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Abstract
The ability to study and control biomolecules at the single-molecule level

offers new possibilities to improve our understanding of life. Many single-
molecule methods, however, require the molecules to be immobilised or ex-
posed to external forces, which may alter their natural behaviour. This thesis
presents new types of nanostructures and surface functionalisations with poly-
mer brushes, tailored for sensing, transport and trapping of biomolecules, with
the aim of non-intrusive, long-term trapping of proteins in a nanoscale cavity.

Nanopore sensors detect single molecules through transient modulations
of the ionic current as they pass through a nanopore. New algorithms for
baseline correction and event detection are introduced, which enable accurate
event frequency analysis at high voltages and thereby label-free, calibration-
free quantification of analytes. Long measurements at high voltages also
require stable pores, which motivated the fabrication of nanopores by electron
beam lithography and reactive ion etching, a wafer-scale process that can
produce both single pores and arrays. With these pores, the strong electric
field in nanopores was shown to disrupt even strong biomolecular interactions,
implying that binding affinities determined with nanopore sensors may differ
from those in the absence of a field.

To keep proteins trapped, they must be prevented from escaping by diffu-
sion, for instance by a barrier of polymer brushes. Nanopores were therefore
functionalised with brushes of poly(ethylene glycol) or poly(N-(2-hydroxy-
ethyl)acrylamide), and the voltage bias used in nanopore sensing was used
to drive biomolecules through the brush barrier. Both DNA and proteins
of different size and charge passed through these nanopores only above a
threshold voltage, with no leakage at lower voltages. This demonstrates voltage-
controlled transport of biomolecules with single-molecule readout.

Finally, a pore-cavity-pore device with material-selective surface function-
alisation is presented, together with preliminary trapping results. Loading
such a cavity through a polymer brush functionalised nanopore would make
it possible to count the molecules as they enter, giving ultimate control over
the trapping. Together, these results lay the foundation for loading, counting
and non-intrusively retaining individual proteins in nanoscale cavities.

Keywords

solid-state nanopores, polymer brushes, proteins, resistive pulse sensing, nano-
fabrication, surface engineering, biomolecular trapping
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“There’s plenty of room at the bottom” was the title of
a now famous lecture given by Richard Feynman in 1959.1
In the lecture, he imagined a new research field devoted
to manipulating matter at the nanoscale. He challenged
his fellow physicists to build a miniaturised electric motor,
and envisioned the entire Encyclopaedia Britannica written
on the head of a pin. What I find inspiring about Feynman
is his ability to imagine what nobody else had yet thought
possible. Today, on the other hand, it would be difficult
to imagine a world without nanotechnology and what
it has brought us, perhaps most visibly the continued
miniaturisation of the transistor and with it the modern
computer.

Nanotechnology was, however, not the first to build at
this scale. Nature had already been doing it over billions
of years of evolution. Feynman himself looked to biolo-
gical systems when imagining his new field, and they
continue to inspire nanotechnology today. I will return
to that thought later. The fundamental building blocks
of life, nucleic acids and proteins, are nanoscale macro-
molecules. The functionality and complexity of biological
systems are remarkable, and much remains unknown,
from the most fundamental questions of what life is and
how it originated, to applied ones such as the molecular
origins of disease. Being able to build structures on the
same length scale as these molecules has given us new
tools to detect, control and confine them. That is the topic
of this thesis.

1.1 An introduction to biomolecules

Nucleic acids, principally DNA, store the genetic inform-
ation in our cells, and code for the proteins that carry
out most biological processes. From a biophysical point
of view, double-stranded DNA (dsDNA) is an excellent
model system. Four types of nucleotide base are connec-
ted by a sugar-phosphate backbone, and two such strands
wind around each other into a double helix 2.2 nm in
diameter. The phosphates give the molecule a uniform
negative charge density along its whole length, and the
helix makes it rather stiff, well described by the worm-like
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chain model with a persistence length of about 50 nm in
1 M KCl.2

Figure 1.1: Examples of protein
structures. In parentheses is the
corresponding PDB entry for the
structure.

Proteins are a more challenging and diverse class of
biomolecules, and a more rewarding one to study and
control. Although the human genome contains only
around 20 000 protein-coding genes, the diversity of ex-
pressed proteoforms is far larger, mainly because of al-
ternative splicing and post-translational modification.3
Unlike DNA, which has four chemically similar bases on a
uniform backbone, proteins are built from twenty amino
acids whose side chains differ in size, charge and polar-
ity. The sequence determines how the chain folds into a
three-dimensional structure, andmany proteins consist of
more than one polypeptide chain, assembled into several
subunits. Figure 1.1 gives an impression of the resulting
variation in size and shape. Bovine serum albumin (BSA)
and β-galactosidase (Aspergillus oryzae) are monomeric
proteins, avidin a tetramer and ferritin a 24-mer. We will
meet these four proteins again later in this thesis.

Determining protein structures has been a long-
standing challenge in structural biology, and half of the
2024 Nobel Prize in Chemistry was awarded to Demis
Hassabis and John Jumper for the AlphaFold2 model that
predicts them.4,5 Protein structures are not static, however,
and a predicted or crystallographic structure provides
only a snapshot. How proteins fold, and how they move
between conformations, is far less well understood than
the structures themselves.6,7 Some proteins do not fold
into a well-defined structure at all. Many are intrinsically
disordered, or contain disordered regions, corresponding
to the existence of several local minima in the free energy
of their conformational states.8 Structure is tightly tied to
biological function, and this holds for disordered proteins
as well: a disordered signalling protein may fold only
upon binding its ligand.9 Fibrinogen, which is involved
in blood clotting, contains such disordered regions.10,11
Function varies as widely as structure. Insulin is a hor-
mone, β-galactosidase an enzyme that breaks larger sug-
ars down into monosaccharides, and ferritin, as its name
suggests, stores and transports iron. Proteins also differ
in charge, which is set by the protonation states of the
ionisable amino acids, the terminal groups and any post-
translational modifications.12 Unlike DNA, they therefore
carry no uniform charge density. Figure 1.1 also gives the
isoelectric points of the proteins shown.
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1.2 Sensing, transport and trapping
The challenge addressed in this thesis is to detect, con-
trol and entrap these biomolecules at the single-molecule
level. Why single molecules? Because a population av-
erage hides what individual molecules do. Molecules
are not synchronised, so the dynamic behaviour of indi-
vidual molecules is averaged out when many are meas-
ured together. Rare states that contribute little to themean
are lost altogether, and intermediate states and reaction
pathways become difficult to separate.8,13 Protein folding
and misfolding span timescales from submicroseconds to
hours,8 so a single molecule must be observed not only
individually but for a long time. Diffusion makes that
difficult: a free molecule simply wanders out of view.
Watching one for more than a few milliseconds therefore
means confining it,14 and confining it means first being
able to move it where we want it.

