Thesis for The Degree of Licentiate of Engineering

Polymer brush functionalised nanopore
Sensors

Julia Jarlebark

Department of Chemistry and Chemical Engineering
Chalmers University of Technology
Gothenburg, Sweden, 2024



Polymer brush functionalised nanopore sensors

Julia Jarlebark

© Julia Jarlebark, 2024
except where otherwise stated.
All rights reserved.

Technical Report No. 2024:03

Department of Chemistry and Chemical Engineering
Division of Applied Chemistry

Andreas Dahlin Group

Chalmers University of Technology

SE-412 96 Goteborg,

Sweden

Phone: +46(0)31 772 1000

Cover: Artistic representation of proteins translocating a polymer brush func-
tionalised nanopore sensor.

Printed by Chalmers Digitaltryck,
Gothenburg, Sweden 2024.



Polymer brush functionalised nanopore sensors
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Abstract

Single-molecule studies on proteins could reveal a lot of information about
their conformational dynamics, and processes such as misfolding and aggreg-
ation. This knowledge is valuable in providing a deeper understanding of
molecular biology, and for understanding the link between proteins and various
diseases. Traditional averaging methods are unable to capture the dynamic
behaviour and identify rare states within the protein population. However,
conducting single molecule measurements on proteins presents inherent chal-
lenges, for instance limited observation time of the protein or, in an attempt
to extend observation time, the tethering of proteins to a surface, potentially
disturbing their delicate three-dimensional structure.

This thesis works towards the goal of developing a platform for long-term,
non-intrusive single-molecule measurements on proteins. This is done by the
integration of ionic current nanopore sensing with functional nanostructures.
A novel nanochamber was fabricated through a combination of electron beam
lithography, wet etching and controlled breakdown. This nanochamber, con-
sisting of a cavity connected to two nanopores, is designed for protein trapping,
where the nanopores would act as “gates”.

Thus, the concept of macromolecular gating becomes central in protein
trapping. The thesis demonstrates thermo-responsive gating for proteins
using PNIPAM-functionalised nanopore arrays, as well as voltage-gating for
both DNA and proteins with a PEG-functionalised single nanopore sensor.
The utilisation of a voltage-gated nanopore allows for ion current readout,
confirming molecular translocation through the pore. To facilitate nanopore
sensing at higher voltages beyond the gating threshold, a Fourier transform-
based algorithm for ion current data filtering has been developed.
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Summary






Chapter

Introduction

The field of nanotechnology can be traced back to Richard Feynman’s influ-
ential lecture, “There is plenty of room at the bottom”, wherein he laid the
conceptual foundation for the miniaturisation of objects, ranging from books to
electrical motors.[!! Feynman envisioned an entire field of physics dedicated to
manipulating matter at the atomic scale, and today, nanotechnology stands as a
rapidly evolving interdisciplinary research field between physics, chemistry and
biology. The impact of nanotechnology cannot be overstated, with applications
in diverse areas, including biomedicine, food industry, computer science, in-
formatics to environmental sciences and energy production.?! Over the past 65
years since Feynman’s lecture, the remarkable progress in nanotechnology has
transformed the theoretical vision into reality, facilitating the miniaturisation
of various objects. This thesis aligns well with this vision, as it is concerned
with the miniaturisation of items such as “cages” and “doors”.

These miniaturised versions of cages and doors would be tailored towards
proteins, enabling more detailed investigations than are currently feasible. How-
ever, before delving into technical details, let’s explore the motivation behind
studying proteins. In living organisms, nucleic acids handle information storage,
while most functions are governed by proteins. They catalyse chemical reactions
as enzymes, provide structural support like collagen, and facilitate communi-
cation between cells through hormones. Consequently, proteins stand as the
fundamental building blocks of life. In contrast to our profound understanding
of matter, built upon the study of atoms as its fundamental constituents, our
current comprehension of the origin and essence of life remains incomplete.
Thus, the investigation of properties and behaviour of proteins could help us
move towards a deeper understanding of biology and life.

On a more applied note, protein malfunction is a prevalent factor in nu-
merous diseases. Proteins are large polymeric biomolecules folded into a
three-dimensional structure based on the amino acid sequence. It is noteworthy
that there are also a number of proteins, known as intrinsically disordered pro-
teins, that do not have a definite, well-defined, three-dimensional structure and
instead switch between different conformational states. The three-dimensional
structure, including the structural flexibility in the case of intrinsically dis-
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ordered proteins, plays a decisive role in determining the biological function of
the protein.[®! As such, a disturbance in the structure of the protein can lead
to an altered function of the protein. As an example, the misfolding of proteins
and their subsequent aggregation into expansive, ordered structures known as
amyloids is linked to many neurodegenerative diseases like Alzheimer’s disease
and Parkinson’s disease. Despite being a forefront topic in current research, the
aggregation process and its direct link to these diseases remain incompletely
understood.! Gaining a deeper understanding of protein dynamics, interac-
tions and aggregation could not only contribute to answering the fundamental
questions about life, but also advance research aimed at understanding and
addressing the causes and potential treatments for such diseases.

To investigate dynamic processes in detail, it is essential to avoid averaging
over time or the number of molecules. There is in general no synchronisation
of molecular dynamics, which makes it difficult to capture dynamic behaviour
by averaging across a large population of molecules. Thus, a single-molecule
technique stands out as the most fitting choice. Moreover, the conventional
averaging approach risks overlooking rare states in the population that might
not significantly contribute to the average. Concerning time averaging, the
time scales for these processes span from submicroseconds to minutes/ hours.?!
Hence, it becomes crucial to consider both the time resolution of the technique,
to capture rapid conformational transitions, and the potential length of the
measurement to thoroughly investigate the often slower protein misfolding and
aggregation processes.

Several single-molecule techniques have already been employed to study
protein dynamics, including fluorescence microscopy methods like Forster
Resonance Energy Transfer (FRET), force spectroscopy techniques such as
Atomic Force Microscopy (AFM), and nanopore sensing with ion current
readout. While fluorescence microscopy can achieve high temporal resolution
down to nanoseconds, its drawback lies in typically short observation times
(milliseconds), unless the analyte is immobilised on a surface. Tethering the
protein to a substrate, a requirement also for force spectroscopy, can potentially
interfere with the protein’s native structure and function.!®) Nanopore sensing,
on the other hand, offers high temporal resolution (down to tens of nanoseconds,
depending on the bandwidth of the instrumentation), though observation times
are typically limited to the translocation time of the analyte, typically in the
microsecond regime.m

Using the above-mentioned methods, it is possible to perform interesting
studies and provide some insight into protein dynamics, however there is to
the best of my knowledge no technology available that is capable of:

« Single molecule measurements on proteins
o Long-time measurement (ideally hours, at least minutes)
e Non-intrusive towards proteins

We now return to the idea that was introduced in the beginning of this chapter,
with miniaturised cages and doors for proteins. One strategy to achieve
the goal of developing a method as described above involves trapping the
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protein inside a closed nanostructure. Ideally, the loading of protein(s) into
the nanostructure should be controlled, to precisely determine the number of
trapped proteins. During measurement, no external forces should be applied
to the protein to avoid any risk of interfering with its native conformation(s).
Additionally, it is essential that proteins cannot escape from the trap during
the experiment. Therefore, the inclusion of a gate mechanism is necessary
for proteins to enter the nanosized trap. Polymer brushes have emerged as
promising candidates for macromolecular gating. Various gating mechanisms,
including pH, temperature, and solvent responsiveness, as well as molecular
recognition, have been demonstrated.[® 81 A drawback of these methods is the
absence of a definitive readout to confirm the number of molecules that have
passed through the gate. However, ionic current readout offers the capability to
count the number of molecules translocating through a single nanopore. This
led to the hypothesis that a polymer brush functionalized nanopore could serve
as a macromolecular gating system controlled by voltage, with ionic current
readout providing confirmation of molecular translocation through the gate.

1.1 Purpose

This thesis aims to progress towards the goal of developing a platform for
studying single protein dynamics through the integration of nanopore sensing
with functional nanostructures. More precisely, the research included in this
thesis is:

o Fabrication and characterisation of nanostructures (nanopores and nano-
chambers) suitable for trapping and gating of proteins.

e Development of an algorithm that enables nanopore sensing at higher
voltages.

o Investigations of the functionalisation of nanopore sensors with polymer
brushes.

e Preliminary results indicating a voltage-gated behaviour observed in
polymer brush functionalised nanopores, towards both DNA molecules
and proteins.

