the entry into the slit presents an entropic barrier. This barrier will
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be lower for slits with taller heights (h) and for shorter DNA [32]. Shorter DNA therefore
is expected to yield more translocation events. Additional experiments with DNA of dif-
ferent lengths, 10 and 1 kbp, in nanoslits of similar dimensions (see SI) provided support
for this: while the 10 kbp DNA exhibited no translocation events but instead exclusively
probing spike events, abundant translocation events were observed when 1 kbp DNA
was used (see SI).

6.2.1. SIMULATIONS AND DISCUSSIONS

In order to evaluate the DNA translocation process in microscopic detail, we simulated
the DNA translocation through graphene slits using a coarse-grained molecular dynamic
approach. The device geometry and size, driving voltages, and salt conditions from
the experiments were all recreated in the simulation setup (Fig.6.3a). Our simulations
employed a custom coarse-grained model of DNA [33] and represented the graphene
nanostructure as a frictionless repulsive potential. Prior to translocation, a 5kbp DNA
molecule was equilibrated in the 160 nm x 110 nm x 500 nm entry reservoir near the
entrance of the slit to generate a random starting configuration of the DNA. A three-
dimensional (3D) electrostatic potential, as determined from continuum calculations,
was applied to drive the DNA through the nanoslit. Indeed, the DNA was captured into
and translocated through the slit. Instantaneous DNA conformations were used to com-
pute the blockade current using a steric exclusion model [34]to build up a current pro-
file of the entire event. Note that, as is generally found [35], the molecular dynamics
simulations are typically faster than the nominal timescales by several orders of magni-
tudes and thereby cannot directly be compared to the dwell times in actual experiments.
Fig.6.3b shows three typical current trace obtained from a simulation of a DNA translo-
cation (See SI more examples from simulations).
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Figure 6.3: MD simulation of DNA translocation through a 2D nanoslit. a) To-scale coarse-grained model of
the experimental 2D-nanoslit device. b) Ionic-current-blockade traces obtained from the simulations of DNA
translocation through the slit at 1V. Events typically showed a 1-2% change of the open slit current and had an
armchair shape (See SI for other simulation runs). c) Video stills from one simulation trajectory showing the
three stages of a DNA translocation event —loading, translation and exit — and the corresponding three regions
in the armchair current blockade. d) Zoomed-in view of a simulated current blockade trace at 1V. €) Zoomed-
in view of an experimental current blockade trace that matches the armchair shape of the simulated current
trace well. f) Snapshots of a simulation showing the DNA polymer exploring and probing the entrance of the
slit at four different time points. g) Current-blockade signal for a DNA probing event. Similar to experimentally
obtained traces, the current blockade shows up as quick spikes with a low current-blockade amplitude.
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Current traces typically showed a 1-2% decrease relative to the open slit current and
generally had an arm-chair shape. Video stills captured at three different time points
(Fig.6.3c) illustrate different stages of the DNA translocation process, which we can di-
rectly relate to the current traces obtained from the experiment. The gradual entry of
DNA into the slit decreases the current (‘loading’) until the leading segment exits the slit.
From that point on, the amount of DNA in the slit remains approximately constant lead-
ing to a plateau in the current blockade (‘translation’). Eventually, the trailing segments
of the DNA enter the slit to translocate as well, which leads to a return to the open slit
current (‘exit’). Taken together, our simulations reproduce and explain the typical arm-
chair shape of current blockade traces (Fig.6.3d) that was observed in the experiments
(Fig.6.3e and 6.2c).

The simulations also allowed us to investigate the capture process of the DNA in
greater detail. Upon initialization of the simulation, the DNA did not immediately get
captured into the slit for translocation even under a strong applied voltage. Instead,
segments of the DNA were observed to probe the entry of the slit with a partial inser-
tion which subsequently retracted back into the reservoir, a phenomenon that occurred
repeatedly. Fig.6.3f shows four video stills from such a process. Eventually, the DNA
overcame the entropic barrier and fully translocated through the slit. Fig.6.3g shows the
calculated current for such probing processes. Generally, much smaller blockade cur-
rents (<0.3% of the open slit current) were observed for the probing event that lasted
much shorter than complete translocations. These findings match well with the results
obtained from the experiments in the spike region.

The DNA transits from a 3D configuration in the polymer blob at the entrance of the
slit to a significantly confined arrangement in the slit, as the slit height is much less than
the persistence length of DNA (i.e. DNA persistence length ~50nm, slit height ~6.5 nm)
which forces DNA into a 2D configuration. We were able to observe the capture and
translocation of DNA features such as folds, loops, and knots in our simulations. For ex-
ample, a series of video stills (Fig.6.4a) shows a DNA loop, which formed spontaneously
upon the DNA capture, translocating through the slit (as marked by the dashed red box).
The observation of such features is surprising as one might think that forces (i.e. the
combination of electrophoretic, entropic, and frictional surface-interaction forces) in
the translocation process would pull the DNA taut and smooth out any of these features.
Contrary to such expectations, loops did not unfold or get stretched out by forces ex-
perienced by the DNA during the translocation process, but instead appeared to ‘slide’
through the slit without much internal rearrangements.

To gain a more quantitative understanding of the translocation dynamics of folds
in the DNA, we plotted the displacement versus time curve separately for each of the
subsequent 100bp segments comprising the DNA molecule (Fig.6.4b). Three such DNA
segments are highlighted in particular, the leading DNA segment (the segment that first
entered the slit), the middle segment (halfway during the translocation process), and
the trailing segment (last segment of DNA that entered the slit). Neighboring segments
are observed to have rather similar displacement curves, which indeed acts to preserve
particular DNA features such as a loop or a fold throughout the translocation, as the
segments slide together along the nanoslit in a frictionless manner with a near-constant
velocity. Second, while the first strand always gets pulled into the slit from a volume near
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Figure 6.4: DNA dynamics in 2D-nanoslit. a) Video stills of a DNA loop translocating through the 2D nanoslit
(top view). Upon capture into the slit, folds and loops along the DNA polymer chain (shown in the red dotted
rectangle) are preserved throughout the entire translocation event. b) Distance versus time curves for every
100 bp segments along the same DNA molecule. The origin of the Y axis is defined to be at the entrance of
the slit. Three segments are highlighted to show the general trend: green - leading segment, i.e., first segment
of DNA to enter the nanoslit; cyan—- middle segment; and red - trailing segment, the last one to enter the slit.
Segments that were close together did not vary much in their displacement, which preserved local DNA con-
formations, such as loop and folds, throughout the translocation. c) Calculated velocity of DNA during the
translocation. The maximum velocity increases for the trailing segments of the DNA. d) Snapshots illustrating
the diversity of DNA polymer conformations in the simulations and the corresponding ionic current traces.
Video stills correspond to the time point marked by the arrow in the current trace (full videos in the SI). Simi-
lar current traces were experimentally observed in the translocation measurements, confirming that complex
DNA conformations can translocate through the 2D nanoslit without becoming unraveled.
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the slit entrance, later segments are pulled in from further out of the reservoir (negative
distances denote distances away from the slit into the entry reservoir, Fig.6.4b). The plot
of the segment’s velocities (Fig.6.4c) shows that nearby segments travel through the slit at
nearly the same speed, suggesting that they experienced similar forces. However, there
is a noticeable (~25%) increase in the maximum velocity that is attained by the segments
towards the end of the DNA event. This can be attributed to a decrease in the amount of
the DNA that still is residing in the entry reservoir before the slit, as more and more DNA
is unwounded and loaded into the channel, yielding a reduced drag arising from pulling
the remaining polymer blob and hence an increased velocity for the DNA translocating
through the slit. We note that this drag force is the only observed factor affecting the
otherwise near constant velocity transport of the DNA.

Armed with these microscopic insights, we are able to explain almost all features
seen in the experimental current traces. We returned to the experiments and realized
that the large variation in amplitudes reached by the different current traces are likely
due to the presence of a varying number of folds, loops, or knots in the DNA polymer
that reside within the slit [36, 37]. Current traces from the simulations gave us hints on
how to identify such features, e.g. an abrupt change in the current level. We illustrate
this with three event types from the simulations in Fig.6.4d, with corresponding experi-
mental traces that exhibit the same profile in the current blockade (full videos are pro-
vided in the SI). First, current traces often exhibited multiple plateau levels, for example
the one in Fig.6.4d top (denoted 2-1-2 event) where the current started with a plateau
level that subsequently decreased by a factor of 2, to subsequently return to the plateau
value again. These events are due to DNA that is translocating in a folded manner before
straightening out into a single helix segment in the middle of the event. This in fact can
be used to identify the blockade level of an individual double stranded DNA molecule,
to characterize and sort the rest of the translocation events, such as the 3-1 event shown
in Fig.6.4d where a large DNA segment made of multiple folds slides along the channel
middle (see SI for the categorization of the events). Indeed, we also observed such 3-1
events in the experimental traces, which suggests an interaction-free surface of our 2D-
nanoslits that allows these features to slide through. We also observed the translocation
of a single DNA knot (Fig.6.4d) which shows up as an abrupt half-unit step in both the
simulation and experiment current traces.