1.2.1 Nanopores as sensors
Nanostructures can be used to detect and characterise
biomolecules, and one notable example is the nanopore
sensor, which detects single molecules label-free.15,16
Nanopore sensors fall into two broad families: biological
nanopores, which are protein channels embedded in lipid
bilayers, and, inspired by these, solid-state nanopores,
which are tiny holes in thin membranes. Solid-state pores
have been made in silicon nitride and silicon oxide, in
metal and metal oxide films, in two-dimensional materi-
als such as graphene, and in glass.15,17 This thesis concerns
solid-state nanostructures made in SiNx, SiO2 and metal,
because their geometry can be tuned by nanofabrication
and their functionality by chemical surfacemodification.18
Sensing relies on the transient change in ionic current that
occurs as a molecule passes through the pore.15

Much of the field is directed towards DNA
sequencing19–21 and protein and peptide sequencing,22–24
towards identifying and fingerprinting proteins25 and
measuring their properties, such as size, shape and
charge, and towards following dynamic processes such
as conformational change, folding and aggregation.26 The
strong electric field that drivesmolecules through the pore
has been shown to unfold proteins,27,28 yet this is rarely
acknowledged in studies that use nanopore sensing to
investigate biomolecular interactions and dynamics, with
a few exceptions.29,30 That is the subject of Paper V. All of
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these applications rest primarily on the shape and dura-
tion of the current modulations. Far fewer experimental
studies address the frequency of translocations,31–34 that
is, the counting of single molecules, which is what I
investigate in Paper I.

1.2.2 Nanopores for controlling biomolecular
transport

Naturally, the question arises whether it is possible to con-
trol the translocation of biomolecules through a nanopore.
One approach is to use the applied electric field. For DNA
in pores smaller than about 3 nm, a threshold voltage for
translocation has been shown, since the strand must un-
dergo structural changes such as unzipping or stretching
to pass.35–38 Proteins can be threaded through pores smal-
ler than their folded diameter by unfolding them in the
electric field.28 Nanopores large enough to allow passage
of proteins in their native, folded state are, however, gen-
erally leaky, and proteins can pass through by diffusion
even without any electrokinetic driving force.39,40

Biology has of course already solved the problem of
combining a large pore with control over what passes
through it. The nuclear pore complex is a remarkable
construct that regulates the transport of proteins into the
cell nucleus by a sophisticated shuttle-cargo mechanism,
while its interior of intrinsically disordered nucleopor-
ins still allows free, diffusive transport of ions and small
molecules.41 While our aim is not to achieve such selectiv-
ity, the nuclear pore complex is an inspiration for how
disordered chains can act as a barrier to control protein
transport through a pore. One way to achieve a some-
what similar architecture is to end-graft polymer chains,
so-called polymer brushes, to a nanopore. Previous re-
search from my group has already shown that polymer
brushes form a strong entropic barrier towards proteins
in much larger nanopores (>70 nm),42 and that the brush
can be gated by molecular recognition.43 Paper IV in this
thesis demonstrates gating by thermo-responsive poly-
mer brushes. In both cases the gate opens, but once open
there is no control or readout of what passes, and trans-
port remains diffusive.

In Paper III we combine the counting of molecules
established in Paper Iwith grafting of polymer brushes
using the protocol developed in Paper II, to demonstrate
voltage-controlled transport of DNA and of the four pro-
teins avidin, BSA, β-galactosidase and ferritin.
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1.2.3 Nanostructures for biomolecular trap-
ping

Being able to control the transport of biomolecules leads
us to the challenge of trapping them. This is, as previously
mentioned, important if one wants to study dynamic pro-
cesses of proteins over longer times without the protein
escaping. One common approach is to tether proteins to
a surface, which has now also been extended to tethering
inside nanopore sensors.44 This is useful for extending the
measurement time and obtaining more precise estimates
of protein size, but it could interfere with the protein’s
native state if one wants to study conformational changes
and folding.8 A second approach, the NEOtrap, involves
docking a DNA origami inside a solid-state nanopore and
trapping proteins using the electroosmotic flow.45 Pro-
teins can stay trapped for hours, but will escape if the
electric field is removed.

A third route to trapping uses pore-cavity-pore
devices,46 an architecture of two solid-state nanopores
with a nanocavity in between, in which DNA has been
entropically trapped.47–49 Recently, trapping of nucleo-
somes in a pore-cavity-pore device was also reported,
but analytes may escape by diffusion after ≈ 10 s when
no voltage is applied.50 One solution to this problem
is to integrate the voltage-controlled transport through
polymer brushes from Paper III into a pore-cavity-pore
device. The brushes prevent diffusive escape from the
cavity, while the voltage control allows molecules to still
be loaded into it, which may enable long-term trapping
(hours) without the need for an external electric field.
This thesis therefore also includes unpublished work on
the fabrication of a novel type of pore-cavity-pore device,
combining SiNx, SiO2 and metal, which allows material-
specific polymer brush functionalisation. Preliminary
trapping results in this device are also presented.

1.3 Aim and outline of the thesis
This thesis builds on previous research in my group on
the fabrication of plasmonic nanopores by electron beam
lithography (EBL),51 on the grafting of polymer brushes
to gold surfaces,52 and on their barrier properties towards
proteins.42 The aim is to develop functional nanostruc-
tures that can be used for sensing, transport and trapping
of biomolecules. The main focus is on controlling the
transport of biomolecules through nanopores, with the
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goal of using this concept for long-term, non-intrusive
biomolecular trapping.

The research in this thesis rests on three parts: nano-
fabrication, polymer brushes and nanopore sensing.
Chapter 2 gives theoretical background on solid-state
nanopores, from fabrication to the physics of resistive
pulse sensing. Chapter 3 covers the theory of polymer
brushes. Chapter 4 presents the engineering of func-
tional nanostructures: the fabrication of EBL nanopores
and pore-cavity-pore devices, and the functionalisation
of nanopores with polymer brushes. Chapter 5 covers the
application of these nanostructures for sensing, Chapter 6
for controlled transport of biomolecules, and Chapter 7
for trapping. Finally, Chapter 8 gives conclusions and
outlook.
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The concept of using variations in the electrical current
through a small hole for particle sensing dates back to
1948, whenWallaceH. Coulter demonstrated the counting
of individual blood cells, a method still extensively used
in cell counting technology today.1 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.54

A nanopore sensor employs the same fundamental
principle as the Coulter counter, but at the nanoscale.
Consequently, the currents in a single-nanopore measure-
ment are extremely small, typically ranging from pico-
to nanoamperes. Recording such small currents is a
well-established practice in electrophysiology; Erwin Ne-
her and Bert Sakmann were awarded the Nobel Prize in
Physiology or Medicine in 1991 for their development
of the patch-clamp technique, which allowed the precise
recording of current through single ion channels in the
cell membrane.55,56

The foundation of nanopore sensing can be said to
have originated with an idea proposed by David Deamer
in 1989. Deamer hypothesised that it should be possible to
distinguish the different nucleobases of DNA as they pass
through a narrow channel.57 Throughout the 1990s, this
idea was experimentally investigated, leading to the first
detection of DNA and RNA strands using the biological α-
hemolysin pore embedded in a lipid bilayer.58 Subsequent
refinement has made it possible to identify individual
nucleobases, and the technique has since been commer-
cialised by Oxford Nanopore for DNA sequencing.57 Se-
quencing, first of nucleic acids and now also of proteins
and peptides, has been a major driving force in the devel-
opment of nanopore sensing, but many other applications
have been explored alongside it. Much of this develop-
ment has focused on solid-state nanopores, which can
be tuned in geometry and surface chemistry, are stable
over a wider range of experimental conditions, and can
be extended into arrays and integrated into devices.59

1Parts of this chapter are adapted from my licentiate thesis.53
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The remainder of this chapter introduces the nanofab-
rication methods relevant to this thesis and the principle
of nanopore sensors, before going into more detail on
the physics governing molecular transport through nano-
pores. The focus is exclusively on solid-state pores, in
accordance with the scope of the work.