Through these research components, this thesis strives to lay the groundwork
for a platform that enables controlled and non-intrusive measurements of single
protein dynamics over relevant time-scales.






Chapter

Nanopore sensing

The concept of utilising variations in the electrical current through a small
hole for particle sensing purposes dates back to 1948, when Wallace H. Coulter
demonstrated counting of individual blood cells through this technique, a
method still extensively used in current cell counting technology. The Coulter
principle is based on monitoring the electrical current through a micrometer-
sized aperture. When a particle of similar dimensions, such as a cell, passes
through the aperture, it induces a transient change in the measured current,
thus enabling the counting of individual particles.*!

A nanopore sensor employs the same fundamental principle as the Coulter
counter, however at the nanoscale. Consequently, the currents in a single
nanopore measurement are extremely small, typically ranging from pico- to
nanoamperes. The recording of such microscopic currents is a well-established
practice in electrophysiology; Erwin Neher and Bert Sakmann were awarded
the Nobel Prize in Physiology or Medicine in 1991 for their development of
the extracellular patch-clamp technique, which allowed the precise recording of
current through single ion channels in the cell membrane.[10)[11]

The foundation of nanopore sensing can be said to have originated with
the basic idea proposed by David Deamer in 1989. Deamer hypothesised that
it should, in principle, be possible to distinguish the different nucleobases of
DNA as they pass through a narrow channel.'2[' Throughout the 1990s,
this idea was experimentally investigated, leading to the detection of the
first DNA and RNA strands using the biological a-hemolysin pore embedded
in a lipid bilayer.'® Subsequent refinement of the technique has made it
possible to identify the individual nucleobases, and the technique has since
been commercialised by Oxford Nanopore for DNA sequencing.!'?!

Undoubtedly, the prospect of using nanopores for nucleic acid sequencing,
and nowadays for protein and peptide sequencing, has been the major driving
force in the development of nanopore sensing technologies. However in the
meantime, also many other interesting applications of single nanopore sensors
have been explored and developed. Various types of nanopores have been
employed, including a wide variety of biological pores (such as the a-hemolysin),
solid-state pores in conventional silicon-based materials and novel 2D materials.
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Hybrid pores, composed of a biological pore inserted into a solid-state pore,
have also been investigated.['3:'Y These nanopore sensors have been used to
detect various analytes, including DNA, RNA, proteins, peptides, and other
biomolecules. Despite all the progress made, challenges such as low selectivity,
high noise (see Section 2.6.1), frequent clogging of molecules in the nanopore
(discussed in Chapter 7) and limited observation time of the molecule inside
the pore still remain to be solved.*4

The remainder of this chapter aims to introduce the fundamental principle
of nanopore sensors, and then go more into detail on the physics governing
molecular transport through nanopores. Note that the focus will be exclusively
on solid-state pores, in accordance with the scope of this thesis.

2.1 Nanopore sensing principle and terminology

This section covers the fundamental principles of nanopore sensing by ion
current measurements, aiming to familiarise readers with essential concepts
and terminology commonly employed in the field. The setup of a typical single
nanopore experiment is illustrated in the left panel of Figure 2.1a). A thin
membrane acts as the sole chemical and electrical connection between two
liquid reservoirs. These reservoirs are filled with electrolyte buffer (typically
1 M KCl), and equipped with electrodes, commonly Ag/AgCl. Applying a
constant voltage bias AV across the electrodes initiates the flow of ions (K* and
Cl7) through the nanopore, resulting in the generation of an ionic current, the
open-pore current Iy. The right panel of Figure 2.1a) illustrates the measurable
ionic current.

In a sensing experiment, molecules (generally referred to as analytes) are
introduced to the cis side of the membrane. The translocation of an analyte
across the nanopore to the trans side is registered as a transient decrease
in the ionic current, as depicted in Figure 2.1b). The translocation event is
characterised by its dwell time 7 (i.e. the molecule’s residence time inside the
pore), its blockage amplitude AT and, in certain cases, its number of levels. An
event may exhibit multiple levels if the analyte is not a homogeneous linear
polymer, or does not pass through the pore in a straight linear fashion. For
instance, a partially folded DNA strand can produce a multi-level event. Various
factors may contribute to the blockage current, with a basic model suggesting
that the reduction in current stems only from the fact that the volume occupied
by the analyte cannot be simultaneously occupied by ions.['4[16] Molecular
translocations and related physical phenomena will be discussed more in detail
in Sections 2.3 and 2.4.

2.2 Nanopore conductance

A solid-state nanopore typically exhibits linear, ohmic (resistor-like) I-V char-
acteristics at voltages below ~ 1 V,[16] as illustrated in Figure 2.2a). However,
non-linear (diode-like) I-V characteristics, as seen in Figure 2.2b), can also
be observed. This is a phenomenon known as ion current rectification, which
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Figure 2.1: The nanopore sensing principle. a) A solid-state nanopore embedded in a
thin membrane, with a corresponding baseline ionic current Iy due to a transmembrane
potential applied between the electrodes. b) Introduction of an analyte on the cis side
results in the detection of an event in the ionic current when the molecule translocates
the nanopore. The dwell time T corresponds to the residence time of the molecule
inside the pore, and the blockage amplitude AT represents the decrease in current
caused by the analyte.

is related to some asymmetry in the nanopore, either in the geometry or the
surface charge of the pore walls.['”]

We will begin by modelling the nanopore conductance for a narrow, cyl-
indrical nanopore at high ionic strength (high salt concentration), and then
discuss the refinements needed to generalise the model to other conditions.
Our initial model considers the nanopore resistance to depend solely on pore
geometry. The shape of a solid-state pore is determined by its fabrication
method. Nanopores used in this thesis are fabricated by either electron beam
lithography (EBL) and reactive ion etching (RIE) or controlled breakdown
(CBD), described more in detail in Chapter 4. Nanopores fabricated by EBL
and RIE are, to a very high degree, cylindrical.l'8:[191 Also for CBD pores, a
cylindrical model correlates well with experimental data.[20}:[21]

It can be reasoned that the conductance G = AI—“J/ must then be proportional

to the bulk conductivity o of the electrolyte and the cross-sectional area of the
nanopore, and inversely proportional to the length of the pore (equivalent to
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Figure 2.2: I-V curves recorded for two different solid state nanopores; a) showing
linear, ohmic behaviour, and b) showing non-linear, rectifying behaviour.

the membrane thickness ¢ in the case of a cylindrical pore). This gives

wd?
G=o""
s

where d is the nanopore diameter.

2.2.1 Access resistance

The model presented works well for d < t,
but for wider pores, when d Z t, the model
breaks down.!?2 The reason is that the model
considers only the resistance of the pore itself,
assuming that the entire potential drop occurs
across the nanopore. However, in reality, there
is also access resistance - the resistance the cur-
rent encounters as it enters or exits the pore.
A more accurate electrical circuit model of the
nanopore setup is shown in Figure 2.3. This
model includes the capacitance and resistance
of the supporting chip, the membrane capacit-
ance, the electrolyte resistance, as well as the
two access resistances. The commonly accep-
ted value of the access resistance of a nanopore
is ﬁ_m],[%] Including this effect into equation
2.1, we obtain

a1\

2.2.2 Surface charge

Re\ec
Racc
-T- Cchlp
Rpore T Cmem
[::| Rch\p
Racc
R

elec

Figure 2.3: Electrical circuit
model for the nanopore sensing
setup, including the chip capa-
citance and resistance, the mem-
brane capacitance, the electro-
lyte resistance and the two ac-
cess resistances.

To accurately model nanopore conductance, surface effects must be considered.