Taken together, these traces indicate that the dominating force during the transloca-
tion is the electrophoretic force that acts equally on the entire DNA polymer that resides
within the slit. This allows loops and folds to translocate through without being pulled
internally and relaxed. Itis remarkable that these features persist even under the extreme
slit-like confinement (6 nm) for at least 10 milliseconds, a confinement and time regime
not probed by conventional nanofluidic experiments. We do not observe any evidence
of graphene-DNA interactions, contrary to other graphene devices [24-26]. Additional
experiments in hBN nanoslits show similar translocation profiles as the events obtained
from graphene devices, suggesting that the translocation of DNA is dominated by the
electrophoretic driving force and slides along the atomically smooth surface (as shown
by AFM characterisation reported in the SI). In a liquid environment, the graphene sur-
face may pick up a slight negative surface charge from residual OH™ groups which how-
ever will be readily screened by Li* ions in the high-salt buffer [38], resulting in weak
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DNA-graphene interactions. The discrepancy with other reported graphene-DNA inter-
action may arise from the conventionally followed fabrication protocols in the literature
that damage the graphene sheets, allowing for defect sites to interact with dsDNA [39-
41], whereas our approach directly benefits from the atomically flat graphene planes of
the exfoliated 2D materials which are not post-processed.

6.3. CONCLUSIONS

In summary, we studied translocation of DNA molecules through ultrathin nanoslits
fabricated from 2D materials. Remarkably we did not require to apply any additional
coating to overcome the clogging that is commonly reported in graphene nanopore de-
vices, and our devices remained stable for hours [42]. Clear changes in the ionic cur-
rent allowed us to identify three distinct phases of DNA translocation, namely loading,
translation, and exit. The entry process is dominated by the entropic cost of confining
the DNA into the 2D slit. Coarse-grained simulations provided a microscopic picture
that was fully consistent with the experimentally obtained ionic current traces. Neigh-
boring segments of the DNA slid together and translocated with the same velocity in a
near-frictionless manner. Towards the end of the translocation, DNA segments faced a
weaker retarding force due to the lower amount of DNA residing outside the entrance,
thereby yielding higher translocation velocities. The weak forces involved in the translo-
cation process did not stretch the DNA during translocation but allowed folds and knots
to persist inside the slit. The folds and knots slid through the entire length of the nanoslit
suggesting that interactions with the graphene surface are transient and weak.

Looking ahead, the 2D nanoslits provide a novel tool for probing biopolymer proper-
ties as they constitute a precisely engineered confinement with atomically smooth sur-
faces. We envision that the use of optically transparent 2D materials should allow fu-
ture 2D nanoslit devices to be integrated with optical microscopy for fluorescence-based
nanofluidic experiments. Such devices can be used to probe the evolution of DNA knots
and folds under confinement with low surface interactions. An obvious next step for fu-
ture investigations will be to study the interplay of entropy and polymer configuration
under ultrahigh confinement by varying the height of the slits and the length of DNA in
different salt concentrations and voltages. This may pave the way for future 2D sensing
devices that can, for example, be used to separate different lengths of biopolymers. Fur-
thermore, the use of these frictionless 2D nanoslits can be expected to shed light on the
basic physics of biopolymer transport.
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6.4. METHODS

6.4.1. DNA-SENSING EXPERIMENTS

2D nanoslit devices were loaded in a PEEK (Polyether ether ketone) flow cell. We used
Ag/AgCl electrodes and an Axopatch 200B amplifier (Molecular Devices) for current de-
tection. The traces were recorded at 100kHz and further low pass filtered at 5kHz for with
the Transanalyzer Matlab package [43].

For the DNA sensing experiments, 5 uL of 500ng/uL of the stock solution (NoLimits
Individual DNA Fragments, Thermo Fisher Scientific) was pipetted into the negatively-
biased cis compartment of the flow cell containing 500uL of 4M LiCl solution (buffered
with 40mM Tris-HCI, 4mM EDTA, pH 8). We used LiCl to maximise the translocation
time and signal-to-noise (SNR) ratio as is commonly done in ionic sensing measure-
ments. Liions can bind strongly to the negative backbone of the DNA, screening most of
the charge, and hence decreasing the electrophoretic force on the DNA [27]. This diluted
the DNA to a final concentration of 1ng/uL in the reservoir. The DNA was electrophoret-
ically driven through the slit with a bias voltage of 300mV and detected by measuring
changes in the current flowing through the 2D slit.

6.4.2. MD SIMULATION

All simulations of dsDNA translocation through the nanoslit were performed using the
Atomic Resolution Brownian Dynamics (ARBD) package [44]. COMSOL software (COM-
SOL Multiphysics 5.3a) was used to obtain the electrostatic potential that was applied
in ARBD. Prior to translocation simulations, a 5000-bp DNA strand was equilibrated in
a 160 nm3 volume using a multi-resolution simulation protocol [33] to create different
DNA conformation. These conformations were then used to initialise the simulations
of the dsDNA translocation. The pre-obtained electrostatic potential was then used to
drive the DNA into the slit and begin the translocation process.
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6.5. SUPPORTING INFORMATION

6.5.1. FABRICATION OF 2D NANOSLIT DEVICES
The fabrication procedure was originally reported in Keerthi et al [22] and modified for
our single channel device.

Preparation of SiN membrane: We prepared a free-standing silicon nitride (SiNx)
membrane with dimensions of about 50 yum x 100 ym using photolithography and wet
etching, starting with a standard silicon (Si) wafer covered with 500 nm-thick layer of
SiNx on both sides. A narrow rectangular hole (300 nm x 20 um) was drilled by focused
ion beam (FIB) on the free-standing SiNx membrane which is pre-coated with 10 nm
aluminium on both sides of the membrane. Aluminium coating helped to alleviate the
charging of the insulating SiNx membrane. After drilling the hole, the aluminium was re-
moved by treating the SiNx wafer with alkaline solution (Microposit®MF319 developer).
Following this, the membranes were exposed to oxygen plasma for 3 mins to clean the
surface.

Patterning and etching of graphene slit: In the next step, a mechanically exfoliated
thin (5 to 6.5 nm, error 0.1 nm) crystals of graphite were prepared on an oxidized Si
wafer (300 nm of SiO;). These crystals were then patterned and etched to make one long
slit of 110 nm width. Extra nanocavities were created perpendicular to the main 2D-slit
to prevent the formation of contamination bubbles formed from collected hydrocarbon
contaminants during the self-cleansing process that happens when two 2D-crystals are
placed on top of each other, as reported previously [45]. These cavities were perpendic-
ular to the main channel and did not contribute to DNA translocation through the final
devices. Pattering was done by electron-beam lithography using polymethyl methacry-
late (PMMA) as a resist and oxygen plasma to etch away graphite. The PMMA mask
was removed by mild sonication in acetone. The resulting patterned spacer crystal were
transferred on to a bottom layer (around 20-30 nm thick graphite or hexagonal boron ni-
tride, h-BN) on another oxidized Si wafer. Transfer of graphene stack: The double layer
stack of bottom and spacer layers was transferred together by a wet transfer method,
onto the previously made FIB milled aperture on the SiNx membrane as shown in Fig.
S1- Stepla. Following the transfer, the hole was extended into this stack by dry etching
from the underside of the SiNx/Si wafer (Fig. S6.5- Step1b). To this end, dry etching with
oxygen plasma was used for graphite, whereas h-BN was etched in a mixture of CHF3
and oxygen.

Sealing of graphene slits: In the next step, a relatively thick ( 150 nm) crystal of
h-BN/graphite was chosen as the top layer. For the case of graphite 2D slits, the top
graphite crystal was covered with another hBN crystal ( 50 nm thick) which will later
be used as a mask for a later etching step. The top layer was precisely transferred on
top of the bottom and spacer stack so that it covers the FIB rectangular aperture and
overlapped with the 2D-slit (Fig. S6.5- Step2a). After each transfer, the substrate was an-
nealed in 10% hydrogen-in-argon at 400°C for 5 h. The annealing steps are essential for
the cleanliness of the final devices and to avoid the clogging 2D slits with PMMA residues
and other contaminants from the fabrication processes.