2.1 Nanopore fabrication
Nanopores are fabricated in thinmembranes, usually free-
standing over an opening etched through a silicon support
chip. A range of membrane materials has been explored,
from 2Dmaterials to various oxides, but SiNx remains the
most common. Of the many available fabrication meth-
ods, milling with a focused electron or ion beam is the
most widely used.15 These techniques are well established
and reach pore sizes below 5 nm, but they require expens-
ive equipment, vacuum and an experienced operator.20
Controlled breakdown (CBD) offers a cost-effective al-
ternative, and has gained much attention in recent years
for its simplicity and because it is performed in situ. All
of these methods produce pores one at a time. Electron
beam lithography (EBL) instead allows wafer-scale fabric-
ation, yet it is rarely mentioned in the nanopore sensing
literature, likely because the achievable pore sizes are too
large to be relevant for sequencing.

2.1.1 Controlled breakdown
Fabrication of nanopores by CBD was first demonstrated
in 2014 by Vincent Tabard-Cossa’s lab.60 Fabrication is
performed in a flow cell (Figure 2.1), where themembrane
chip is sandwiched between two gaskets and separates
two compartments, each filled with electrolyte solution.
Ag/AgCl electrodes are immersed in the electrolyte and

Figure 2.1: Flow cell components
used for CBD. The nanopore chip
is sandwiched between two gas-
kets andmounted in the flow cell.
The cell is then filled with elec-
trolyte buffer and sealed using
anti-evaporation caps equipped
with Ag/AgCl electrodes. Adap-
ted from my licentiate thesis.53

connected to a DC voltage source with current monitoring
and feedback. A benefit of this setup is that the pore is
fabricated directly in the electrolyte, so analyte can be
introduced immediately afterwards without any further
handling of the chip.

The method relies on applying a high electric field, up
to∼ 1 V/nm, across themembrane. The field drives a trap-
assisted tunnelling leakage current through the dielectric,
which generates and concentrates defects. Once enough
defects have accumulated, the membrane breaks down
and a channel opens between the two liquid compart-
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Figure 2.2: Applied voltage and
measured leakage current dur-
ing CBD fabrication of a nano-
pore in a 12 nm thick SiNx
membrane. Breakdown occurs
around t = 645 s, as indicated by
the sudden current spike.

ments, forming the nanopore.60,61 An example of a CBD
fabrication curve is shown in Figure 2.2.

After fabrication, the pore can be enlarged by continu-
ing to apply a potential, a process known as conditioning.
Using a voltage close to the breakdown value increases
the risk of forming additional pores, so repeated pulses
at 30–50% of the breakdown voltage are typically used
instead.62 The CBD technique offers little control over
where the pore forms, although the position can be con-
fined by, for example, local thinning of the membrane.63
The pore geometry is equally uncontrolled, and may de-
viate from the perfectly cylindrical shape that is usually
assumed when modelling conductance.

2.1.2 Electron beam lithography
Top-down nanofabrication relies on transferring a pat-
tern onto a substrate at the nanoscale. EBL is one of the
techniques with the highest resolution for defining such
a pattern, reaching below 10 nm. EBL has been used to
fabricate nanopores, and is particularly suited to the fab-
rication of nanopore arrays.51,64 A typical process starts
by defining a pattern in a resist with an electron beam,
followed by transfer of the pattern into the underlying
substrate, for example a SiNx membrane, by reactive ion
etching (RIE). Additional steps, such as thin-film depos-
ition, resist lift-off or wet etching, are often involved. The
main advantages of EBL for nanopore fabrication are com-
patibility with wafer-scale processing, which allows hun-
dreds of devices to be made in parallel on a single 4-inch
wafer, and a well-defined, cylindrical pore geometry. The
nanopores fabricated by EBL in this thesis are based on
the protocol for plasmonic nanopore arrays developed by
Malekian et al.,51 and the developments and additions to
that protocol are described in Chapter 4.
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2.2 Resistive pulse sensing
This section covers the basic principles of resistive pulse
sensing, i.e. sensing by ion current measurements, and
introduces the terminology used throughout the thesis.
The setup of a typical single-nanopore experiment is il-
lustrated in Figure 2.3a). A thin membrane separates two
liquid reservoirs, with the nanopore as the sole chemical
and electrical connection between them. The reservoirs
are filled with electrolyte buffer, typically 1 M KCl, and
equipped with electrodes, commonly Ag/AgCl. Apply-
ing a constant voltage bias ∆V across the electrodes initi-
ates the flow of ions (K+ and Cl−) through the nanopore,
giving rise to the open-pore current I0.

Figure 2.3: The resistive pulse
sensing principle.
a) A solid-state nanopore em-
bedded in a thin membrane.
A transmembrane potential ap-
plied between the electrodes
drives a steady flow of ions
through the pore, giving the
open-pore current I0.
b) An analyte introduced on the
cis side gives rise to a transient
decrease in the ionic current as
it translocates through the nano-
pore. The dwell time τ corre-
sponds to the residence time of
the molecule inside the pore, and
the blockage amplitude∆I to the
decrease in current caused by the
analyte. Adapted from my licen-
tiate thesis.53

In a resistive pulse sensing experiment, molecules,
generally referred to as analytes, are introduced on the
cis side of the membrane. The translocation of an analyte
through the nanopore to the trans side is registered as a
transient decrease in the ionic current, as shown in Fig-
ure 2.3b). The translocation event is characterised by its
dwell time τ , the residence time of the molecule inside
the pore, its blockage amplitude ∆I 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 fully extended con-
formation. A partially folded DNA strand, for instance,
can produce a multi-level event. Several factors contri-
bute to the blockage amplitude. In the simplest model,
the reduction arises only because the volume occupied
by the analyte is unavailable to ions.15,59 Another charac-
teristic parameter is the event frequency, the number of
detected translocations per unit time. Molecular trans-
locations and the physical phenomena behind them are
discussed in Sections 2.4 and 2.5, and the event frequency
in Section 2.6.

2.3 Nanopore conductance
A solid-state nanopore typically exhibits linear, ohmic
(resistor-like) IV characteristics, as illustrated in Fig-
ure 2.4a). However, non-linear (diode-like) IV charac-
teristics, as seen in Figure 2.4b), can also be observed.
This phenomenon is known as ion current rectification,
and arises from an asymmetry in the nanopore, either in
its geometry or in the surface charge of the pore walls.65

The simplest case for modelling the conductance is a
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narrow, cylindrical pore at high ionic strength. As already
discussed, the shape of a solid-state pore is determined
by its fabrication method, and while pores fabricated by
EBL and RIE are cylindrical to a good approximation,51,66
the geometry of CBD pores is less well controlled. Even
so, a cylindrical model has been shown to agree well with
experimental data for CBD pores.17,60

Figure 2.4: IV curves recorded
for two different solid-state nano-
pores; a) showing linear, ohmic
behaviour, and b) showing
non-linear, rectifying behaviour.
Adapted from my licentiate
thesis.53

In a first, purely geometrical model, only the resist-
ance of the pore itself is considered. The conductance
G = I0/∆V is then proportional to the bulk conductiv-
ity σ of the electrolyte and to the cross-sectional area of
the pore, and inversely proportional to its length. For a
cylindrical pore, the length equals the membrane thick-
ness t, whereas for hourglass-shaped pores, such as those
drilled by TEM, it is typically shorter than the membrane
thickness.67 This gives

Gbulk = σ
πd2

4t (2.1)

where d is the nanopore diameter.