This section will be limited to silicon nitride p

ores, the most common type of
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solid state pores, and the focus of this thesis. Silicon nitride surfaces undergo
rapid oxidation in air, forming a surface chemistry consisting of silanol (SiIOH)
groups and unoxidized primary amine sites (SiNHy). Amine sites can carry a
positive charge (NHj) and has a pK, of about 10, while silanol groups can be
either positively or negatively charged (SiO~/SiOHJ) with a pK, ~ 2.[24:[2%]
Thus, the surface charge of silicon nitride nanopore walls depends on pH and
the ratio between amine sites and silanol groups. Measurements of the zeta
potential indicate a negative surface charge above ~pH 5 and a positive charge
below that value.[2%]
Charged surfaces in solution are screened by
the accumulation of oppositely charged counter-ions
(primarily KT ions in the case of negatively charged
silicon nitride) close to the surface, as illustrated in
Figure 2.4. This phenomenon is known as an elec-
tric double layer (EDL), forming a diffuse cloud of
both counter- and co-ions. The extension of the EDL
from the surface is known as the Debye length (Ap),
and depends on the ionic strength of the electrolyte.
At high salt concentrations ~ 1 M, Ap ~ 0.3 nm,
while it extends further at lower salt concentrations.
Figure 2.4: The neg- The nanopore conductance increases due to the accu-
ative surface charge is mulation of ions at the silicon nitride surface inside
screened by an electric the pore. While at high ionic strength, this effect
double layer. may not be measurable, at low salt concentrations
(< 100 mM), it results in a higher conductance of the
nanopore than would be anticipated solely from the bulk contribution of K+
and Cl™ ions.

2.3 Molecular translocation through nanopores

With a solid understanding of nanopore conductance in the absence of an
analyte, this section deals with how the introduction of an analyte impacts
nanopore conductance. As a first approximation, it can be assumed that the
reduction in conductance is solely attributed to the exclusion of ions from
the volume occupied by the analyte, reducing the number of available charge
carriers for ionic conductance. This assumption yields the following expression:

7Tdsnalyte

AG=o0 i (2.3)
This model is also based on the assumption that the analyte is approximately

cylindrical and longer than the pore length, as illustrated in Figure 2.5&).[26]
This basic model proposes that the blockage amplitude depends solely
on the cross-sectional area of the analyte, however it also varies with pore
size.[?2l A more precise model, accounting for pore size dependence, should
incorporate access resistance, which dominates in wider pores. The impact
of an analyte on nanopore conductance for a cylindrical analyte (e.g. a DNA
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strand translocating in a linear state) can then be calculated based on insertion
into equation 2.2, which gives

AG = GO - Ganalyte

-1

a1\ 4t 1
_ Ly 2.4
7 <7rd2 * d) By Jpo g @4)

analyte analyte

For a spherical analyte (such as a protein or coiled DNA during translocation)
as shown in Figure 2.5b), the conductance blockage is given by!27]

rd? (d2 2 )

analyte
a(a

analyte

AG =0

(2.5)
A~ 1 )

Furthermore, for highly charged analytes such as DNA, it is important to
consider charge screening. As the analyte translocates the pore, it carries a
layer of counter-ions, thus increasing the number of available charge carriers
for ionic conductance. This effect counteracts the volume exclusion effect
described earlier. At high salt concentrations, the volume blocking effect
dominates, causing a decrease in current during translocation. However, at
low salt concentrations, the increase of charge carriers in the analyte EDL

dominates, and results in a current enhancement during the event.[28:[29]
a)
————f—
T F[P
Fcrag tra
d C
dama\y(e
|

Figure 2.5: Schematic illustrating the model for translocation of a) a cylindrical
analyte and b) a spherical analyte. The diagram shows both electrophoretic and drag
forces, along with electroosmotic flow.”) The assumption in this figure (affecting the
direction of forces) is that both the nanopore walls and the analyte are negatively
charged.

2.4 Electrophoresis and electroosmosis

So, what is it then that makes the analyte move through the nanopore? This is
an interplay between electrophoretic forces, electroosmotic flow and diffusion,
and the impact of these effects depends on pH, ionic strength and the type of
analyte.
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2.4.1 Electrophoretic force

When a voltage bias is applied across a nanopore, this sets up an electric field
inside, and close to, the nanopore. This electric field can be very strong, up
to ~ 107 V/m. The electrostatic force from this field on a charged analyte
is the origin of electrophoretic transport, which is the main driving force for
translocation of highly charged analytes, such as DNA molecules. For the
case in Figure 2.5a), where DNA is modelled as a cylindrical analyte longer
than the pore, and with a uniformly distributed line charge density Apna, the
electrophoretic force is Fgp = ApnaAV'. The resulting force will however be less
than this, because the counter-ions associated with the analyte will be affected
by an opposing electrostatic force from the electric field, creating a drag force
which counteracts the electrophoretic force on the analyte. 1]

2.4.2 Electroosmotic flow

Electroosmosis is an effect observed in micro- and nanofluidic channels, such as
nanopores, under the influence of an external electric field. As discussed earlier,
counter-ions accumulate in an EDL near the nanopore walls (within Ap). When
the electric field acts on this charged layer, it induces a flow inside the channel
as the ions drag along the solution, a phenomenon known as electroosmotic
flow (EOF), illustrated in Figure 2.5. The velocity profile will depend on the
ratio between Ap and d, i.e. on the ionic strength of the electrolyte.27:[30] Tt
also depends on the aspect ratio of the nanopore; in long micro- and nanofluidic
channels the EOF profile is known to be plug-like, while in nanopores the flow
is higher close to the pore walls.[3%

The electroosmotic flow exerts a force on the analyte, thereby influencing
its translocation behaviour. The direction of this force can be either parallel
or opposite to that of the electrophoretic force, depending on the relative
charge of the analyte and the nanopore walls. If the pore walls and the analyte
have the same charge, the electroosmotic flow opposes the electrophoretic
force. Conversely, if the pore walls have an opposite charge to the analyte,
electroosmotic flow aligns with the electrophoretic force.[25:[32]

2.4.3 Diffusion

In addition to electrophoresis and electroosmosis, the diffusion or random walk
of the analyte in solution is always present, and unaffected by applied voltage.
Diffusion is driven by the concentration gradient of the analyte between the
cis and trans chambers. Notably, protein translocation via diffusion has been
observ[ed]7 when electrophoretic and electroosmotic effects counterbalance each
other.[?%

2.5 Capture rate

Another important parameter in nanopore sensing is the capture rate or event
frequency, representing the number of observed events per unit time. The



14 CHAPTER 2. NANOPORE SENSING

movement of a free molecule in solution is governed by diffusion, when the
analyte is distant from the nanopore opening. However, within the “capture
zone”, the analyte’s movement is dominated by the electric field. To enter
the pore, the analyte must first diffuse close enough to the pore, where it can
be captured by the electric field, and then translocate through the nanopore.
Consequently, two potential rate-determining steps exist in the capture process.

In the case where the pore is significantly larger than the analyte (d >>
danalyte ), there should be no barrier towards translocation, and the capture rate
is expected to be determined by the analyte’s diffusion to the “capture zone”.
The radius of this capture zone increases linearly with voltage, implying that
the event frequency should be proportional to AV in cases of a diffusion-limited
process. This behaviour has been observed in DNA translocation through
nanopores that are large (~ 15 nm) compared to the DNA cross-section.[261:[33]

On the other hand, in situations where a barrier to translocation exists, such
as when the pore size is small compared to the analyte, requiring conformational
changes for entry, molecules are delivered to the pore faster than they can
translocate it. In this case, with a barrier to overcome, the capture rate is
expected to follow an exponential dependence on AV. This behaviour has been
observed for the translocation of DNA in the 100-1000s bp range through small
(< 5 nm) pores. 33

2.6 Data acquisition and signal processing

We now move on to the process of acquiring ionic current data in nanopore
sensing experiments. The ionic current signal we record is a continuous, analog
representation. To enable storage and computerised processing, it must be
converted into a discrete, digital signal through a procedure known as sampling.
The chosen sampling rate determines the time resolution of the experiment.
According to the Nyquist sampling theorem, the sampling interval T required
for accurate reconstruction of a signal containing important information up to
the frequency f, is given by:
1

2fz
With this sampling interval, the signal can be perfectly reconstructed up to
frequencies f,.13* Thus, the highest achievable bandwidth is determined by the
sampling rate. However, it’s essential to note that in practice, the bandwidth
of the nanopore recording will usually be reduced due to the need for signal
filtering.