96 6. TRANSLOCATION OF DNA THROUGH ULTRATHIN NANOSLITS

Defining the length of the channel: To define the desired length (L) of the 2D-slit
in the final device, we used another step of e-beam lithography. After the pattern writ-
ing, the PMMA was used as mask to etch away top and bottom layers using dry-etching
methods (Fig. S1- Step3). In the case of graphite 2D-slit devices, first, hBN present on the
top graphite layer was etched, and using this hBN as a mask, graphite layers of remain-
ing top, spacer and bottom crystals were etched. After etching, the PMMA was removed
by dry etching. The final devices were annealed at 400 °C for 5 hrs (Fig. 6.5- Step4) and
stored in DI water.

Step 1

(a) Transfer the stack of bottom and spacer layer.
(b) Dry etching of bottom and spacer layers from

spacer layer backside.
bottom Iayer

assembly of spacer and bottom layer Step 2 -

(a) Transfer the top layer
top layer (b) Anneal the device

<— 2D Slit

. (a) E-beam lithography using pmma resist
\L \L \l/ dry etChmg \L \L J/ (b) Dry etching using pmma as mask

pmma mask

(a) Remove pmma resist
(b) Anneal the device

Figure 6.5: Device fabrication flow chart. Fabrication of 2D nanoslit devices is illustrated.
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6.5.2. AFM PROFILE OF A 2D NANOSLIT
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Figure 6.6: AFM line profile of nanoslit. An AFM line profile across an open 2D nanoslit device (before the top
layer is transferred), showing the low (< 1 nm) RMS roughness. The height profile is taken from the area shown
in the dotted white box. The perpendicular nanocavities for the collection of contaminants can be seen in the
image.

6.5.3. MOUNTING AND WETTING PROCEDURE FOR THE 2D NANOSLIT

Reservoirs
PEEK flow cell

2D nanoslit device

Figure 6.7: Schematic of PEEK flow cell used to mount 2D nanoslit. The 2D nanoslit device was mounted in
a PEEK flow cell containing two large reservoirs ( 500ul in volume). For the wetting procedure, the following
order was used. First, the device was rinsed with EtOH and gently blow-dried with a N2 gun. The device
was then mounted into the PEEK flowcell. To help with the wetting of the 2D nanoslit, the following order of
solution were used. First, the reservoirs were filled with 100% Ethanol. The Ethanol solution was then replaced
by a solution containing 50% Ethanol and 50% MiliQ. That solution was then replaced by MiliQ several times
(2-3 times) to ensure that all ethanol was removed from the reservoirs in order to prevent precipitation of
DNA. Finally, the MiliQ was replaced by the desired salt solution (1,2,4 M LiCL). An Ag/AgCl electrode was
inserted into each of the reservoir and connected to an Axopatch 200B amplifier (Molecular Devices) and the
conductance of the slit was measured. The entire wetting procedure was repeated until the device obtained
the expected conductance for the given geometry of the fabricated 2D nanoslit.
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6.5.4. ADDITIONAL SAMPLE EVENTS OF DNA TRANSLOCATION IN 2D NANOSLIT
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Figure 6.8: Additional sample events of DNA translocation in 2D nanoslit Additional DNA translocation event
from the experiments in (300mV, 4M LiCl).
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6.5.5. DNA TRANSLOCATION IN HBN 2D NANOSLIT
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Figure 6.9: hBN 2D-nanoslit device with DNA translocation events. We observed exclusively spike events
for the 10kbp DNA experiment while the experiment with 1kbp showed primarily DNA translocation event
marked by higher current blockade and longer dwell time of the event.

A hBN nanoslit device (1lpym x 6nm x 116nm) was fabricated using the procedure
outlined in S1 with hBN top and bottom stacks used instead of graphene. Similar to the
wetting procedure outline above, the slit was mounted in a PEEK flow cell and buffered
with 2M LiCl. An I-V curve was taken to ensure that the device was properly wetted prior
to the addition of 10 kbp DNA on the cis side of the flow cell at a bias voltage of 500mV.
Similar to the data reported in the main paper, We observe only probing events char-
acterised by short and quick spikes (left column of figure). The device was thoroughly
cleaned by rinsing with buffer solution, EtOH and water repeatedly before dismount-
ing. The device was stored in MiliQ water for several days to rinse out any remaining
DNA material. The device was then annealed at 250°C in air for 2 hours to ensure com-
plete degradation of DNA and drying of the slit. The device was then remounted and
wetted with 2 M LiCl, of which the conductance remained the same as the first exper-
iments with 10kbp DNA. Then 1kbp DNA was introduced from the cis side. This time,
clear DNA translocation can be seen showing up as longer blockade in the current trace
as well as longer translocation times as seen from the collected scatter plot on the right
(right column of figure).
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6.5.6. MD SIMULATION SETUP

All simulations of dsDNA translocation through the nanoslit were performed using the
Atomic Resolution Brownian Dynamics (ARBD) package [44]. COMSOL software (COM-
SOL Multiphysics 5.3a) was used to obtain the electrostatic potential that was applied in
ARBD. This process is described in detail below.

Continuum modeling The COMSOL software package was used to generate contin-
uum solutions to the electrostatics problem. The computational domain consists of a
160 nm3 initial reservoir, a 400 x 110 x 3.5 nm? slit that emerges from the center of the
face of the initial reservoir and connects seamlessly to the top face of a 160 nm3 final
reservoir. The material properties of the interior of the system were set to those of wa-
ter, i.e., 100 kg/m? density, 0.00089 Pa*s dynamic viscosity, and a relative permittivity of
80. The distribution of the electrostatic potential was obtained using the Electrostatics
module. The external potential was introduced into the calculation as Dirichlet bound-
ary conditions on the x-face opposite the slit in the initial reservoir and the z-face oppo-
site the slit in the final reservoir. We used a two-step process to obtain the mesh upon
which COMSOL solved the Laplace’s equation. First, a free tetrahedral mesh was cre-
ated using a predefined ‘Extremely fine’ element size everywhere. We used the resulting
mesh to find the initial solution to the electrostatics problem. Next, the solution was re-
fined 5 times using an adaptive mesh procedure with a maximum coarsening factor and
element growth rate of 3. The resulting mesh was then saved and used to solve all the
electrostatics problems in this work.

MD simulations All simulations were performed using a GPU-accelerated simula-
tion engine ARBD, a 40 fs simulation time step, and a two-bead-per-basepair model of
dsDNA that was previously described [33]. The central bead in this model represents
the interaction sites within double-stranded segments while the orientation bead rep-
resents the local twist of the helix. The bonded interactions in this model are enforced
through harmonic potentials, while the non-bonded interactions were chosen to match
the experimental measurements of Rau and Parsegian for DNA in a 25 mM MgCI2 elec-
trolyte [46]. A Langevin integration scheme was used to maintain a constant tempera-
ture with diffusion constants of 120 and 79 A/ns for the central and orientation beads,
respectively. The CG MD simulation of ssDNA was coupled to the electrostatic poten-
tials extracted from a continuum COMSOL model in the form of an external grid-based
potential that applied to the central beads of the DNA. Each central bead was assigned
an effective charge of 0.5e, where e is the charge of an electron, to account for electroos-
motic forces [9, 47]. Additionally, a repulsive steric potential was applied, in the form
of a 3D grid potential, to prevent the DNA from penetrating the solid boundaries of the
system. The steric potential was generated using the find_boundaries routine of the im-
age processing Python module, scikit-image [48], to identify a set of boundary layers (in
steps matching the 1 nm x 1 nm x 0.5 nm resolution of the grid) from the binary geometry
data exported from COMSOL. The values of the steric potential were zero in the reser-
voirs and slits and increased with each boundary layers as kd? where k=100 kcal/mol and
d is the distance in nanometers outside the solid boundaries of the system.