2.3.1 Access resistance
The conductance model in Equation 2.1 works well for
long and narrow nanochannels. For wider pores in thin-
ner membranes, when d ≳ t, the pore itself no longer
dominates the total resistance, since the current also en-
counters an access resistance as it enters and exits the
pore.67 Hall derived this for a single nanopore by calculat-
ing the resistance between a conducting disk of the same
diameter as the pore and a hemispherical electrode far
away from it,68 obtaining 1

2dσ for one side of the mem-
brane. Both sides contribute, giving a total access res-
istance Racc = 1

σd . Including this in Equation 2.1, the
conductance becomes

G = σ

(
4t
πd2 + 1

d

)−1
(2.2)

2.3.1.1 Access resistance of pore-cavity-pore devices

The derivation assumes that the current can flow freely
into the pore from the entire hemisphere, which is a good
assumption for a single pore but is violated by any nearby
structure. For a pore-cavity-pore device, the influence on
the access resistance depends on the dimensions of the
cavity and on the ratio between the two pore diameters.
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I do not present an analytical model for the pore-cavity-
pore resistance, but instead address it with COMSOL sim-
ulations in Chapter 4.

2.3.1.2 Access resistance of nanopore arrays

For an array ofN pores of diameter d arranged with equal
pitch p, the access resistance can be approximated by sep-
arating it into two terms. The first is the access resistance
of each individual pore, Rind, with the N pores acting
as resistances in parallel. The second is the collective ac-
cess resistance of the entire array far away from the mem-
brane, Rcoll. This term is carried by the total current from
all pores, and is therefore connected in series with the
parallel combination. This gives a total access resistance

Racc,array = Rind

N
+Rcoll (2.3)

The individual contribution can be estimated as coming
from a hemisphere truncated at a radius of p

2 , where the
current from neighbouring pores meets:

Rind = 1
σd

− 2
πσp

(2.4)

The second term is the resistance of the region from p
2

out to infinity,69 which no longer belongs to a single pore,
and the expression reduces to Racc when p → ∞. The
collective term can in turn be estimated2 as originating
from an aperture of diameter p

√
N . The collective access

resistance is then

Rcoll = 1
σp

√
N

(2.5)

giving a total access resistance of

Racc,array = 1
σ

[
1
N

(
1
d

− 2
πp

)
+ 1
p
√
N

]
(2.6)

The two terms scale differently with the number of
pores, since the individual contribution falls as 1/N while
Rcoll falls only as 1/

√
N , and the pitch sets which of them

dominates. For a sparse array, where p ≫ d, the correc-
tion for the neighbouring pores is small and each pore

2This is the side length of the square array, which I treat here as the
diameter of a circle. An equal-area circle would have a diameter of 2√

π

times the side length, so this slightly overestimates Rcoll.



2.3 Nanopore conductance 13

develops almost its full hemisphere, so the array behaves
almost as N independent pores. This is the case for the
arrays in Paper III, which are all sparse. As the pitch
decreases, the neighbours claim a growing fraction of the
region around each pore and the collective term takes
over, so that a densely packed array behaves increasingly
like one large pore with the size of the array.

The total resistance of the entire array, including pore
resistance and access resistance is given by

Rarray = 1
σ

[
1
N

(
4t
πd2 + 1

d
− 2
πp

)
+ 1
p
√
N

]
(2.7)

2.3.2 Surface charge and conduction
So far, the pore walls have been treated as uncharged.
A charged surface in solution is screened by an electric
double layer (EDL), in which counter-ions, primarily K+

for a negatively charged surface in KCl, accumulate close
to the surface. Its extension from the surface is the Debye
length λD, which depends on the ionic strength of the
electrolyte. At 1 M, λD ≈ 0.3 nm, and it extends further
at lower salt concentrations. The EDL is commonly de-
scribed by the Gouy-Chapman-Stern model, in which the
potential at the slipping plane is the zeta potential ζ. The
surface charge density is difficult to access experiment-
ally, but can be estimated from the linearised Grahame
equation70

Σ = εε0ψ0

λD
(2.8)

where ε is the relative permittivity of the electrolyte, ε0
the vacuum permittivity, and the surface potential ψ0 is
approximated by ζ, which can be measured.

The magnitude and sign of the surface charge depend
on the material, and on any chemical modification of
the surface. Silicon nitride surfaces undergo rapid oxida-
tion in air, forming a surface chemistry consisting of sil-
anol (SiOH) groups and unoxidised primary amine sites
(SiNH2). Amine sites can carry a positive charge (NH+

3 )
and have a pKa of about 10, while silanol groups can
be either positively or negatively charged (SiO−/SiOH+

2 )
with a pKa of about 2.40,71 The surface charge therefore
depends on pH and on the ratio between amine and sil-
anol sites. Measurements of the zeta potential indicate a
negative surface charge above about pH 5 and a positive
charge below that value.40
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For metals the surface charge does not arise from ion-
isable groups. A metal in solution that is not connected
to an external circuit cannot carry a net current, and as
long as its potential remains in the range where charge
transfer is negligible it behaves approximately as an ideal
polarised electrode.72 Its surface charge is then set by the
potential difference between the metal and the electrolyte,
and vanishes at the potential of zero charge.

Inside a nanopore, the excess counter-ions are mobile
and carry current along the pore wall, adding a surface
contribution in parallel with the bulk,

Gsurf = πdµ|Σ|
t

(2.9)

where µ is the mobility of the counter-ions.73,74 Relative
to the bulk term in Equation 2.1, this contribution scales
as

Gsurf

Gbulk
= 4µ|Σ|

σd
(2.10)

and is therefore suppressed at high ionic strength and in
wider pores, as has been demonstrated experimentally in
silica nanochannels.75 All experiments in this thesis are
performed at 1 M KCl, where, as is common practice, the
surface conductance term is neglected and Equation 2.2
is used throughout.

2.4 Modelling the conductance block-
age

This section deals with how the introduction of an analyte
impacts nanopore conductance. The model used in this
thesis is based on volume exclusion, where the conduct-
ance drop arises solely from ions being excluded from the
volume occupied by the analyte, and has been shown to
agreewell with experimental data at high ionic strength.67
Highly charged analytes such as DNA carry a layer of
counter-ions with them through the pore, which adds
charge carriers and counteracts the volume exclusion. At
high salt concentrations the volume exclusion dominates
and the current decreases during translocation, whereas
at low salt concentrations the additional charge carriers
dominate and the current is instead enhanced.74,76 Since
all experiments in this thesis are performed at high ionic
strength, only volume exclusion is considered.

Four model cases are considered, all based on cyl-
indrical pores: a spherical and a cylindrical analyte, each
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in an unmodified pore and in a polymer brush function-
alised pore, referred to as a soft nanopore. They are il-
lustrated in Figure 2.5. The unmodified cases follow the
treatment by Wen and Zhang,77 although teff is defined
here for consistency with Equation 2.2.67 The brush cases
were developed in this thesis to testwhether volume exclu-
sion alone can describe soft nanopores, and are compared
with experimental data in Chapters 4 and 6. To make

Figure 2.5: Schematic of the four
cases considered in the conduct-
ance model.
a) Spherical analyte in an unmod-
ified pore.
b) Cylindrical analyte in an un-
modified pore.
c) Spherical analyte in a soft
nanopore.
d) Cylindrical analyte in a soft
nanopore.

expressions simpler, it is convenient to define

teff = t+ π

4 d (2.11)

where teff is the length of a cylindrical pore that, without
any access contribution, has the same resistance as the
real pore of length t. The bare pore resistance is then

Rpore = 4teff

σπd2 (2.12)

and the conductance drop caused by an analyte inside
the pore is

∆G = 1
Rpore

− 1
Ranalyte

(2.13)

where Ranalyte is the total resistance with the analyte in-
serted, given below for each of the four cases.