T, (2.6)

2.6.1 Signal filtering

One of the main challenges in the development of solid-state nanopore sensors
is the low signal-to-noise (SNR) ratios. Noise can originate from various sources.
High-frequency noise is often linked to chip capacitance (see Figure 2.3). Low-
frequency noise typically scales as % and is thought to be associated with
nanopore surface properties, including surface charge, hydrophobicity, and the
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presence of nanobubbles. To enhance the SNR, the signal is frequently filtered
before and/or after sampling. An analog filter consists of an electrical circuit
and operates on the analog signal, while a digital filter is a mathematical
operation applied to the digitised signal. In nanopore measurements, the most
commonly used filter is a low-pass filter, which eliminates frequency components
higher than a specified cut-off frequency f.. While this improves the SNR,
it comes at the cost of temporal resolution. This means that the most rapid
processes in the data may no longer be possible to observe.35):[36]






Chapter
Polymer brushes

Surface functionalisation is a growing topic within a wide range of biotech-
nological applications, including biomedicical devices and biosensors. Surface
modification is often employed to achieve surfaces with anti-fouling proper-
ties, preventing unwanted, non-specific interactions between the surface and
biomolecules.3”) Additionally, there may be a need to modify and tailor inter-
actions with molecules. One type of surface functionalisation that has attracted
significant interest in recent years is polymer brushes.

In the field of nanopore sensing, surface modification can potentially play
an important role, due to its ability to influence the interactions between the
nanopore and the analyte.['4:[38] This includes preventing nanopore clogging
by reducing analyte-surface interactions, or achieving nanopore selectivity.
Modifying the nanopore surface chemistry can also impact electroosmotic flow,
the ion current rectification (via alterations to the surface charge density of
nanopore walls), and analyte residence time in the pore.[141:[38]

Given the many possibilities for tuning nanopore properties, various methods
for surface functionalisation have been explored. Current common techniques
include dressing the nanopore with a lipid bilayer, surfactant adsorption, self-
assembled monolayers, and silanisation chemistry.[8) While there are also
some notable examples of employing different polymeric coatings in solid-state
nanopore sensors, % 41 this remains a relatively unexplored area. For instance,
the effects of polymer brushes grafted inside solid-state nanopore sensors on
properties such as ionic current, noise and molecular translocation remains
unknown.

This thesis investigates precisely this - the chemical functionalisation of
nanopore sensors with polymer brushes. This chapter serves to establish the
theoretical foundation for polymer brushes. We begin with modelling free
polymers in solution, and then move on to polymers that are attached to a
surface. Different grafting strategies are discussed, with a particular focus on
poly(ethylene glycol).

17
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3.1 Polymers in solution

A polymer is a large macromolecule composed of smaller units known as
monomers, that are covalently linked together. The polymer chain architecture
may be linear or branched. However, for the purpose of this chapter, the focus
is on linear polymers and their behaviour in solution.

3.1.1 The freely-jointed chain model

A polymer in solution can be viewed as a flex-
ible chain, consisting of n segments, each with a
length [. In this view, [ represents the monomer
length and n is the number of monomers. The
flexibility of a polymer allows for various con-
formations, typically adopting a random coiled
structure. One way to model the random coil is
through the freely-jointed chain model, which
assumes that the polymer is constructed by
connecting the segments to each other using
a random-walk, allowing an arbitrary angle «
between each segment (see Figure 3.1).142]

However, the assumption of an arbitrary
angle o between segments is not so realistic,
especially for stiffer polymers. To address the
varying flexibility among polymers, the Kuhn
length lj, is introduced into the model. According to Kuhn, the polymer can
instead be seen as composed of nj segments, each of length [, resulting in a
total length, or contour length L, expressed as L = nl = nyl;,.1*? For highly
flexible polymers, I, = [, while for rigid, rod-like polymers I = L.

In the freely-jointed chain model, the mean end-to-end distance (R) provides
a common measure to describe the size of a polymer coil. It is given by[4?!

Figure 3.1: The freely-jointed
chain model for a polymer in
solution.

Nl

1
(R) = (nkl3)? = (nlly) (3.1)
An even more physically relevant measure of the coil size is (twice) the radius
of gyration 2R, calculated as the root mean square distance of the segments
from the centre of mass. It is related to the mean end-to-end distance as
R, = %(R}.[‘m Note that both the end-to-end distance and the radius of

gyration have the same scaling relationship with the polymer length, ne.

3.1.2 Excluded volume and solvent interactions

The freely-jointed chain model can be refined by including the effects of excluded
volume and solvent interactions, which is done in the Flory-Huggins theory for
polymers in solution.[*3] Firstly, the excluded volume effect means that two
different polymer segments cannot simultaneously occupy the same volume
space, leading to a reduction in the available volume compared to the simple
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freely-jointed chain model. Additionally, the interactions between the polymer
and the solvent, as well as among solvent molecules and between different
parts of the polymer chain, must be considered. The relative strength of these
interactions significantly influences the polymer size in solution, leading to a
revised scaling relationship for the polymer coil sizel4?!

2R, ~ ns (3.2)

Figure 3.2: The size and shape of a polymer coil in different solvent conditions.

Three distinct cases can be identified, depending on the relative strength of
the polymer-polymer, solvent-solvent and polymer-solvent interactions, also
illustrated in Figure 3.2:4%

3
5

o Good solvent = The polymer coil swells and the size scales as 2R, ~ n

e 0 solvent = The excluded volume effect and solvent interactions counter-
balance each other, so that the polymer follows the freely-jointed model,
with the scaling 2R, ~ ne

e Poor solvent = The polymer contracts into a globule to avoid interaction
. . . . . 1
with the solvent, resulting in a size scaling of 2R, ~ n3

To summarise, the size of the polymer coil is highly dependent on the solvent
conditions, which is an important consideration in the preparation of polymer
brushes.

3.1.3 Lower critical solution temperature

The solubility of a polymer in a certain solvent depends also on temperature,
and, in fact, for some polymers, the solubility decreases with temperature.
That means, there exists a temperature such that the polymer is soluble below,
but insoluble above. This temperature is known as the lower critical solution
temperature (LCST) of the polymer. 42!

3.2 Modelling the structure of end-grafted polymer
chains

We now shift our focus to the central theme of this chapter: surface function-
alisation with polymer brushes. While there are different ways polymers can
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interact with a surface, we only consider polymers attached with one end to the
surface, so called end-grafting. The conformation these end-grafted polymers
assume (illustrated in Figure 3.3) is determined by the the grafting density
' of the polymers on the surface and the nature of interactions between the
polymer chain and the surface. At low grafting densities I' < R%zz, the mushroom
or pancake conformations are possible.[*3] The pancake structure is observed
when attractive interactions between the polymer chain and the surface favour
adsorption. Conversely, the mushroom conformation occurs when polymer-
surface interactions are unfavourable. The pancake structure has very limited
extension from the surface, while the mushroom extends approximately 2R,
from the surface.[*3!

Figure 3.3: Different conformations of polymers that are end-grafted to a surface.
At low grafting densities, “pancakes” or “mushrooms” are produced, while at high
grafting densities, stretched “brushes” result.

For high grafting densities I' > T%, there is not enough space for the polymers
to adopt a mushroom configuration. Instead, they are forced to stretch out in
solution, forming what is known as a polymer brush. The extension of the brush
is, of course, dependent on the grafting density and the solvent conditions. In
the case of a good solvent, the Alexander - de Gennes theory provides a scaling
relation for the polymer brush height h:[43-[45]

h ~nl'3 (3.3)

This is in contrast to the coil size 2R, that scales as n5. In the Alexander - de
Gennes theory, the volume fraction of monomers ¢(z) as a function of distance
from the surface, is assumed to follow a step-function, with a constant value
for z < h and 0 for z > h. More sophisticated models based on self-consistent
field theory have estimated the volume fraction to instead follow a parabolic
density profile, where the monomer concentration gradually decreases as one
moves away from the surface.!4

3.2.1 Polymer brushes on a curved surface

This is all concerned with polymer brushes grafted on planar surfaces. As
this thesis deals with polymer brushes grafted inside of nanopores, it is also
relevant to consider how a curved surface affects the brush architecture. A
polymer brush grafted on a concavely curved surface (such as the inside of a
nanopore), will have an extension H > h, where h is the height for the same
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brush on a planar surface.[7:[8] This can easily be understood by considering

that the volume available for the monomers will be less, and thus, the brush
will be forced to stretch further out in solution. The brush height H inside
the nanopore will therefore be a function of the curvature, extending further
from the surface as the curvature increases. This is valid as long as H < %7
that is, when there is still a channel of free solution in the middle of the pore,
where ¢(r > H) = 0. When the curvature increases further, a limit will be
reached when the entire pore volume is filled with the (hydrated) brush, that
means that ¢(r) > 0 everywhere inside the pore. After this, with further
increases in curvature, the brush will be compressed.[*”[48] Both of these cases
are illustrated in Figure 3.4.