Our coarse-grained simulations used point particle beads to represent DNA base
pairs. The height that the beads could explore in our simulations was set to 3.5 nm,
Figure 6.10. Physically, this corresponded to a slit height of about 6nm when the full di-
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ameter of DNA is taken into account, which is about the same height as the slit reported
in the experiments. The length and width of the simulated slit was 400 and 110 nm, re-
spectively. Prior to translocation simulations, a 5000-bp DNA strand was equilibrated in
a 160 nm3 volume using a multi-resolution simulation protocol. The initial conforma-
tion of the molecule was a straight line extending from (0,-55,-80) nm to (0,55,80) nm.
The system was equilibrated in five steps of increasing resolution. We started with 108
steps of duration 200 fs/step with a resolution of 100 bp/bead. We then moved on to
107 steps at 200 fs/step with 50 bp/bead, 107 steps at 200 fs/step with 25 bp/bead, 107
steps at 100 fs/step with 5 bp/bead, and finally 2x106 steps at 40 fs/step with 1 bp/bead.
Eighteen DNA conformations were created in this manner and used to initiate the 18
translocation simulations performed.
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Figure 6.10: Distribution of the vertical position of simulated DNA molecules Distribution of the vertical
(normal to the slit plane) coordinate of the 2500 (central) beads representing the molecule of DNA. The 3.5
nm height of the slit accessible to the DNA beads corresponds to an experimental slit height of 5.7 nm, taking
into account the 2.2 nm diameter of the DNA.
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6.5.7. ADDITIONAL CURRENT TRACE OF DNA EVENTS OBTAINED FROM COARSED
GRAINED SIMULATIONS

20us 20us 10ps
R g_\/ g_\/f
(aV} Al QA
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Figure 6.11: Additional current trace of DNA events obtained from coarsed grained simulations Simulated
current trace of DNA events obtained from coarse-grained Brownian dynamics simulations.
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6.5.8. HISTOGRAM OF CURRENT BLOCKADE AND CHARACTERISATION OF EVENT
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Figure 6.12: Histogram of current blockade and characterisation of event types Histogram of the current
blockade level achieved for all 16 simulation runs and characterisation of event types. We can identify clear
peaks arising from the plateaus from the simulated current trace. We sorted the event type by the plateau
levels that they achieved during the translocation process (i.e., peak 1 = type 1). Matching the simulations,
we see that the event type corresponds to the number of folds or loops in DNA present in the slit. We did not
see a pure typel-only translocation in the simulations which would correspond to a single helix of ds-DNA
translocating through the slit. At higher numbers, the accuracy between the number of folds and strands of
the DNA diverges because the DNA can adopt different configurations which produces the same number of
equivalent DNA strands.
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TWEEZING OF INDIVIDUAL
PROTEINS IN PLASMONIC
NANOPORES

We show label-free optical trapping of individual 20 nm polystyrene beads as well as of
individual proteins in inverted-bowtie-shaped plasmonic gold nanopores. Our system
employs an optical readout method where the presence of the protein entering the trap
is marked by an increase in the transmission of light through the nanoaperture due to the
shifting of the plasmonic resonance. We show that arrays of these nanoapertures can be re-
liably and consistently produced using Focused Ion Milling with gap sizes of around 10-20
nm and single-nm variation, and a remarkable stability that allows for repeated use. The
optical trapping force of the plasmonic nanopores allows individual 20 nm polystyrene
beads and proteins such as Beta-amylase and Heat Shock Protein 90 (HSP90) to be trapped
for very long times of multiple minutes. On demand, we can release the trapped molecule
by turning off the laser, allowing the molecule to diffuse through the device and for another
protein to be interrogated. The throughhole nanoapertures allow to drive out the analytes
by translocation instead of relying only on diffusive processes. The protein-trapping ap-
proach opens up new routes to acquire information on protein shape, conformation, and
dynamics. Given the preliminary success of the protein trapping with these nanoaper-
tures, we propose future experiments on the conformational dynamics of HSP90 proteins
modulated by nucleotide binding.

This chapter is a manuscript in preparation by Wayne Yang, Madeleine van Dijk, Christian Primavera, Cees
Dekker
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7.1. INTRODUCTION

Proteins are responsible for virtually all cellular functions [1, 2]. Just to name some ex-
amples which we will explore in this work, Beta-amylase is a catalytic enzyme that allows
cells to breakdown and digest glucose [3, 4]. Other proteins such as the Heat Shock Pro-
tein are chaperone proteins that assist to other proteins in the cell with protein folding
and allow them to adopt their proper functional shape [5]. In order to accomplish their
function, many proteins are molecular machines that can exhibit several physical shapes
that they transit between while performing their function. To understand the underly-
ing mechanism of such conformational changes, it is necessary to resolve the internal
dynamics of single proteins. Traditional techniques such as X-ray diffraction and cryo-
EM resolve protein structure at near atomic level resolution but yield only static images,
where dynamics has to be reconstructed a posteriori [6-10]. Other techniques such as
FRET require site-specific labelling of the protein which may interfere with its function
[11, 12]. Indeed there has been a strong drive in biophysics to search for new single
molecule tools capable of sensing of protein dynamics in an in vitro environment [13].

An appealing idea from the field is to trap a single protein, tether-free in an aqueous
buffer for an extended period of time for observation on its dynamics [14-17]. One ap-
proach has been to use solid-state nanopores where a nanoaperture is etched through a
SiN membrane [18-20]. By monitoring the ionic current through this nanoscale opening,
one may attempt to obtain some information on the protein shape and conformation as
the protein translocates through the nanopore [21]. However, there are fundamental
limitations in the sensing time as characteristically, the translocation time of the analyte
is very fast (in the range of microseconds to milliseconds) [22]. Such approaches are lim-
ited to capturing only snapshots of the protein’s shape. Various groups have proposed
different techniques including microfluidic devices, most notably, the Anti-Brownian
Electrokinetic Traps (ABEL) that tracks the molecule of interest and applies a real time
electrokinetic feedback to compensate and negate the drift from Brownian motion [23-
25]. The analyte can be kept in the field of view and monitored for seconds. However,
this technique still requires the molecule to be labelled with a fluorescent tag in order to
be accurately tracked and lacks the resolution to resolve the shape of the protein.

Plasmonic nanostructures have recently gained interest for biosensing [26]. These
are nanostructures that are typically milled into a material (such as gold or silver) that
support plasmons, coherent electron oscillations that are driven by an incident light [27].
These structures have the ability to focus electromagnetic fields into nanoscale volumes
below the diffraction limit. The optical resonance of these structures is extremely sensi-
tive to the geometry of the structures and local dielectric environment at subdiffraction
volumes (<nm3). One class of these structures are plasmonic nanopores, nanoapertures
which are holes milled through the freestanding metal layer which can support plasmon
excitations [28-30]. These structures can exhibit an enhanced optical transmission (ex-
traordinary transmission), which can be magnitudes higher than classically predicted.
An analyte entering this volume will cause a shift in the optical resonance that can be
probed with a high-speed photodetector (typically an avalanche photodiode — APD). By
monitoring the transmitted light at a single frequency, an induced shift in the optical res-
onance of the nanoaperture will lead to a measurable change in the transmission level
recorded on the detector.
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Additionally, the tight concentration of the incident laser light by the nanoaperture,
in particular across a gap within the nanoaperture, can produce strong optical gradient
forces that can give rise to a tweezing force [17, 31, 32]. These has been demonstrated for
a variety of nanoapertures that were shown to tweeze small dielectric nanoparticles, i.e.
beads and even single proteins. For example, Gordon et al used nanoapertures that are
supported on a glass substrate to detect and tweeze polystyrene (PS) beads and proteins
[33, 34]. The majority of trapping times of these structures have so far been limited to a
few seconds, before the proteins would spontaneously escape due to Brownian motion.
If further developed, this technique may potentially be used to detect changes in the
shape of the proteins, as different conformations within the nanoaperture may show up
as different levels in the optical transmission [33, 35]. Most development has focused on
these well-shaped traps with one opening closed off by the substrate. However, the de-
velopment of a throughhole nanoaperture will allow for features such as electrophoret-
ically defined directionality and ionic sensing to be integrated, allowing for full control
over the analyte’s motion instead of relying on diffusive processes to drive the molecule
into the sensing region as well as having the benefit of two complementary sensing tech-
niques, viz., optical and electrical [36-38]. However, general progress on this tweezing
and sensing technique has been hindered by challenges in the fabrication of plasmon-
ics nanoapertures, as minute variations in the geometry of the fabricated structures give
rise to large differences in the optical and nanotweezing properties.

Here, we demonstrate a focused-ion-beam (FIB) method to fabricate an array of
bowties on a single membrane with outstanding properties for single-molecule trapping.
The nanoapertures were defined as an inverted bowtie shape and milled into a layer of
Au. We characterised the geometry by the gap size and the length of the bowtie. The
variation in the two critical dimensions of the produced geometries within a produced
array were found be very small, i.e., less than 2 nm. Consistent with that homogeneity
of the plasmonic structures, all nanoapertures in the array displayed a similar optical re-
sponse in terms of their optical transmission. The traps were used to tweeze and probe
two types of proteins (Beta-amylase, HSP90) which were stably trapped for long times (>
180seconds). From the trapping signals, we find evidence for significant low frequency
motion that may be associated with the internal protein dynamics. Proteins could be
released on-demand and the structures were robust enough to be used across multi-
ple experimental runs. The development of a throughhole nanoaperture allows for the
direction of the analyte translocation to be controlled instead of relying only on diffu-
sive processes. We conclude by proposing future experiments to study the dynamics of
HSP90 by modulating it with nucleotides.