2.4.1 Spherical analyte
The first case is a spherical analyte, which could for ex-
ample be a folded protein. The geometry is shown in
Figure 2.5a). As long as the analyte is smaller than the
pore length, dsphere < t, the pore can be divided into two
regions: one of length dsphere that is occupied by the ana-
lyte, and one of length teff − dsphere that is free. For the
occupied region,77

Rocc = 4
σπ

√
d2 − d2

sphere

arctan

 dsphere√
d2 − d2

sphere

 (2.14)

and for the free region, which includes the access regions,

Rfree = 4 (teff − dsphere)
σπd2 (2.15)

so that Ranalyte = Rocc +Rfree.
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2.4.2 Cylindrical analyte
A cylindrical analyte, such as DNA, is illustrated in Fig-
ure 2.5b). Here it is assumed that the analyte is much
longer than teff, so that it spans the entire effective length
including the access regions. For the 2 and 3 kbp DNA
used in this thesis, with contour lengths of roughly 0.7
and 1 µm, this is well justified. It is further assumed that
the analyte translocates in a linear, unfolded conforma-
tion, an assumption revisited in Chapter 6. The pore then
does not need to be divided into two regions, and

Ranalyte = 4teff

σπ
(
d2 − d2

cyl

) (2.16)

where dcyl is the diameter of the cylindrical analyte, about
2.2 nm for dsDNA.

2.4.3 Soft nanopores
Polymer brushes are treated in Chapter 3. The brushes are
grafted onto a dense, non-conducting layer of linker mol-
ecules that covers the entire membrane surface, including
the pore wall. Two effects of the grafting are relevant for
the conductance model: the thickness hs of the grafting
layer and the volume taken up by the polymer inside the
pore. The grafting layer reduces the pore diameter and
increases the membrane thickness,

dmod = d− 2hs, tmod = t+ 2hs (2.17)
The polymer is assumed to occupy a volume fraction

ϕ of the pore, distributed uniformly along its length, but
not to extend into the access regions. The volume frac-
tion is estimated in Section 4.2.2. The polymer itself is
treated as non-conducting, while the solution between the
chains keeps the bulk conductivity σ. For convenience,
the remaining volume of solution is expressed through
the diameter of a polymer-free pore of the same length
that contains the same volume of solution,

d′ = dmod

√
1 − ϕ (2.18)

Note that d′ does not correspond to a physical pore dia-
meter, since the polymer remains distributed throughout
the soft nanopore. The access regions are free of poly-
mer and keep the diameter dmod, which gives the effective
length

t′eff = tmod + π

4 (1 − ϕ) dmod (2.19)



2.5 Driving forces for translocation 17

For the empty pore and the spherical analyte, shown
in Figure 2.5c), Equations 2.12 to 2.15 can be reused by
substituting d′ for d and t′eff for teff. The conductivity σ
and the analyte diameter dsphere are unchanged. The ana-
lyte is thereby assumed to displace only solution, while
the polymer volume remains in the pore, which requires
dsphere < d′.

The cylindrical analyte, Figure 2.5d), also extends into
the access regions, where it occupies a fraction of a cross-
section with diameter dmod rather than d′. The access part
must therefore be treated separately,

Ranalyte = dmod

σ
(
d2

mod − d2
cyl

) + 4tmod

σπ
(
d′2 − d2

cyl

) (2.20)

2.5 Driving forces for translocation
What actually moves an analyte through a nanopore? The
answer is an interplay between electrophoretic forces, elec-
troosmotic flow (EOF) and diffusion, and which of them
dominates depends on pH, ionic strength and the type of
analyte.

2.5.1 Electrophoresis
When a voltage bias ∆V is applied across a nanopore, an
electric field E is set up inside, and close to, the nanopore.
This field can be very strong, of the order of 107 V/m,
and the electrostatic force it exerts 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. Modelling DNA as a
cylindrical analyte with a uniformly distributed negative
line charge density λDNA, the bare electrostatic force is
Fbare = λDNA∆V . The net electrophoretic force is smaller
than this, because the same field acts on the positively
charged counter-ions associated with the DNA and drives
them in the opposite direction, setting up a hydrodynamic
drag that partly cancels the bare force.78 During translo-
cation, the remaining net force is in turn balanced by the
Stokes drag on the moving molecule, which sets the trans-
location velocity.

For proteins, the charge is distributed irregularly over
the surface and the net chargemay be small, depending on
the solution pH. A line charge density is then not a useful
description, and the electrophoretic transport can instead
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be expressed through the zeta potential of the analyte. In
the Helmholtz–Smoluchowski limit, where λD is much
smaller than the analyte diameter, the electrophoretic
velocity is

vEP = εε0

η
ζanalyteE (2.21)

where η is the viscosity of the solution.40

2.5.2 Electroosmotic flow
For a nanopore with charged walls, counter-ions accumu-
late in the EDL within λD, as discussed in Section 2.3.2.
Assuming a negative surface charge, and thus a surplus of
K+ ions in the EDL, an applied electric field drives these
excess ions towards the negative electrode, and they drag
the surrounding solution along with them. This is a well-
known phenomenon in micro- and nanofluidic channels,
called electroosmosis. The velocity profile of the EOF
depends on the relative magnitudes of d, t and λD.77,79
For λD ∼ d, the Debye layers essentially overlap and the
profile becomes approximately parabolic. For λD ≪ d,
the EOF in long nanochannels is instead plug-like, with a
velocity

vEO = −εε0

η
ζporeE (2.22)

set by the zeta potential of the pore wall.40 In the short
nanopores used in this thesis, however, where d ∼ t, the
flow has no room to develop into a plug profile, and the
velocity remains highest close to the pore wall. Figure 2.6
shows the EOF profile for a nanopore with d ∼ t ≫ λD

(solid line) and for a long nanochannel (dashed line).79

Figure 2.6: Electroosmotic flow
profile in a short nanopore with
d ∼ t ≫ λD (solid line) and in a
long nanochannel (dashed line).

The EOF exerts a viscous drag on the analyte and
thereby influences its translocation behaviour. Combining
the electrophoretic and electroosmotic contributions gives
an effective velocity of the analyte inside the pore,

veff = εε0E

η
(ζanalyte − ζpore) (2.23)

so that the direction andmagnitude of transport are set by
the difference in zeta potential between the analyte and
the pore wall.40,80 If the pore walls and the analyte carry
the same charge, the electroosmotic contribution opposes
the electrophoretic one; if they carry opposite charge, the
two act in the same direction. Forweakly charged analytes
the EOF can dominate, and such analytes may translocate
in the direction opposite to that expected from electro-
phoresis alone.40
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2.5.3 Diffusion
In addition to electrophoresis and electroosmosis, the ana-
lyte undergoes diffusion, a random walk that is always
present and unaffected by the applied voltage. A net dif-
fusive flux arises from the concentration gradient of the
analyte between the cis and trans chambers. Protein trans-
location driven by diffusion has been observed when the
electrophoretic and electroosmotic contributions counter-
balance each other.40 Diffusive transport is also expected
in the absence of an applied voltage, although then it can-
not be detected by resistive pulse sensing since there is no
current to modulate. Diffusion can further lead to spon-
taneous escape of trapped analytes fromnanostructures.50

2.6 Capture theory
This section concerns how an analyte is captured by the
nanopore. Far from the pore opening, the motion of a
molecule in solution is governed by diffusion (step 1 in
Figure 2.7). Within the “capture zone”, the motion is
instead dominated by drift in the electric field, which can
be a combination of electrophoretic transport and EOF
(step 2). Finally, the analyte must translocate through the
pore (step 3). Whether or not this last step constitutes
a barrier leads to two different regimes:81 barrier-free,
diffusion-limited capture as in Paper I, and barrier-limited
transport as in Paper III.