Figure 3.4: Schematic of polymer brushes grafted inside a nanopore. For large pores
(compared to the brush height) there will be a hollow channel in the pore centre. In
the case of smaller pores, the brush will be compressed and fill up the entire pore
volume.

3.3 Grafting of polymer brushes

In general, there are two primary methods for forming a polymer brush:
grafting-to and grafting-from.1*®! In the grafting-from approach, brushes are
prepared by functionalising the surface with an initiator layer, followed by
a surface initiated polymerisation reaction from monomers in solution. This
method offers advantages such as high grafting density and tunable polymer
brush thickness. However, the method is not so realistically applicable in a
diverse field such as nanopore sensing, as it lacks in experimental simplicity
and accessibility for researchers outside of the field of organic chemistry.

This project instead employs the grafting-to method, which is experimentally
very straight-forward. In this method, polymers in solution are attached by
one end to the surface. This requires a functional end group on the polymer
capable of binding to the surface. However due to steric hindrance between the
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polymers during surface binding, achieving high grafting densities and reaching
the “strongly stretched” brush regime can be challenging. 374!

3.3.1 Poly(ethylene glycol) brushes

The purpose of surface functionalisation of nanopores in

this thesis is mainly to investigate the prospects for trying

to create a voltage-gated nanopore. Poly(ethylene glycol) ,{’\/OJ\
(PEG) is chosen as the polymer for this purpose, as it is n
known to form an entropic barrier towards spontaneous

(diffusive) protein translocation in larger nanopores.[! PEG Figure 3.5: Chem-
is also known for its anti-fouling properties, preventing non- ical structure of
specific adsorption to surfaces.7[44] Thus, it could possibly PEG.

also prevent clogging of the nanopores. The structure of

PEG is shown in Figure 3.5.

As already mentioned, the difficulty in preparation of polymer brushes
using grafting-to is reaching a high enough grafting density. At low grafting
density, PEG will tend to adopt a mushroom structure instead of the strongly
stretched brush, reducing its anti-fouling properties.[*”):[44 To circumvent this
problem, grafting methods where the coil size is reduced are often employed,
usually by choosing a less favourable solvent for the polymer during grafting.
Grafting PEG with a thiol (-SH) functional group onto gold surfaces in 0.9 M
NayS0O4 has been demonstrated to produce brushes whose height aligns with
the Alexander - de Gennes “strongly stretched” brush.[**] More about PEG
grafting on nanopores that was made for this thesis in Chapter 7.
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Experimental

This chapter describes the fabrication process for membranes and nanopores,
as well as the ionic current measurements. The fabrication of nanochambers
suitable for protein trapping is part of the developmental work of this thesis,
and is detailed in Chapter 5. The grafting process for PEG polymer brushes is
described in detail in Paper II and is summarised in Chapter 7.

4.1 Membrane fabrication

Nanopores were fabricated in 20 nm thick, free-standing SiN membranes
(10x10 pm?) supported on either 200 um (Norcada) or 500 um Si chips (5x5
mm?). Nanochambers and nanopore arrays were also fabricated in free-standing
SiN membranes on 500 pm Si chips (10x10 mm?). The fabrication process for
the 500 pum thick chips follows and is also summarised in Figure 4.1.

Before fabrication, the 4”7 Si wafer substrates were cleaned using a mixture
of HoO:NH,OH:H205 (5:1:1 ratio) for 10 minutes at 80°C. This was followed by
immersing the wafer for 1 minute in 2% HF solution, and then in HoO:HCl:H2 04
(5:1:1 ratio) for 10 minutes at 80°C.

Low stress SiN was deposited on the Si wafer using low-pressure chemical
vapour deposition (LP-CVD) at 820°C for 5 minutes (9 minutes for nanopore
arrays). The SiN thickness was measured by ellipsometry to be 30 nm and
50 nm, respectively, for the different deposition times. The wafer was then
spin-coated with a positive photoresist (S1813, Microposit) at 4000 RPM for 60
seconds, after which the wafer was baked at 120°C on a hotplate for 2 minutes.
The membrane windows were defined through UV mask lithography, where
690 pm circles (770 pm for nanopore arrays) were patterned onto the wafer.
Development was performed for 60 seconds (MF-319, Microposit).

Reactive ion etching (RIE) with CF4/O5 (4:1 volume flow, 50 W, 15 mTorr)
was then used to etch through the exposed SiN for 5 minutes (9 minutes for
nanopore arrays). This was followed by using an O plasma (250 W, 500
mTorr) for 2 minutes to strip off the remaining photoresist. KOH was used to
anisotropically etch through the wafer at 54.74° relative to the Si <100> plane.
KOH etching (30% solution) was performed at 80°C for ~10 hours, until the

23
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SiN membranes were left free-standing. At this point, the membranes for CBD
and nanochamber fabrication were ~10x10 pm? and ~20 nm thick (due to
thinning of the SiN during KOH etching), and for nanopore arrays ~100x100
pm? and ~40 nm thick.

1. Fabrication on a
4" wafer Si <100>

5. Development
[ ] MF-319
by LP-CVD SIN,
: 6. RIE etching through SiN
and stripping of resist
3. Spincoating of | F |

positive photoresist
S1813
: 7. Anisotropic etching of

Si by KOH
4. Patterning by mask UV KOH 30%
photolithography s
{ UV_mask { ‘

Figure 4.1: The membrane fabrication process.

4.2 Chemicals

All aqueous solutions were prepared using ASTM research-grade Type 1 ultra-
filtered water (milliQ, 18.2 MQecm). Nanopore fabrication and sensing experi-
ments were carried out in 1 M KCl (AnalaR), 10 mM Tris, 1 mM EDTA (100x
concentrate, Sigma Aldrich) buffered solution. Conditioning was performed in
a 3.6 M LiCl (Sigma Aldrich) solution. The bulk conductivity of electrolyte
solutions was measured using a multi-parameter meter (VWR pHenomenal
MU6100L), approximately 10.7 S/m for 1 M KCI and around 16 S/m for 3.6
M LiCl at room temperature. For DNA sensing experiments, 1 nM of 3 kbp
dsDNA (NoLimits DNA fragment, Thermo Fisher Scientific) was mixed with
the buffer solution and introduced to the cis chamber of the flow cell. Similarly,
for protein sensing experiments, 55 nM of S—galactosidase from Aspergillus
Oryzae (Sigma Aldrich) was mixed with the buffer solution.
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4.3 Nanopore fabrication by controlled breakdown

4.3.1 Experimental setup

Nanopores were fabricated in SiN membranes using the controlled breakdown
(CBD) technique. The SPARK-E2 system, controlled with the NNi Nanopore
Fabrication software (Northern Nanopore Instruments), was employed for this
purpose. The chips were mounted in PEEK (polyether ether ketone) or plastic
flow cells (Northern Nanopore Instruments). These flow cells were filled with
electrolyte buffer and sealed with anti-evaporation caps equipped with Ag/AgCl
electrodes as shown in Figure 4.2.

Figure 4.2: The components of the flow cell used for ion current measurements and
CBD. The nanopore chip is sandwiched between two gaskets and mounted in the
flow cell. The cell is subsequently filled with electrolyte buffer, and sealed using
anti-evaporation caps equipped with Ag/AgCl electrodes.