7.2. RESULTS

7.2.1. FABRICATION AND TEM CHARACTERIZATION OF INVERTED BOWTIE
STRUCTURES

We fabricated our plasmonic structures using direct Focused Ion Beam (FIB) milling of

gold. Most fabrication methods for the production of nanoapertures are based on e-

beam lithography and etching. By contrast, FIB milling uses a highly energetic beam

of ions (typically Ne or Ga) to knock out atoms directly from the substrate [39]. The
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gap size §

Figure 7.1: Figure 1: Array of inverted bowtie nanoantennas. a) SEM image of an array of inverted bowtie
antennas. The apertures were drilled into a 100nm thick gold film on a freestanding SiN membrane by lo-
cal milling with a FIB. Two alignment apertures were milled next to the array. b) TEM image of FIB-milled
nanoaperture. The length and gap size are indicated. The fabricated structures were very consistent across the
array with an average length and gap size of 160 + 2 nm and 23 + 2 nm, respectively.

lack of a masking step that is required in standard e-beam lithography techniques elim-
inates variables such as the resolution of the resist mask, development times, and etch-
ing times, which can drastically vary and thus influence the final shape of the produced
structures [40]. FIB milling simplifies the process and reduced the parameters to two
variables, the spot size and dwell time of the ion beam used.

Plasmonic structures were fabricated in a gold layer on a freestanding SiN mem-
brane. A thin adhesion layer of 2-3 nm of Ti was deposited onto the SiN, before 100nm of
Auwas deposited, which provided the starting material for the plasmonics aperture to be
milled in. We chose to fabricate inverted bowtie shape structures where the electromag-
netic field will be concentrated at the edges near the center point of the bowtie. Such an
inverted bowtie shape also allows for good thermal properties as heat from the incident
laser is drained to the surrounding gold which acts as a heat sink. The structures were
drilled with a Ga ion beam by intersecting two overlapping inverted triangles [41]. The
dose and amount of overlap was optimized to produce the desired result in the gap size.
The structure geometry and final gap size strongly depended on the size of the ion beam
aperture used. Figure 7.1 shows an example of a SEM image of an array and a TEM image
of a fabricated bowtie. Here, we fabricated 8x8 inverted bowties with the same param-
eters. The bowties were mutually spaced 2.5 ym apart in order to ensure that only one
bowtie was illuminated within the laser spot (~1 pm) during the optical measurements.
Additionally, we milled 2 larger apertures for the alignment and calibration of the laser.

The dimensions of the fabricated structures were characterized under TEM. For this
particular array, the size of the gap was found to be 23 + 2 nm (mean + SD) while the
length of the inverted structure was 160 + 2 nm (mean + SD). At the edges of the struc-
tures, we observed some grains from the deposited gold after milling, that appeared as
jagged edges.
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Figure 7.2: Characterization of optical transmission of inverted bowtie nanoantennas. a) Schematic of an
array of inverted bowties. A laser can be rastered across the array in steps of 500 nm with 5 steps being the
mutual distance between bowties (2.5 micron), and the transmission of each bowtie antenna can be measured.
Two orthogonal polarizations were used. b) Heat map of the optical transmission when the laser polarization
was in the longitudinal polarisation (across the gap). The measured transmission increased greatly when the
laser was located at an aperture. c) Similar heat map of the optical transmission when the polarization was
orthogonal (across the length of the bowtie). The optical transmission remained low. The sample was divided
into a grid with each row consisting of an area of 500nm by 30 ym. d) Line profile of the measured optical
transmission across the sample. Each row of the measured optical transmission in b) was converted into a line
profile and plotted in pane d. We see that the line profile increased to a maximum value of 0.5-0.8 each time
that the laser was positioned on top of a bowtie. In the areas in between the bowties and in the rows where the
laser did not cross a bowtie, the optical transmission remained low (<0.1). For the row of bowties on the right
side of the membrane, there was a small increase in the measured transmission because the large free-standing
SiN membrane was not flat leading to slightly different alignments.

7.2.2. OPTICAL CHARACTERIZATION SHOWS THAT THE PLASMONIC NANOAPER-

TURES ARE HIGHLY UNIFORM

We characterized the optical transmission of the bowtie apertures in the arrays. FDTD
simulations showed that the structures are expected to have a maximum transmission
peak in the near infra-red region, just below the wavelength of the laser (~1064nm) (see
S17.7) [42]. The sample was mounted in the laser setup (1064nm, 20mW) and an avalanche
photodiode (APD) collected the transmitted light. The laser was raster scanned across
the array and the transmitted light was recorded for each bowtie by the APD and plotted
in a 2D heat map (Fig. 7.2a). We acquired such a 2D map in two different polarization
(transverse — along the length of the bowtie; and longitudinal — across the gap of the
bowtie). Figure 7.2b-c shows the 2D maps in the two different polarizations. For the
longitudinal polarization, the transmission value increased drastically when the laser
scanned across the nanoapertures. In the areas between bowties, a negligible amount of
light was collected demonstrating that the thickness of the gold (100nm) act as a suffi-
cient stop to the incident light. When the polarization was rotated by 90 degrees, how-
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Figure 7.3: Optical Trapping of 20 nm Polystyrene beads. a) Transmission level signal versus time. The signal
abruptly increases indicating that a single PS has entered the trap. When the laser is temporary shut off and
switched back on, the transmission level returns to the previous baseline indicating that the object has been
released. b) Schematic representation of the red shifting of the nanoaperture in the presence of a bead. The
peak of the resonance redshifts towards the wavelength of the laser which leads to an increased in transmission
of the nanoaperture.

ever, the transmission value dropped to the baseline, i.e., no extraordinary transmission
oflight occurred, as expected. Figure 7.2d shows a line plot of the measured transmission
for each row of the 2D map. The bowties yielded very similar optical intensities with the
intensities rising to roughly the same value for bowties in the same row. Furthermore, to
show that the transmission of the inverted bowtie apertures was sensitive to the fabrica-
tion geometry, we also milled samples with a larger gap size of the bowties in the last 2
columns and, as expected, this yielded a larger transmission (See SI-2).

To demonstrate the optical-trapping abilities of these plasmonic structures, we first
performed control experiments with 20nm PS beads. We added PS beads (0.05% w/v) to
the gold side of the sample. The laser was kept on a single inverted bowtie and the trans-
mission level was recorded. After waiting for some time, a sudden increase of the optical
transmission was recorded for the bowtie (N=46). Figure 7.3a shows an example. The
transmission level was initially stable at an intensity of about 0.23 (a.u.). At some point,
the transmission level suddenly increased to a value of 0.29. This increased transmission
was recorded for a few seconds, after which the laser was shut off. When the bowtie was
probed again with the laser 3 seconds later, the transmission level had returned to the
original level of 0.23. We interpret the increase in the signal as the optical trapping of
a PS bead into the bowtie, which subsequently escaped the trap by diffusion when the
laser was shut off. Upon entry of the PS bead into the trap, the optical resonance of the
nanoaperture red-shifted towards the 1024 nm wavelength of the laser, leading to the
increase in the transmission level of the nanoaperture, as illustrated in Figure 7.3 b. No
such traces were seen when no PS bead was suspended in the buffer.

7.2.3. TRAPPING OF SINGLE PROTEINS

We explored the application of our nano-tweezers for trapping and studying individual
proteins of two types, Beta-amylase, and HSP90. We started with Beta-amylase, a glob-
ular tetrameric protein consisting of 4 monomer subunits with a combined molecular
weight of 200 kDa that is commonly used as a molecular standard. At pH 6-8, it is sta-
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Figure 7.4: Optical trapping of Beta-amylase protein a) Transmission signal over time of a trapped Beta-
amylase protein. Similar to the PS bead In Fig.3, an increase in transmission is observed when the protein
enters the trap. The transmission level returned to the baseline when the laser was turned back on after ~5
seconds. Inset shows the Beta-amylase protein. b) RMS noise of the trapping signal over time. We observe 3
levels of fluctuations: (i) low fluctuations for the empty trap, (ii) an increased level of fluctuations upon trap-
ping (noise level 1), and (iii) an even higher level of fluctuations appearing at t = 4 s (noise level 2). The level
decreases back to level ii at t =8 s. There is a short increase back to noise level 2, just before the laser was turned
off.

ble up to 60 degrees which furthermore makes it an excellent protein to characterize our
traps. We introduced Beta-amylase in our traps (0.1% w/v) and recorded trapping events
(N=112). A -250mV bias voltage was applied in order to drive the protein into the trap.
Figure7.4a shows an example of a trapping event. Similar to the experiment for the PS
bead, the transmission through the nanoaperture initially remained at the value as the
measured baseline. After a few seconds, the transmission through the aperture suddenly
increased from an average value of 1.055 to 1.07 (a.u.). We interpret this signal as an in-
dication of a single protein getting trapped into a nanoaperture. Control experiments in
nanoapertures that had gap sizes too small to fit the protein did not yield stable trapping
signals.