2.6.1 Barrier-free capture
The treatment of barrier-free capture in Paper I follows
that of Wanunu et al.,31 with the addition of the access
resistance. The full derivation is given in the supporting
information and is summarised here. When the pore is
significantly larger than the analyte (d ≫ danalyte), there
should be no barrier to translocation, and the capture
rate is instead set by how quickly analytes diffuse to the
region near the pore where electrokinetic transport dom-
inates, Figure 2.7a). The electric potential decays with the
distance r from the centre of the pore opening as

V (r) = d2∆V

8teff r
(2.24)

with teff as defined in Equation 2.11. The capture zone is
the volume in which the resulting field drives the analyte
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faster than diffusion, and its size is given by the capture
radius rc. For DNA the drift is in practice purely elec-
trophoretic, whereas for proteins it can be an interplay
between electrophoresis and EOF. Setting the diffusive

Figure 2.7: Capture of an ana-
lyte in three steps. The pore
and capture zone are not to scale.
1. Diffusion to the capture zone.
2. Electrokinetic transport to the
pore mouth. 3. Translocation
through the pore. a) Diffusion-
limited regime for a barrier-free
pore. b) Low-voltage, barrier-
limited regime for a soft nano-
pore, where few or no translo-
cations occur. c) High-voltage,
diffusion-limited regime for a
soft nanopore, where transloca-
tions are frequent.

speed equal to the electrokinetic speed gives

rc = µd2∆V

8Dteff
(2.25)

whereµ is the electrokineticmobility andD the diffusivity
of the analyte. The capture radius should be of the order of
a few micrometres, that is, large compared with the pore
opening but small compared with the liquid reservoirs.
Indeed, Chen et al. directly observed a capture radius
of this magnitude using fluorescently labelled λ-DNA
translocating through a 15 nm pore.82

For a barrier-free pore, every analyte that reaches the
capture zone can be assumed to translocate immediately,
so that the zone is depleted of molecules and the capture
rate is limited by diffusion towards it. The capture zone
then acts as a perfectly absorbing hemisphere, and solving
Fick’s law with this boundary condition gives the event
frequency

f0 = 2πDrcC0 = πµC0d
2∆V

4teff
(2.26)

Three things follow from this relationship. First, the dif-
fusivity cancels, so that the event frequency is determined
by the electrokinetic mobility of the analyte and not by
how fast it diffuses. For DNA, whose mobility is indepen-
dent of length, the event frequency is therefore expected to
be independent of the number of base pairs. Second, the
event frequency should scale linearly with∆V for barrier-
free translocations. Third, the bulk concentration C0 can
be determined from the slope of f0 against ∆V , provided
that the pore dimensions d and t and the electrokinetic
mobility µ of the analyte are known. This is done in Pa-
per I, and the results are summarised in Chapter 5.

2.6.2 Barrier-limited capture
In situations where a barrier to translocation exists, for ex-
ample when the pore is small enough that entry requires
a conformational change of the molecule, analytes are
delivered to the pore faster than they can pass through it.
The capture rate is then expected to depend exponentially
on ∆V . This behaviour has been observed for DNA of a
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few hundred to a few thousand base pairs translocating
through pores smaller than 5 nm.31

Another barrier-limited case is when polymer brushes
are grafted to the pore, forming a free energy barrier∆G∗

to translocation. The full derivation for molecular capture
in soft nanopores is given in the supporting information
of Paper III and is summarised here. The underlying
assumption is that the energy barrier is associated with
insertion of the molecule into the brush, and that once
the molecule is inserted, there is no further barrier for
the remainder of the translocation. This follows from
the polymer distribution inside a nanopore being more
homogeneous than that of a brush on a flat surface.83

Consider first the case of no applied voltage, where
transport is limited by diffusion alone. The frequency of
spontaneous translocations through the brush-modified
pore is then given by the “collision rate”, that is, how often
a molecule reaches the pore mouth by pure diffusion,

fcoll = 2dDC0 (2.27)

multiplied by the probability of passing the barrier by
thermal motion, exp(−∆G∗/kBT ). This gives the fre-
quency of spontaneous translocations

fspont = 2dDC0 exp
(

−∆G
∗

kBT

)
(2.28)

With an applied voltage, the situation is the one shown
in Figure 2.7b). Assuming that the translocation barrier
is large, no depletion zone forms within the capture ra-
dius, as it does in the barrier-free case. Instead, molecules
that enter the capture zone are transported to the pore
mouth by the electric field and accumulate there. The
concentration near the pore mouth is therefore increased,
C > C0, which leads to a larger number of collisions. The
probability of passing the barrier at a given collision is
also higher, since the voltage provides a driving force on
the analyte and thereby lowers the free energy barrier.
Both effects scale with ∆V , giving the event frequency

f = 2dDC0 exp


πd+ 8danalyte

8teff
ne∆V −∆G∗

kBT

 (2.29)

where danalyte is the diameter of the analyte and ne its net
charge. The barrier lowering is derived for a compact
analyte such as a folded protein, where the driving force
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acts over the size of the molecule itself. For an extended
polymer chain such as DNA, the barrier lowering takes a
different form,31 and the expression is therefore applied
only to proteins in this thesis. The threshold voltage ∆Vc

at which the barrier is fully compensated and the expo-
nential factor reaches unity is then

∆Vc = 8teff∆G
∗

(πd+ 8danalyte)ne
(2.30)

This expression is only valid as long as the brush con-
stitutes a large barrier, so that the event frequency remains
low. Once the voltage is high enough for the barrier to be
easily passed, molecules are depleted rather than accumu-
lated at the poremouth, and the situation in Figure 2.7c) is
reached. Transport then returns to the barrier-free regime,
with diffusion to the capture zone as the rate-limiting step.