4.3.2 Nanopore fabrication

Nanopore chips were cleaned using Piranha solution (3:1 mixture of HoSOy4
and H203) for 20 minutes before nanopore fabrication. Prior to the fabrication
process, an IV curve was recorded to assess the leakage current and ensure
the absence of defects in the membrane. The fabrication involved sweeping
the voltage from 0 to -5 V at a rate of -3 V/min. Once -5 V was reached, the
sweep rate was reduced to -0.75 V/min. Simultaneously, the leakage current
through the membrane was monitored, and the voltage application would be
terminated upon the detection of a sudden current spike, indicative of pore
formation. The termination threshold, calculated as an average over the last
50 current data points, was adjusted with an offset ranging from 10 to 150
nA. The voltage was continuously decreased until reaching the termination
threshold. In cases where the maximum voltage of -18 V was reached before
termination, the voltage was maintained at -18 V until fabrication occurred. A
representative fabrication curve is presented in Figure 4.3. Nanopore fabrication
was confirmed by recording another IV curve. A comparison between the IV
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curves before and after fabrication is presented in Figure 4.4a). The equivalent
pore size for these IV curves was determined using equation 2.2.

0 10
> <
% Breakdown =
2 o
S 101 > 1-500 5
> O

0 500 1000

Time (s)

Figure 4.3: Measured current and applied voltage during fabrication of a nanopore
using controlled breakdown.

4.3.3 Nanopore conditioning

After nanopore fabrication, a conditioning process was usually carried out. The
primary purpose of conditioning was to enlarge the pore to the target size,
although it also to achieve a more linear IV response. During conditioning,
square voltage pulses of 4 seconds with alternating polarity were applied until
the pore reached the desired size. Pulse amplitudes varied between experiments,
typically ranging from 4 to 6 V, well below the breakdown voltage to prevent
multiple pore formation. Figure 4.4b) shows an example of the applied voltage
and measured current during a conditioning experiment. The final nanopore size
was determined by recording another IV curve, also shown in the comparison
in Figure 4.4a).

a) b)
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Figure 4.4: a) IV-curve of a nanopore before fabrication (membrane leakage), after
fabrication and after conditioning. b) Current and voltage during conditioning of a
nanopore.
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4.4 lIon current measurements

The same flow cell as for CBD fabrication (Figure 4.2) was used, but placed
inside a Faraday cage (Northern Nanopore Instruments). The current was
recorded by the patch-clamp amplifier Axopatch 200B, and digitised by a
Digidata 1550B (Molecular Devices). The experimental setup is shown in
Figure 4.5. IV-curves were recorded using the WinWCP software, and current-
time traces were recorded using the Axoscope software. Data analysis was
performed using a custom-made MATLAB software, which is described more
in detail in Chapter 6.

Figure 4.5: The experimental setup for ion current measurements, with the flow cell
placed inside the Faraday cage, which is connected to the Axopatch 200B patch-clamp
amplifier and the Digidata 1550B digitiser.






Chapter

Nanofabrication:

Nanoscale structures suitable for protein trapping and gating

To temporally resolve protein dynamics, one conceivable strategy involves
confining proteins inside a nanostructure. This approach would enable long
observation times of proteins, for example through fluorescence microscopy,
without the risk of diffusion from the observation spot. Consequently, a crucial
part of developing a platform for investigating single protein dynamics and
interactions is the development of nanoscale gates and traps. This chapter
provides an overview of the development and fabrication processes for two
different types of nanostructures designed for protein trapping and gating.

5.1 Paper I: Nanopores for protein gating

My contribution to Paper I was the fabrication of membranes with nano-
pore arrays, that were used to demonstrate gating for proteins using thermo-
responsive polymer brushes. This section outlines the fabrication process for
nanopore arrays and provides a brief summary of their application in protein
gating experiments.

5.1.1 Fabrication of nanopore arrays

The nanopore arrays were fabricated in 40 nm thick, free-standing SiN mem-
branes (as described in Section 4.1). A schematic overview of the fabrication
process for nanopore arrays is presented in Figure 5.1. The Si wafer with
membranes underwent an initial cleaning step using HoO:HCl:H504 (5:1:1
ratio) for 20 minutes at 80°C, in order to remove inorganic contaminants from
the KOH etching process.

The lithography process started with spin-coating the membrane-side of the
wafer with an adhesion promoter (Ti Prime, MicroChemicals) at 3000 RPM
for 20 seconds. Subsequently, the wafer was baked in a furnace at 130°C for
10 minutes, to ensure proper adhesion of the resist (ma-N 2403, Microresist
Technology), which was then spin coated at 3000 RPM for 60 seconds. Another
round of baking followed in a furnace at 180°C for 10 minutes.

29
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An array of circles (60 or 110 nm diameter, with either a 300 nm or 4 pm
pitch) was patterned on each membrane using EBL (4 nm beam step size, 300
pm aperture, 2 nA beam current and a dose of 500 uC/cm? for dense arrays,
700 uC/cm? for sparse arrays). Subsequently, the resist was developed using
developer ma-D 525 (Microresist Technology) for 60 seconds, creating an array
of resist pillars on the membrane.

1. Spin coating of 4. Lift-off in photoresist
negative photoresist remover
ma-N 2403 mr-Rem 700
2. Patterning by EBL 5. RIE etching through SiN

and development

F
r''w FW

3. Deposition of Au 6. Removal of protective
and AlLO, by PVD Al O,

AlLO. 10 mM NaOH

Figure 5.1: Schematic of the nanopore fabrication process.

The wafer was then prepared for Au deposition by subjecting it to 10 seconds
of Oy plasma (50 W, 250 mTorr, 80 sccm). This step was found to be crucial
for removing residuals from the Ti prime adhesion promoter, which would
otherwise interfere with the metal film adhesion. Physical vapour deposition
(PVD) was then used to deposit 1 nm Cr (adhesion layer), 30 nm Au and
15 nm Al,O3 (protective layer) on the wafer. The outcome was an array of
metal-covered resist pillars, which could be removed by a lift-off process where
the wafer was mounted upside down in a Teflon holder in stirred and heated
photoresist remover (mr-Rem 700) at 55°C for 15-30 minutes. This process
left an array of holes in the metal film.

Reactive ion etching (RIE) with CF4/O4 (4:1 volume flow, 50 W, 15 mTorr)
was then employed to etch through the exposed SiN for 9 minutes. The Al;Og3
layer protects the Au during RIE, and can be removed afterwards by immersion
in 10 mM NaOH for 45 minutes. This results in the formation of an array of
nanopores in the free-standing membranes of SiN and Au. An SEM image of
part of a nanopore array is shown in Figure 5.2a).
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5.1.2 Protein gating in nanopores by thermo-responsive polymer
brushes

The nanopore arrays served as a platform for demonstrating protein gating in
experiments conducted by Justas Svirelis and Jesper Medin (affiliations in Paper
I). In summary, poly(N-isopropylacrylamide) (PNIPAM) brushes were grafted
onto the Au surface using a grafting-from approach. PNIPAM is a thermo-
responsive polymer with a LCST at 32°C. Thus, by locally heating the nanopore
membranes, the brush could be switched between an extended (gate closed)
and collapsed (gate open) state, as illustrated in Figure 5.2¢). Fluorescent
bovine serum albumin (BSA) was introduced to one side of the nanopore
membrane, and the fluorescence intensity was monitored on the opposite side
of the membrane. The intensity increased only when the membrane was heated
(Figure 5.2b), confirming that the fluorescent proteins could diffuse through
the nanopores only when the PNIPAM brushes were in the collapsed state.
The nanopores remained closed towards proteins when PNIPAM was in the
extended state.

b)

Figure 5.2: a) SEM image of a nanopore array. b) Fluorescence intensity over time
showing that proteins can only pass through the nanopores when the membrane is
heated. ¢) Schematic of the nanopores with brushes in an extended (gate closed) and
collapsed (gate open) state.
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5.2 Unpublished results: Nanochambers for protein
trapping

While nanopore arrays were effective in demonstrating protein gating, they
lack the capability for protein trapping. This section outlines the fabrication
process for a novel nanochamber design aimed at capturing proteins. These
chambers consist of a central cavity where proteins can potentially be confined.
On each side of the cavity is a nanopore, serving as the “entrance” and “exit”,
as illustrated in Figure 5.3. While the nanochambers are yet to be used in
protein trapping experiments, we present the demonstrated fabrication process
including optical and electrical characterisation of the structure.

Figure 5.3: Illustration of a nanochamber in cross-section.

5.2.1 Nanochamber fabrication

The nanochamber fabrication process is to a large extent based on the fabrica-
tion of nanopore arrays. The entire process is summarised in Figure 5.4. To
avoid redundancy, only the differences compared to nanopore arrays will be
described here.