During the trapping, the signal of Beta-amylase showed distinct stages in its fluc-
tuation amplitude, which we characterised by the RMS noise 7.4b. A moving standard
deviation was calculated and plotted in Figure 7.4b. The empty trap showed low fluctu-
ations (RMS 0.001 a.u.). Upon trapping, the level of fluctuations increased drastically to
an RMS of 0.007 a.u.. An even higher level of fluctuations appeared at t = 4 s where the
RMS increased to a value of 0.013 a.u. At t = 8 s, the level decreases back to the first level,
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Figure 7.5: Optical trapping of HSP90 protein a) Transmission level versus time for HSP90. The transmission
level increased when HSP90 was optically trapped in the bowtie structure.When the laser was switched off
for ~7 seconds, the protein had been released. Left inset shows the HSP90 protein. b) Long trapping trace of
HSP90. We successfully tweezed the protein for 3 minutes. After that, the laser was switched for 10 seconds and
turned back on. The baseline then had returned to the initial transmission level, indicating that the protein
had been released.

just before the laser was turned off, possibly indicating that two states that are reversible,
and less well compatible with protein denaturation in the trap. To ensure that these ob-
servations and the trapping signal was not simply unspecific sticking of the proteins to
our traps, we shut off the laser to show that we can release the trapped molecule and
return the trap to its initial empty state. Out of 112 dataset, only 1 such event did not
respond in this way to the interruption of the laser.

Next, we studied HSP90 proteins (N=12). HSP90 is a dimeric protein complex (to-
tal mass 180 kDa) that belongs the family of chaperone proteins that are important for
proper folding and maintenance of other proteins within the cell [43]. They have been
reported to undergo conformational changes between an open and a closed state that
involve 5-8 nm change. FRET studies, which requires site-specific labelling of the pro-
tein, indicate that these transitions occur on the 0.1-0.5 Hz scales [44-46]. Upon addition
of 50 nM of HSP90 proteins to the system, we observed the same type of trapping events,
with a sudden increase in the transmission signal, indicating that a protein was being
tweezed, see Figure7.5a for an example. The transmission of the bowtie increased and
fluctuated between an intensity level of 0.72-0.76 with some sharp downward spikes.
Very long trapping times could be realized, i.e., many minutes, as can be seen in the ex-
amples of Fig.7.5b where the event lasted for almost 3 minutes. In practice, the trapping
events were terminated by shutting down the laser to ensure that the proteins were not
simply sticking to the trap after about a minute.
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The trapped proteins showed pronounced low-frequency fluctuations. To show this,
we applied a low pass filter of 10Hz to the traces and build up a histogram of the mea-
sured transmitted signal, see Figure7.6. In the case of the PS beads, most of the fluctu-
ations were filtered out, indicating that the major fluctuations had higher characteristic
frequencies. For the protein traces, however, low-frequency fluctuations prevailed in the
signals. At this stage, it is unclear what causes these fluctuations. Slow conformational
changes are an attractive option, but further research is needed to unambiguously as-
certain this.

Interestingly, we found that the devices were very robust in these protein trapping
experiments. We tried their reuse in multiple experiments. Between each experimental
run, the sample was rinsed in H20 and ethanol, followed by an oxygen plasma to remove
contamination. Structures were imaged under a TEM (See SI-3) before and after a series
of 3 experiments on the same bowtie. Aside from a slight increase of about 1nm in the
gap size, there was no observable change to the nanoaperture such as protein residues.
In general, the same antenna could be used multiple times for hours.

7.3. CONCLUSION AND SUGGESTIONS FOR FOLLOW UP EXPER-
IMENTS

In conclusion, we have demonstrated a direct milling FIB method to fabricate nanoaper-
tures for optical sensing and tweezing. We explored the application of our nano-tweezers
for use in the study of protein dynamics. This label-free technique allows for the in-
terrogation of a variety of proteins. We were able to tweeze and trap proteins for ex-
tended periods of time (minutes) paving the way to study slow conformational changes
in protein. The proteins showed distinct low-frequency fluctuations in their transmis-
sion level, possibly associated with protein conformational changes. Our nanotweezers
with a throughhole allow for future integration with electrical readout methods or for the
analyte to be driven electrophoretically in a user-defined direction instead of relying on
pure diffusion.

In future work, we plan experiments focused on resolving the dynamics of HSP90,
which undergoes conformational changes in a chemo-mechanical ATP-hydrolysis cycle
[47, 48]. For example, the transition from the open to the closed state has been shown
to be slowed down in the presence of Adenylyl-imidodiphosphate (AMP-PNP). By in-
troducing this into the buffer, we may be able to probe if the observed fluctuations in
the signal are indeed linked to the protein conformational shape or derive from other
sources. Monitoring such kinetics of single proteins may open up new exciting avenues
in the study of protein dynamics which can be probed by varying the ATP concentration
or mutations.
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Figure 7.6: Effect of low-pass filtering on data traces a) 10Hz low-pass-filtered traces for PS bead. Fluctuations
in the transmitted signal for the PS bead reduced to a single homogenous level when the signal was low-pass
filtered. b) 10Hz low-pass-filtered traces for Beta Amylase. ¢) 10Hz low-pass-filtered traces for HSP90. The low
frequency modulations are still present in the trapping signal for the protein traces unlike the PS bead trace,
indicating significant low-frequency fluctuations.
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7.4. METHODS

7.4.1. FABRICATION OF NANOAPERTURES

The nanoapertures were fabricated on 20nm free-standing SiN membrane that were fab-
ricated according to the protocol listed by Janssen et al. 1-3 nm Ti was sputtered on the
substrate as an adhesion layer, after which 100nm of Au was deposited using an electron-
beam evaporator (Temescal). The nanoapertures were then milled with a Ga beam in a
FEI Helios G4 CX (30KeV, 2pA beam).

7.4.2. EXPERIMENTAL SETUP

The sample was first rinsed in ethanol and H20 and cleaned in an O2 plasma at 50W for
1 minute. The sample is mounted in a custom-made PEEK flowcell that allows for the
laser to optically excite the nanoapertures and for the transmission light to be collected.
The flow cell was either filled with H20 or 1x phosphate buffered saline (PBS). There
was no noticeable change in the optical transmission of the nanoapertures between the
two different buffers as they have very similar refractive indexes. A 1064nm laser was
focused onto the nanoapertures (M9-A64-0200 laser diode, Thorlabs) with a 60x objec-
tive. The laser light was collected using a 10x 0.3NA objective (Nikon) and projected onto
an Avalanche Photo Diode (APD410C/M Thorlabs). A 2D map was taken by rasterizing
across the array of nanoapertures using a piezoelectric stage (MadCity Labs Inc). The
transmission was acquired at a sampling rate of 200 kHz and low-pass filtered down to
the indicated values during the analysis.

7.4.3. ANALYTES

We studied the following analytes for the experiments: 20nm polystyrene beads (Thermo-
Fisher)- 0.05% w/v; Beta-amylase (Sigma) -0.05% w/v; Heat Shock Protein 90( HSP90)

(Obtained from the Hugel Lab)- 50nMol. All analytes were diluted in 1X PBS that was

additionally buffered with 5nM of MgCL in the case of the HSP90.

7.4.4. ANALYSIS OF EVENTS

Event detection and analysis was performed using Tranzalyser, a custom-made MATLAB-
based software package [49]. All traces shown in the plot were low-pass filtered at 10 kHz
unless indicated otherwise.
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7.5. SUPPORTING INFORMATION
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Figure 7.7: FDTD Simulated transmission vs. wavelength of inverted bowtie structure. The insert shows

the TEM image used to build the model in FDTD by defining the black areas of the TEM as 100nm of Au and
defining the white areas as water.



7.5 SUPPORTING INFORMATION 121

7.5.2. 2D HEAT MAP OF OPTICAL TRANSMISSION OF BOWTIE ARRAY IN 2 OR-
THOGONAL POLARISATION

A Voltage

Figure 7.8: 2D heat map of optical transmission of bowtie array in 2 orthogonal polarizations. The optical
transmission of the array rose to the same optical transmission value except for the last 2 columns that were
slightly dimmer. Notably the bowties in the last 2 columns were milled to have smaller gap sizes (2nm smaller).

7.5.3. TEM IMAGE OF BOWTIE STRUCTURES BEFORE AND AFTER LIQUID
EXPERIMENTS.

Figure 7.9: TEM image of bowtie structures before and after liquid experiments. a) TEM image of the bowtie
after FIB milling b) TEM image of the same bowtie after 3 rounds ofliquid experiments with 2 plasma-cleaning
steps in between these. We see that the structure remains intact except for a slight erosion of the gold edges
allowing the same structures to be reused for several rounds of experiments.
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SUMMARY

We start this thesis by exploring the question whether there is more to be done with
solid-state nanopores, given the success of nanopores for DNA sequencing applications.
In Chapter 1 we motivate the importance of single-molecule tools for sensing of bio-
molecules such as DNA and proteins in order to understand the fundamental biological
processes going on within our cells. Many biological processes are mediated by the ac-
tion of a single enzyme or molecule. The presence of mutations, even a single point
mutation, in the sequence of DNA can lead to diseases. Similarly, small misfolds in the
peptide chain that forms proteins can lead to severely compromised function of the pro-
tein. Nanopores and nanoapertures are a promising single-molecule tool that has shown
great potential for sensing such small mutations.