2.7 Nanopore noise
One of the main challenges limiting the applicability of
solid-state nanopore sensors is the noise in the current
signal.84 Since different noise sources dominate at differ-
ent frequencies, it is helpful to separate the signal into
its frequency components in order to identify where the
noise originates. This is commonly done by calculating
the power spectral density (PSD) of the current signal.
The recording is divided intoM segments of N samples,
and a periodogram is computed from the discrete Fourier
transform of each segment85

ŜI(fk) = 2
fsN

∣∣∣∣∣
N−1∑
n=0

In e−i2πkn/N

∣∣∣∣∣
2

, fk = kfs

N
(2.31)

where fs is the sampling frequency, In the recorded cur-
rent, n the sample index and k the frequency index. The
PSD is then given by the average of theM periodograms

SI(fk) = 1
M

M∑
m=1

Ŝ
(m)
I (fk) (2.32)

The spectra are one-sided and normalised such that in-
tegrating over a frequency band gives the variance of the
current in that band. For the entire spectrum∫ fs/2

0
SI(f) df =

〈
(I − ⟨I⟩)2

〉
(2.33)
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A typical PSD of a nanopore is shown in Figure 2.8
and can be fitted to the form86

SI(f) = a0

f
+ a1 + a2f + a3f

2 (2.34)

where f is the frequency inHz and the four terms, ordered
by their frequency dependence, each have a different phys-
ical origin. At low frequencies, the spectrum is dominated
by flicker noise (a0), which is often attributed to surface
properties of the nanopore, such as surface charge, hydro-
phobicity and the presence of nanobubbles.87 Solid-state

Figure 2.8: Example of a PSD for
a SiNx pore.

nanopores show a large pore-to-pore variation in flicker
noise,86,87 and the low-frequency noise can also indicate
incomplete wetting of the pore.86 The low-frequency 1/f
noise has been shown to be described by the Hooge
relation87

SI(f)
I2

0
= αH

Ncf
(2.35)

whereNc is the number of charge carriers in the pore and
αH the dimensionless Hooge parameter, which quantifies
the flicker noise.

Above the flicker noise regime, the spectrum flat-
tens into a frequency-independent floor (a1) arising from
thermal and shot noise. Towards the highest frequencies,
rising contributions take over, originating from dielectric
loss in the membrane and chip (a2) and from amplifier
voltage noise acting on the input capacitance (a3).84,86

To enhance the SNR in nanopore recordings, the sig-
nal is frequently low-pass filtered, removing frequency
components above a specified cut-off frequency fc. This
improves the SNR at the cost of temporal resolution, so the
fastest processes in the datamay no longer be resolved.86,87
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Polymer brushes, like other types of surface function-
alisation, are widely used in biosensing applications to
give surfaces anti-fouling properties or to facilitate spe-
cific binding.88 Surfacemodification alsomakes it possible
to tailor nanopore sensors to new applications by chang-
ing how the nanopore interacts with the analyte.15,89 Ex-
amples include preventing clogging by reducing analyte-
surface interactions, binding targets inside the nanopore,
and achieving selectivity. Modifying the surface chem-
istry of the nanopore can also affect the EOF, the ion cur-
rent rectification (by changing the surface charge density
of the pore walls) and the residence time of the analyte
in the pore. In this thesis, the main interest in polymer
brushes is their ability to act as a barrier to biomolecules,42
which was already used in the modelling of soft nano-
pores in the previous chapter.

This chapter establishes the theoretical foundation for
polymer brushes. It begins with the modelling of free
polymers in solution and then moves on to polymers
attached to a surface, including how the brush archi-
tecture inside a pore differs from that on a planar sur-
face. Grafting strategies are then briefly outlined, to-
gether with the three types of polymer brushes used
in this thesis. Most of the focus is on poly(ethylene
glycol) (PEG), which is the brush I grafted myself,
but poly(N-(2-hydroxyethyl)acrylamide) (PHEAA) and
poly(N-isopropylacrylamide) (PNIPAM) are also intro-
duced, as they were used in Papers III and IV, respec-
tively.1

3.1 Polymers in solution

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

1Parts of this chapter are adapted from my licentiate thesis.53
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3.1.1 The freely jointed chain model
A polymer in solution can be viewed as a flexible chain
of N segments, each of length l, where l is the monomer
length andN the number of monomers. The flexibility of
the chain allows for many different conformations, and
the polymer typically adopts a random coil. One way to
model the random coil is the freely jointed chain model,
in which the chain is constructed as a random walk of
connected segments, with an arbitrary angle α between
neighbouring segments (Figure 3.1).90

Figure 3.1: A polymer chainmod-
elled as a freely jointed chain of
segments (arrows), with an ar-
bitrary angle α between neigh-
bouring segments. R⃗ is the end-
to-end vector. Adapted from my
licentiate thesis.53

An arbitrary angle between segments is not a realistic
assumption, especially for stiffer polymers. To account for
differences in flexibility, the Kuhn length lk is introduced
into the model. Following Kuhn, the polymer is instead
seen as composed of Nk segments of length lk, giving the
total length, or contour length,90 L = Nl = Nklk. For
highly flexible polymers lk → l, while for rigid, rod-like
polymers lk → L.

A commonmeasure of the size of a polymer coil in the
freely jointed chain model is the root-mean-square (rms)
end-to-end distance ⟨R2⟩1/2, given by90

⟨R2⟩ = Nkl
2
k = Nllk (3.1)

An even more physically relevant measure of the coil
size is the radius of gyration Rg, the rms distance of the
segments from the centre of mass, with 2Rg as the size
of the coil. It is related to the rms end-to-end distance
as91 Rg = ⟨R2⟩1/2/

√
6. Both measures thus scale with the

polymer length as N1/2.

3.1.2 Excluded volume and solvent interac-
tions

Figure 3.2: Scaling of a polymer
coil in different solvent condi-
tions. Adapted from my licenti-
ate thesis.53

The freely jointed chainmodel can be refined by including
the effects of excluded volume and solvent interactions.91
The excluded volume effect means that two polymer seg-
ments cannot occupy the same space at the same time,
which reduces the volume available to the chain compared
with the freely jointed chain model. In addition, the in-
teractions between the polymer and the solvent, among
the solvent molecules and between different parts of the
polymer chain must be considered. The relative strength
of these interactions strongly influences the size of the
polymer in solution, and three cases can be distinguished
(Figure 3.2):90,91
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• Good solvent: the polymer coil swells, and its size
scales as 2Rg ∼ N3/5.

• θ solvent: the excluded volume effect and the sol-
vent interactions balance each other, so that the poly-
mer follows the freely jointed chain model, with
2Rg ∼ N1/2.

• Poor solvent: the polymer contracts into a globule
to avoid contact with the solvent, and 2Rg ∼ N1/3.

The size of the polymer coil thus depends strongly on the
solvent conditions, which is an important consideration
in the grafting of polymer brushes.

3.2 Modelling the structure of end-
grafted polymer chains

The focus now shifts to the central theme of this chapter:
surface functionalisationwith polymer brushes. Polymers
can interact with a surface in different ways, but only
polymers attached to the surface by one end, so-called
end-grafting, are considered here. The conformation of
end-grafted polymers (Figure 3.3) is determined by the
grafting density Γ of the polymers on the surface and by
the interactions between the polymer chain and the sur-
face. At low grafting densities, Γ ≲ 1/R2

g, the polymers
adopt either a pancake or a mushroom conformation.91
The pancake conformation forms when attractive interac-
tions between the polymer and the surface favour adsorp-
tion, and the mushroom conformation when they do not.
The pancake has very limited extension from the surface,
while the mushroom extends approximately 2Rg from
the surface.91

Figure 3.3: Conformations of
end-grafted polymers. At low
grafting densities, the chains
form “pancakes” or “mush-
rooms”, while at high grafting
densities they are stretched into
a “brush”. Adapted from my
licentiate thesis.53

At high grafting densities, Γ ≳ 1/R2
g, there is not

enough space for the polymers to adopt a mushroom
conformation. Instead, they are forced to stretch out into
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the solution, forming a polymer brush. The extension of
the brush depends on the grafting density, the solvent
conditions and, as described below, the geometry of the
surface.