100 nm of SiOy was grown on 20 nm thick SiN membranes using atomic
layer deposition (ALD). EBL was performed in the same way as for nanopore
arrays, but patterning only one single circle with a diameter of 80-200 nm
in the middle of each membrane (700 uC/cm? dose), to achieve one single
nanochamber in each membrane. No Al;O3 was deposited on these membranes,
as there is no RIE step in which the Au needs protection. The hole in the Au
resulting after lift-off forms the nanochamber “exit” pore.

The chamber cavity was etched out in the SiO5 layer by using buffered oxide
etch (BOE T7:1) for 10-30 seconds. BOE 7:1 etches the SiOg more isotropically
than RIE, with a theoretical etch rate of 80 nm/min.[*”! The etch rates that
we observed were significantly higher, corresponding to around 500 nm/min,
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however with a considerable variation between different runs. The reason for
this discrepancy is unknown, but is believed to be related to the SiOs quality.

1. Deposition of SiO2 by

ALD SiO,
5. Lift-off in photoresist
remover

mr-Rem 700

n

. Spin coating of
negative photoresist
ma-N 2403

6. BOE etching in SiOy
BOE 7:1

)

f

w

. Patterning by EBL
and development

7. CBD of SiN

4. Deposition of Au by ;
PVD Au

i ,

j.

)

Figure 5.4: Schematic of the nanochamber fabrication process.

Finally, the nanochamber “entrance pore” was fabricated by CBD in the
now exposed part of the SiIN membrane at the bottom of the etched chamber.
CBD was performed as described in Section 4.3. Note that the wafer had
to be broken up into individual chips before this step, as the CBD process
can only be performed on one membrane at the time. Figure 5.6a) shows the
fabrication curve, featuring the characteristic current spike indicating nanopore
fabrication.

SEM and TEM images of the nanochamber structure are shown in Figure
5.5. The Au pore and the etched SiO cavity are visible in the images. For the
TEM characterisation, the same fabrication process as described was performed
but on TEM grids with 100x100 pum SiN windows (SiMPore). Instead of one
single chamber on each membrane, an array of chambers with a 4 pm pitch was
patterned. The TEM characterisation was performed by Takumi Sannomiya.

5.2.2 Electrical characterisation

The nanochambers were electrically characterised through the recording of IV
curves both before and after CBD, as illustrated in Figure 5.6b). Notably,
the pre-fabrication leakage current in nanochamber chips was relatively high,
despite the small exposed SiN area (~ 500 times less than a full membrane).
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Figure 5.5: a) SEM image of a membrane with a single nanochamber. The inset
shows a magnification of the chamber. b) TEM image of part of a membrane with a
nanochamber array. The inset shows a magnification of one of the chambers.

While leakage through the SiO4 covered part of the membrane is expected to be
low due to the insulating properties of SiOs, the observed high leakage current
may be attributed to the potential etching of the exposed SiN during BOE
etching. This process could lead to membrane thinning and/or the creation of
small pores/defects in the SiN, as has been previously demonstrated. 5]

a) b)
0 . 10r
. 1A 4 Membrane leakage *
> v (é ----- d=16nmm
~ ~ e e Fabricated pore
= d=29mm
%’) CC QC: + Conditioned pore
£ E - — d=57mm
o ~ = .
> © % 0 P S
-10t 1-100 5 Yf
O
1 1 _5' I I I
0 500 1000 -0.5 0 0.5
Time (s) Voltage (V)

Figure 5.6: a) Current and voltage over time during CBD fabrication of a pore in
the exposed SiN membrane in a nanochamber. b) IV-curves of the nanochamber
before CBD, after CBD and after conditioning. The pore sizes given in the Figure
are calculated using Equation 2.2.

The SiN pore is expected to be the dominating contribution to the combined
nanostructure resistance due to its small size. For instance, the resistance of
a 100 nm pore in a 30 nm thick membrane (corresponding to the EBL/RIE
pore in the Au) is only about 1% of the resistance of a 5 nm pore in a 20 nm
membrane. Thus, Equation 2.2 can still be used to estimate the size of the SiN
pore. However, when the size difference is smaller, the resistance contribution
from the Au pore is no longer negligible. Figure 5.6 also indicates that the
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nanochamber exhibits rectifying IV characteristics. This may be related to the
asymmetry of the geometry around the nanopore, with the cavity on one side
of the pore.






Chapter

Data analysis:
Enabling high-voltage nanopore recordings

Nanopore sensing often encounters challenges related to noise in the current
signal. This noise can originate from various sources, including low-frequency
flicker noise and high-frequency capacitive noisel*®/36 While low-pass filtering
is a common method to mitigate noise in nanopore data, it does not address
issues such as an unstable or fluctuating baseline, something which becomes
more pronounced at higher voltages. This may be a reason why most studies
stay below 500 mV.

The instability of the baseline poses difficulties in reliable event detection
and identification. Different event detection algorithms commonly employed in
nanopore data analysis, such as threshold detection, cumulative sum or moving
averagel®1152] may struggle with event detection in cases of severe baseline
instability. In fact, even commercial software like Clampfit (Molecular Devices)
and Nanolyzer (Northern Nanopore Instruments) were unable to correctly
identify the events in high voltage experiments with fluctuating baselines. To
overcome this issue and facilitate high-voltage (> 500 mV) nanopore recordings,
I developed a MATLAB based software for nanopore data analysis. This
software, in addition to conventional low-pass filtering, also features a high-pass
filtering algorithm. This chapter provides a concise description of the algorithm
and a showcases the software’s application in an experiment with an unstable
baseline.

6.1 Low- and high-pass filtering of nanopore data

As discussed in Section 2.6.1, the routinely performed low-pass filtering of
nanopore recordings may result in information loss, if there are translocations
above f.. However, low-pass filtering often remains a necessity to distinguish
any signal at all. An unstable baseline can be considered as a low-frequency
variation in the signal. As the event data of interest is typically very high
frequency (on the order of > 1 kHz), high-pass filtering can safely be applied
without risking data loss.

37



38 CHAPTER 6. DATA ANALYSIS: ENABLING HIGH-VOLTAGE NANOPORE RECORDINGS

The algorithm used in our nanopore data analysis software relies on the
MATLAB Fast Fourier Transform (FFT), transforming the current-time trace
into its frequency components. In the next step, the lowest frequency compo-
nents, corresponding to baseline fluctuations, are eliminated from the data.
The data is then inverse Fourier transformed (IFFT) back to the time domain,
to regain the current trace, however with a stable baseline.

6.2 Data analysis example

Figure 6.1 presents an example of a current trace recorded at 900 mV (500
kHz sampling frequency, low-pass filtered at 10 kHz) with an unstable baseline.
The resulting current trace after high-pass filtering at 100 Hz demonstrates
the effectiveness of this approach in removing baseline fluctuations.

After filtering, events in the current trace can be accurately identified
using a simple threshold detection algorithm. The threshold, set as a fixed
number of standard deviations from the mean current, allows the registration of
events whenever the current surpasses this threshold. The choice of threshold
obviously impacts the number of detected events, where a balance is sought to
avoid missing translocation events with a too high threshold or introducing
“false positives” with a too low threshold. The threshold used in the present
experiment is indicated in Figure 6.1.

Raw current trace — High-pass filtered current trace
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Figure 6.1: A current trace with an unstable baseline is high-pass filtered at 100 Hz
to remove baseline fluctuations.
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Chapter
Towards a voltage-gated nanopore

As demonstrated in Paper I and Chapter 5, the creation of a thermo-responsive
gating system for proteins through the grafting of PNIPAM to nanopores
has been established. However, exploring alternative macromolecular gating
systems could introduce additional functionality. For instance, a voltage gated
nanopore with ionic current readout would overcome the limitation of the
thermally gated system, which cannot quantify the number of proteins passing
through the gate in its open state. Except for the prospect of voltage gating,
several other motivations drive the functionalisation of solid-state nanopores,
addressing issues like pore clogging, reducing ionic current noise, enabling
selective transport, and potentially facilitating the binding of analytes inside
the pore through a functional surface coating tailored to specific analytes.
In this chapter, we present a novel method for grafting PEG brushes on
silica nanostructures (Paper II). The PEG functionalised nanopores are then
characterised based on their ionic current response, and the translocation of
dsDNA and S-galactosidase protein is demonstrated.