In Chapter 2, we cover the basic concepts of sensing in nanopores and nanoaper-
tures that are needed to understand the rest of the thesis. Here, we introduce two meth-
ods of sensing with nanoapertures: first, ionic conductance sensing through monitor-
ing of the flow of ions through the nanopore, and second, optical readout methods that
monitor the extraordinary transmission of the nanoapertures from a shift in the local
refractive index. The use of plasmonics nanoapertures also allows for nanotweezing of
objects through tightly focused optical gradients that are generated by plasmons. Plas-
monic nanoapertures even have the ability to sense protein shapes and conformations.
Key features and examples of these readout methods are highlighted, as well as recent at-
tempts to combine the two sensors in so-called opto-nanopores or zero-mode-waveguide
nanopores. This review demonstrate the ever-growing scientific interest in developing
further sensing techniques for the study of biomolecules.

A key challenge in the field of solid state nanopore is to reliably fabricate them. In
Chapter 3, we demonstrate a novel fabrication method using single-shot e-beam lithog-
raphy and etching. We produce both arrays and single nanopores on free-standing sil-
icon nitride (SiN) membranes as well as on graphene, a membrane with a thickness of
a single layer of carbon atoms. By tuning the dose of the electron beam used, circu-
lar shaped nanopores down to 15 nm in size could be produced. The method is both
scalable and simple, only requiring standard nanofabrication tools. We demonstrate
the sensing capabilities of these nanopores with DNA translocation experiments and
found them on par with nanopores produced through TEM milling in their signal-to-
noise (SNR) characteristics.

With a convenient way to produce nanopores, we turn to sensing applications of
nanopores beyond direct DNA sequencing, since solid state nanopores are too large
for sensing of DNA on the single-nucleotide level. We harness the newly discovered
CRISPR/Cas9 protein that garnered a lot of interest for its programmable gene-editing
purposes. Cas9 can be mutated to remove its endonuclease activity (i.e., cleaving ac-
tivity) while keeping its programmable dsDNA-binding activity intact. In Chapter 4,
we demonstrate a novel way of leveraging its single-base-pair recognition accuracy for

127



128 SUMMARY

a direct DNA-typing/fingerprinting approach with solid state nanopores. Remarkably,
dCas9 is found to remain stably bound in the high 1M LiCl nanopore salt solution and
showed up as clear spikes in the ionic current trace, allowing for clear detection. Mu-
tations introduced in the gRNA lead to drastically lower binding rates even when the
mutations are on the 1-2 base pair level. The ease of programmability and the large
signature of the dCas9 in solid-state-nanopore signal opens new avenues for nanopore
sensing of DNA targets for diagnostics. We envision the use of such nanopore sensing
with CRISPR-dCas9 for the fast detection and identification of DNA motifs of medically
relevant DNA targets.

Beyond applied research, we demonstrate that nanopores can also be used to answer
fundamental questions in biology, e.g. on DNA organization in Chapter 5. Nanopores
are particularly suited for these studies as they allow for high statistics to be gathered
in liquid and at the single-molecule level. At the heart of this work, we ask if the order
of the genes matter in determining the macro-organization of DNA. Two plasmids that
contain the same genes but differ in their arrangements (HT and HH) were incubated
with nucleoid-associated proteins HNS and FIS that bound these genes. They were sub-
sequently introduced in a nanopore in order to sense how much compaction was in-
duced by the proteins as a function of the gene arrangement. Consistent with extensive
AFM studies, we observe a significantly increased compaction in the HT arrangement
compared to the HH arrangement. Our observations highlight the importance of the ar-
rangement of genes to the chromosome organization in the cell. Overall, these two chap-
ters show the important role solid state nanopores can play beyond DNA-sequencing
applications in both applied and fundamental research.

The need for novel single-molecule sensing tools cannot be overstated. In Chapter
6, we employ the use of innovative 2D nanoslits and ionic sensing measurements from
the nanopore field to probe polymer transport. These 2D nanoslits are fabricated from
exfoliated flakes of graphene and hexagonal boron nitride (hBN) that are stacked to form
a very thin slit. The ultrasmooth basal plane of the 2D materials form the floor and ceil-
ing of the slit, which allow DNA to smoothly translocate through the slit in a ‘frictionless’
manner. The small height of these slits (down to the true nm scale) and the associated
confinement of the molecule can be precisely controlled to the thickness of even single-
atom layers. We observe the sliding of structures in the DNA such as knots and folds in
ionic current trace, and we employed Molecular Dynamics simulations in order to bet-
ter understand their behavior. We observed that the transport of the DNA polymers was
dominated by entrance and exit effects and that interactions with the nanoslit were only
transient and weak. 2D nanoslits are thus found to be an excellent platform to study
polymer physics transport, absent from surface interactions, in a tunable and amenable
way.

As introduced earlier, plasmonics nanoapertures are a promising tool to tweeze and
interrogate proteins. However, there are challenges in their fabrication as small vari-
ations in the geometry produce vastly different optical properties. In Chapter 7, we
demonstrate a direct fabrication method with focused ion beam (FIB) to produce arrays
of up to 64 inverted bowties. These bowties are extremely consistent in their physical
geometry and optical properties. We demonstrate label-free optical detection and nano-
tweezing of even single proteins with our nanoapertures. The presence of nanoobjects
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in the vicinity of the bowtie apertures locally perturbs the refractive index and leads to a
change in the transmission of the nanoaperture. We tweeze 20 nm polystyrene bead and
a variety of proteins including beta-amylase and Hsp90. We are able to tweeze Hsp90
for up to 120 seconds, paving the way for the observation and study of the comforma-
tion states of Hsp90 in a label-free manner. We propose future experiments where we
modulate the kinetics of Hsp90 with AMP-PNP.

Overall, we expect that solid state nanoapertures and nanopores will play an increas-
ing role in single-molecule sensing in the coming years. In particular, we foresee their
expansion for use in protein-sequencing and sensing applications. Additionally, recent
advancements in the understanding and fabrication of plasmonic nanostructures al-
low for a new optical readout method to probe biomolecules within these tiny nano-
volumes with parallel-sensing opportunities. This unshackles the requirements of non-
physiological salt buffers that are used in traditional ionic-sensing methods and bring
about exciting new opportunities to sense biomolecules in more native physiological
conditions. There is still plenty of potential for nanoapertures and nanopores, and we
close this thesis paraphrasing Feynman by saying that there is still "plenty of room at the
bottom" in single-molecule sensing with nanoapertures and nanopores.






SAMENVATTING

Dit proefschrift start met de vraag of er meer gehaald kan worden uit solid-state nanop-
ores, in het licht van het succes in de toepassing van nanopores voor DNA-sequencen.
In Chapter 1 schets ik het belang van gereedschap dat werkt op het niveau van indi-
viduele moleculen, zoals DNA en eiwitten, om zodoende de fundamentele biologische
processen van onze cellen te kunnen doorgronden. Vele biologische processen worden
gestuurd door middel van de acties van één enzym of molecuul. De aanwezigheid van
mutaties in de DNA-sequentie, zelfs wanneer het slechts één enkele puntmutatie betreft,
kan leiden tot een ingrijpend ziektebeeld. Ook kan een kleine misvouwing in de pepti-
deketen die eiwitten hun vorm geeft leiden tot een sterk gecomprimeerde eiwit func-
tie. Nanopores en nanoapertures zijn veelbelovende gereedschappen op het niveau van
individuele moleculen en hebben een groot potentieel om zulke kleine maar cruciale
mutaties te kunnen detecteren.

In Chapter 2 zet ik de basisconcepten uiteen van detectie met nanopores en nanoa-
pertures, die nodig zijn voor het begrijpen van de hierop volgende hoofdstukken. We
introduceren hier twee manieren van detecteren die mogelijk zijn met nanoapertures:
ten eerste, detectie via ionische geleiding waarbij de stroom van ionen door de nanopore
word gemeten, en ten tweede, optische uitleesmethoden die de uitzonderlijke transmis-
sie van nanoapertures ten gevolge van een verschuiving in de lokale brekingsindex me-
ten. Het gebruik van plasmonische nanoapertures geeft daarnaast de mogelijkheid tot
het nanotweezen van objecten door middel van de sterk gefocuste optische gradiénten
die gegenereerd worden door de plasmonen. Plasmonische nanoapertures geven zelfs
de mogelijkheid om de vorm en conformaties van eiwitten te detecteren. De belang-
rijkste kenmerken en voorbeelden van deze uitleesmethoden zullen worden besproken,
evenals recente pogingen tot het combineren van de twee sensoren in de zogenoemde
opto-nanopores of zero-mode-waveguide nanopores. Dit overzicht demonstreert de
nog altijd groeiende wetenschappelijke interesse in het ontwikkelen van nieuwe detec-
tiemethoden voor het bestuderen van biomoleculen.