7.1 Paper II: Functionalised SiN nanopores

My contribution to Paper II involved functionalisation of SiN nanopores, and
conducting the electrical characterisation of these pores. This work is presented
here, including additional work performed after publication. However, first, let
me provide a brief overview of the functionalisation protocol for PEG brushes
on silica surfaces.

7.1.1 Grafting of PEG brushes to silica surfaces

The comprehensive functionalisation protocol for PEG brushes on silica surfaces
is provided in Paper II, and the individual steps are illustrated in Figure 7.1.
The method, developed by John Andersson (affiliations in Paper II), is based
on aminopropylsilatrane (APS) click chemistry. The surface is functionalised in
three simple steps. In summary, the method involves silanisation of the surface
using APS, followed by a click-chemistry reaction with the crosslinker molecule
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sulfo-SMCC. Thiol-PEG can then be grafted using the same protocol employed
for the functionalisation of gold surfaces (grafting in 0.9 M NasSO,), described
in Section 3.3.1. The first two steps are completed within a few minutes, while
the final PEG-grafting step can be conducted over 1 hour or left overnight.
The method accommodates both an ex situ (immersion of the sample chip in
solutions) and an in situ (injections of solutions into a flow cell) approach.

Figure 7.1: The functionalisation protocol for APS-SMCC-PEG on silica surfaces.
Both the ex situ and in situ approaches are shown.

7.1.2 PEG grafting on SiN nanopores

The APS-SMCC-PEG functionalisation protocol was applied to modify the
surface of nanopores fabricated by CBD, with sizes ranging from 7-35 nm.
To confirm brush grafting inside the pores, the conductance was measured
before and after functionalisation. In all cases, there was a significant decrease
in conductance after functionalisation, as illustrated in Figure 7.2a) for a
representative example. The mean conductance reduction for 2 kDa PEG
grafting to nanopores was 85% (calculated over 23 pores). This reduction
might appear high, considering the highly hydrated nature of the PEG brush
(~ 80% on planar surfaces under physiological conditions), which implies a
high ionic conductivity. However, the dense APS-SMCC layer (~ 4 nm) is
assumed to have very limited conductivity. Additionally, the brush hydration
inside nanopores is expected to be slightly lower than on planar surfaces.*”]
This increased monomer density can be attributed to a combination of ionic
strength (1 M KCl) and brush confinement inside the pore. The total brush
exclusion height (including APS and SMCC) on a planar surface - representing
the distance from the surface when proteins cannot penetrate the brush - was
determined to be ~ 13 nms. For most of the investigated pores, this suggests
some compression of the brush inside the pore volume, however the brushes
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can also stretch out in the free volume surrounding the pore.

Figure 7.2: a) A typical IV curve before and after functionalisation, demonstrating a
considerably reduced conductance of the pore. b) Schematic of a nanopore before
and after PEG functionalisation. ¢) PSD of the nanopore current before and after
functionalisation. The ionic current was recorded at 100 mV, 500 kHz sampling
frequency and low-pass filtered at 10 kHz.

The nanopore noise characteristics before and after functionalisation were
investigated by calculating the power spectral density (PSD). The PSD is
calculated as the squared magnitude of the Fourier transform of the open-pore
current, and is shown in Figure 7.2c¢) for the same nanopore as in Figure 7.2a).
The modified pores often exhibited a reduction in the low-frequency %-noise.
This low-frequency noise is often associated with nanopore surface properties.
Thus, it is not unexpected that the surface modification of nanopores would
influence the noise in this part of the frequency spectrum. The noise reduction
observed can be attributed to a reduction in charge carriers and surface charge

on the nanopore walls.

7.2 Unpublished results: Molecular translocation
through functionalised nanopores

This section presents preliminary, unpublished results demonstrating voltage-
gating of macromolecules. PEG brushes are known for their protein-repelling
properties, and a previous study has shoen that PEG brushes on large (70-100
nm) pores act as an entropic barrier towards proteins.®! However, the barrier
properties of PEG under applied voltage has, to the best of my knowledge, not
previously been investigated. To test this, 3 kbp dsDNA or -galactosidase
protein was added to the cis chamber of a APS-SMCC-PEG functionalised
nanopore. No translocation events were detected below 500 mV for both the
DNA and the protein. Interestingly, above 500 mV, translocation events could
be clearly observed. Current traces for -galactosidase in the transition region
of 400-700 mV are shown in Figure 7.3a). It is apparent that the event frequency
increases with applied voltage above the 500 mV threshold. A plot of the event
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frequency versus voltage for both DNA and §-galactosidase is presented in
Figure 7.3b).
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Figure 7.3: a) Current traces for 400-700 mV for S-galactosidase translocating an
APS-SMCC-PEG (2 kDa) functionalised 16.6 nm pore (sampled at 500 kHz, low-pass
filtered at 100 kHz, high-pass filtered at 100 Hz). b) Event frequency versus voltage for
both S-galactosidase and 3 kbp dsDNA in APS-SMCC-PEG (2 kDa) functionalised
pores. The pore size in the DNA experiment was 7.2 nm. Note that the event
frequency for S-galactosidase is shown here x10.
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As PEG brushes are uncharged, they should remain unaffected by the
applied voltage. They would however be affected if there was an electroosmotic
flow in the pore, but as the surface modification is expected to charge neutralise
the surface, the electroosmotic flow should be negligible. Therefore, the observed
voltage-gated behaviour is unlikely to be caused by a disruption in the PEG
brush structure. Additionally, degrafting of PEG at high voltage can be
ruled out, as the pore remained closed upon decreasing the voltage below the
threshold. It is more plausible that voltage-gating occurs when the net force
on the molecules becomes sufficiently strong to overcome the PEG barrier. In
experiments conducted at high ionic strength (1 M KCl), the dominant force
acting on both DNA and [-galactosidase (which has a negative net charge at
pH 7) should be the electrophoretic force induced by the applied voltage. It
is also interesting to note that the barrier towards translocation seems larger
for -galactosidase, as the event frequency was much lower compared to DNA
even though the DNA concentration was lower (1 nM/55 nM). This also points
towards the electrophoretic force as the main driving force, which is larger for
DNA given the higher charge.

As discussed in Section 2.5, the capture rate for DNA in unmodified pores lar-
ger than ~ 15 nm scales linearly with voltage. In the absence of a translocation
barrier, diffusion becomes the rate-limiting step, leading to the formation of a
depletion zone within the capture radius.!?¢! However, even though our modified
pores exhibit zero translocation below the threshold voltage, charged molecules
are still influenced by the electric field outside of the pore. In this cases, the
presence of a strong barrier like PEG is likely to create a concentration zone
where molecules, unable to escape the electric field, also cannot pass through
the brush barrier. The verification of such a concentration zone is however still
to be demonstrated.



Chapter
Conclusion and future work

This thesis has demonstrated some important progress towards the realisation of
a nanoscale trap for single proteins. The fabrication process for a nanochamber
with dimensions suitable for trapping single proteins has been developed. The
next step would be the integration of this nanostructure with polymer brush
surface functionalisation. As the nanochamber consists of both gold and silica
surfaces, there is potential for material-specific functionalisation. This allows
the “exit pore” to be modified with a unique surface coating distinct to the
rest of the structure. For instance, envisioning a combination of grafting-from
and grafting-to approaches could yield a system exhibiting both voltage- and
thermal gating. The ultimate objective is to successfully trap proteins within
the nanochamber. Initially, translocations through the nanostructure should
be tested, before proceeding to protein entrapment. The subsequent study of
trapped proteins are likely to utilise fluorescence based techniques in a confocal
microscope. Thus, the integration of optical measurements with the electrical
nanopore sensing is crucial for enabling simultaneous readout.

Furthermore, this thesis highlights the successful functionalisation of nano-
pore sensors with polymer brushes, opening up for many new possibilities in
nanopore sensing technology. Applications range from selective sensing and
membrane transport to probing binding kinetics with ionic current readout.
The observed voltage-gated capture behaviour also warrants further investiga-
tion, offering insights into the physics governing molecular transport through
nanopores. Some areas for exploration include understanding how the threshold
voltage correlates with pore size, polymer length and to extend the study to
different proteins.
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