Een cruciale uitdaging met betrekking tot solid-state nanopores is reproduceerbare
productie van de nanostructuren. In Chapter 3 tonen wij de potentie van een nieuwe fa-
bricatiemethode aan waarbij gebruik word gemaakt van single-shot e-beam lithografie
en etsen. Hiermee produceren wij zowel geordende arrays als opzichzelfstaande nanop-
ores op een vrijstaand membraan van siliciumnitride (SiN) als ook op grafeen, een mem-
braan gevormd uit één enkele laag koolstof atomen. Door de dosis van de electronen-
straal af te stemmen konden cirkelvormige nanopores met een grootte van 15 nm wor-
den geproduceerd. Deze methode is rechtdoorzee en gemakkelijk opschaalbaar omdat
er enkel gebruik word gemaakt van standaard nanofabricatieapparatuur. Wij tonen de
functionaliteit van deze nanopores aan door middel van DNA-translocatieexperimenten
waarbij de resultaten vergelijkbaar bleken met nanopores geproduceerd door TEM-milling
wat betreft hun signaal-ruis kenmerken.
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Vervolgens richten wij ons op detectieapplicaties voor nanopores die niet te maken
hebben met DNA-sequencen aangezien solid-state nanopores te groot zijn voor het de-
tecteren van individuele DNA nucleotiden. In plaats daarvan gebruiken wij het recent
ontdekte CRISPR/Cas9 eiwit, wat enorme wetenschappelijke interesse genereerde door
zijn programmeerbare gen-bewerkingsmogelijkheden. Cas9 kan namelijk op zo'n ma-
nier gemuteerd worden dat het zijn endonuclease activiteit (d.w.z. zijn knip-activiteit)
verliest maar zijn programmeerbare dsDNA-bindingsactiviteit behoud. In Chapter 4
laten wij een nieuwe methode zien die gebruik maakt van de basispaar-accurate her-
kenning van het eiwit voor een directe DNA-typing/fingerprinting methode met solid-
state nanopores. Het is opmerkelijk dat dCas9 stabiel gebonden blijft ondanks hoge
concentraties van 1M LiCl nanopore zoutoplossingen en dat het herkenbare pieken in
het detectiesignaal laat zien. Mutaties geintroduceerd in het gRNA leiden tot drastisch
lagere bindingstabiliteit, zelfs wanneer de mutaties slechtsl 4 2 basisparen zijn. Het ge-
mak waarmee het eiwit programmeerbaar is en het duidelijke karakteristieke signaal van
dCas9 in solid-state nanopores, opent een scala aan nieuwe mogelijkheden voor het de-
tecteren van DNA targets voor diagnostische doeleinden. Wij voorzien gebruik van deze
nanopore detectiemethode met CRISPR-dCas9 voor snelle detectie en identificatie van
DNA-motieven in medisch relevante DNA targets.

Naast toegepast onderzoek voor praktische doeleinden, tonen wij in Chapter 5 aan
dat nanopores ook gebruikt kunnen worden voor het beantwoorden van fundamentele
vragen in de biologie, bijvoorbeeld de organisatie van DNA. Nanopores zijn uitermate
geschikt voor deze studies omdat zij het verzamelen van grote hoeveelheden statisti-
sche gegevens toestaan op het niveau van individuele moleculen in vloeistof. De kern
van deze studie draait om de fundamentele vraag of de rangschikking van genen be-
langrijk is voor de macro-organisatie van DNA. Twee plasmiden met dezelfde genen,
maar in verschillende onderlinge rangschikking (HT en HH), werden geincubeerd met
de nucleiod-geassocieerde eiwitten HNS en FIS die aan deze genen binden. Vervolgens
werden ze gedetecteerd met een nanopore om te zien in welke mate verdichting werd
geintroduceerd door de verschillen in de rangschikking van hun genen. In overeenstem-
ming met uitgebreide AFM studies, zagen wij een significant sterkere verdichting bij de
HT-rangschikking in vergelijking met de HH-rangschikking. Onze observaties onder-
strepen het belang van de rangschikking van genen voor de chromosomale organisatie
in de cel. Samen genomen tonen deze twee hoofdstukken het belang aan van de rol die
solid-state nanopores in zowel praktisch als fundamenteel onderzoek.

De behoefte aan nieuwe detectiemethoden op het niveau van individuele molecu-
len kan niet genoeg worden benadrukt. In Chapter 6, gebruiken wij innovatieve 2D-
nanoslits om polymeer transport te onderzoeken. Deze 2D-nanoslits zijn geproduceerd
uit geéxfolieerde grafeenschilfers of hexagonaal boornitride (hBN) welke op elkaar zijn
gelegd en zodoende een zeer dunne spleetvormige opening vormen. Het extreem gladde
vlak van het 2D-material vormt de bodem en plafond van de spleet, waardoor DNA
zich soepel door de spleet kan verplaatsen zonder dat wrijving plaats vindt. De geringe
hoogte van de nanoslits (in het nm bereik) en de hiermee geassocieerde bewegingsbe-
grenzing van het molecuul kan heel precies worden beheerst tot op een dikte van zelfs
één enkele laag atomen. In het ionenstroomsignaal nemen we de beweging waar van
structuren in het DNA, zoals knopen en vouwen, en we gebruiken Molecular Dynamics
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simulaties om dit gedrag beter te begrijpen. Transport van het DNA-polymeer bleek ge-
domineerd te worden door ingangs- en uitgangseffecten terwijl de interacties met de
nanoslit louter kortstondig en zwak waren. Hiermee zijn 2D-nanoslits een uitstekend
platform voor het bestuderen van de fysische eigenschappen van polymeertransport,
zonder oppervlakinteracties

Hoewel plasmonische nanoapertures een veelbelovende methode zijn voor het heel
precies vastgrijpen en bestuderen van eiwitten, zijn er uitdagingen in hun fabricatie om-
dat kleine variaties in de geometrie leiden tot grote verschillen in hun optische eigen-
schappen. In Chapter 7 demonstreren wij een directe fabricatiemethode die gebruik
maakt van een Focussed Ion Beam (FIB) voor het produceren van arrays van 64 nanoa-
pertures in de vorm van omgekeerde vlinderdassen. Deze nanoapertures zijn hoogst
consistent in hun fysische geometrie en hun optische eigenschappen. We tonen aan
dat optische detectie mogelijk is zonder gebruik te maken van labelling, en dat wij in-
dividuele eiwitten weten vast te grijpen met onze nanoapertures. De aanwezigheid van
nanoobjecten in de omgeving van de nanoapertures veroorzaakt een lokale verandering
in de refractieindex wat een verandering veroorzaakt in de transmissie door de nanoa-
pertures. We hebben 20 nm polystyreen deeltjes weten vast te grijpen, als ook een ver-
scheidenheid aan individuele eiwitten zoals betaamylase en Hsp90. We konden Hsp90
voor 120 seconden vasthouden, waarmee we de weg vrij maken voor het observeren en
bestuderen van de eiwit conformaties van Hsp90 op een manier die geen labellingsme-
thode gebruikt.

Samengevat verwachten wij dat solid-state nanoapertures en nanopores in de ko-
mende jaren een belangrijke rol zullen gaan spelen in detectie op het niveau van indi-
viduele moleculen. Meer specifiek voorzien wij een uitbreiding van hun gebruik bij het
sequencen en detecteren van eiwitten. Recente ontwikkelingen in onze kennis en fabri-
catie van plasmonische nanostructuren maken een nieuwe optische detectiemethode
mogelijk voor het onderzoeken van biomoleculen in deze extreem kleine nanovolumes.
Dit verlost ons van de voorheen vereiste niet-fysiologische zoutbuffers die gebruikt wor-
denin traditionele ionenstroom detectiemethoden en het is daarmee een voorbode voor
spannende nieuwe mogelijkheden voor het detecteren van biomoleculen in natuurlijke
fysiologische condities. Er is enorm veel potentie voor het gebruik van deze nanoapertu-
res en nanopores, en we besluiten dit proefschrift daarom door Feynman te parafraseren
met de notie dat er nog altijd “plenty of room at the bottom” is voor detectie van indivi-
duele moleculen met nanoapertures en nanopores.
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