3.2.1 Polymer brushes on a planar surface
For a brush on a planar surface in a good solvent, the
Alexander–de Gennes theory gives a scaling relation for
the brush height52,91,92

h ∼ NΓ 1/3 (3.2)
The brush height thus scales linearlywithN , in contrast to
the coil size 2Rg , which scales as N3/5. In the Alexander–
de Gennes theory, the volume fraction of monomers ϕ(z)
at a distance z from the surface is assumed to be a step
function, constant for z < h and zero for z > h. Self-
consistent field theory instead predicts a more realis-
tic, parabolic profile, where the monomer concentration
gradually decreases with distance from the surface.93

3.2.2 Polymer brushes on a concave surface
As this thesis deals with polymer brushes grafted inside
nanopores, it is also relevant to consider how a concave
surface affects the brush architecture. For a pore of dia-

Figure 3.4: Polymer brushes graf-
ted inside a nanopore.
a) In a pore that is large com-
pared with the brush height, a
channel without brush remains
in the pore centre.
b) In a smaller pore, the brush
is compressed and fills the entire
pore volume. Adapted from my
licentiate thesis.53

meter d and a brush of height h on a planar surface, two
regimes can be identified: either the brush fills the entire
pore, or it leaves an open channel in the pore centre. As-
suming an infinitely long pore, so that edge effects can be
neglected, and good solvent conditions, the pore is filled
with brush when83

d ≲ dfilled = 2
(

8
5

)1/3
h ≈ 2.3h (3.3)

The two cases, d > dfilled and d < dfilled, are illustrated in
Figure 3.4a) and b), respectively.

When the pore has an open channel, the brush extends
to a heightH > h. This can be understood by considering
that the volume available for the monomers is smaller
in a pore than above a planar surface, so that the brush
is forced to stretch further out into the solution.83,94 The
brush height H is therefore a function of the curvature
and increases as the pore becomes narrower. The volume
fraction ϕ(z), where z is the distance from the pore wall,
is then zero for z > H , and inside the brush it is roughly
parabolic, as on a planar surface.83,94
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When the pore is instead filled with the hydrated
brush, ϕ(z) > 0 everywhere inside the pore. As the pore
diameter decreases further, the brush is compressed, and
the volume fraction becomes more uniform,94 approxim-
ately equal to its average value83

ϕ ≈ 4NΓvm

d
(3.4)

where vm is the volume of a monomer. In a short pore,
the brush can also extend out through the pore open-
ings, and is therefore less densely packed than in a long
nanochannel.95

3.3 Grafting of polymer brushes
There are twomainmethods for forming a polymer brush:
grafting-to and grafting-from.92 In the grafting-from ap-
proach, the surface is first functionalised with an initiator
layer, from which the polymer chains are then grown by
surface-initiated polymerisation of monomers in solution.
This gives high grafting densities and a tunable brush
thickness. The main limitation of the method is that it
is experimentally demanding and requires considerable
expertise in organic chemistry. Two of the brushes in this
thesis, PHEAA and PNIPAM, were prepared by grafting-
from. The polymerisation was, however, carried out by
colleagues, as organic synthesis is a skill I have wisely left
to the organic chemists, and the protocols are therefore
not described in this thesis.

The brush I prepared myself, PEG, was instead graf-
ted by the grafting-to method, which is experimentally
straightforward. Here, polymers in solution are attached
to the surface by one end, which requires a functional
end group on the polymer that can bind to the surface.
However, the coils that are already attached block further
chains from reaching the surface through steric hindrance,
which canmake it difficult to reach high grafting densities
and the strongly stretched brush regime.88,92

3.3.1 Poly(ethylene glycol)
The main purpose of functionalising nanopores in this
thesis is to create a barrier towards biomolecules. PEG
was chosen for this purpose, as it is known to form an
entropic barrier towards spontaneous (diffusive) protein
translocation through nanopores.42 The structure of PEG
is shown in Figure 3.5.
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As mentioned above, the main challenge in grafting-
to is reaching a high enough grafting density. If PEG

Figure 3.5: Chemical structure of
PEG.

binds to the surface in its swollen coil conformation, the
grafting density is low and the PEG tends to adopt a
mushroom conformation rather than a strongly stretched
brush, which reduces its anti-fouling properties.52,88 To
circumvent this, the coil size is often reduced during graft-
ing, usually by using a poorer solvent for the polymer.
Grafting thiol-terminated PEG onto gold in 0.9 MNa2SO4
has, for example, been shown to produce brushes with
heights consistent with the strongly stretched Alexander–
de Gennes brush.52 This thesis works primarily with SiNx

surfaces, and a protocol for grafting PEG to these is presen-
ted in Paper II.

3.3.2 Poly(N-(2-hydroxyethyl)acrylamide)
PHEAA brushes (Figure 3.6) are prepared by surface-
initiated polymerisation. Like PEG, they give highly
anti-fouling surfaces and act as an efficient barrier to-
wards proteins.96 Nanopores functionalised with PEG

Figure 3.6: Chemical structure of
PHEAA.

or PHEAA are used for voltage-controlled transport of
biomolecules in Paper III, and their characterisation is
presented in Section 4.2.2.

3.3.3 Poly(N-isopropylacrylamide)
PNIPAM brushes (Figure 3.7) are also prepared by
surface-initiated polymerisation. PNIPAM is a thermo-

Figure 3.7: Chemical structure of
PNIPAM.

responsive polymer with a lower critical solution temper-
ature (LCST) at 32◦C, above which the brush switches
to a dehydrated, collapsed state.92 This makes PNIPAM
suitable for switchable gating of biomolecular transport,
as in Paper IV.
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As already discussed in Chapter 1, one approach to
studying biomolecules is to use nanopore sensors and
other nanostructures. Being able to manipulate material
at the nanoscale opens up new possibilities to create struc-
tures for biosensing. The first part of this chapter intro-
duces novel nanostructures fabricated to enable advances
in sensing and trapping of biomolecules. The second part
covers how the functionality of these structures can be
tuned by chemical surface modifications, more specific-
ally polymer brushes.

4.1 Fabrication and characterisation
of nanostructures

Most solid-state nanopore sensors today are fabricated
by TEM, FIB or CBD. In this section I present nanopores
fabricated by EBL and RIE instead, which is compatible
with wafer-scale processing and can produce either single
pores or arrays. I cover their fabrication, their electrical
and optical characterisation, and the modelling of their
access resistance. The single pores are used to study the in-
fluence of the electric field on biomolecular interactions in
PaperV (Chapter 5). The dense arrays are used to demon-
strate thermo-responsive biomolecular gating in Paper IV,
and the sparse arrays to demonstrate voltage-controlled
biomolecular transport in Paper III, both summarised in
Chapter 6.

I also present a new type of pore-cavity-pore device,
fabricated by EBL combined with wet etching and CBD,
and tailored for trapping of biomolecules. This part covers
its fabrication, its electrical characterisation, and COM-
SOL simulations of the electric field. Preliminary trapping
results are presented in Chapter 7.
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4.1.1 Fabrication of nanopores by EBL and
RIE

The EBL fabrication in this thesis is based on the protocol
of Malekian et al.,51 to which the reader is referred for
process parameters. Here I describe the main steps and
the differences from that protocol.

The most important steps are shown in Figure 4.1.
The process was carried out on 4-inch wafers with free-
standing SiNx membranes of 20 nm thickness or more.
Spin-coating was done in two steps, first the adhesion
promoter Ti prime and then the negative resist ma-N 2403.
Two steps were added to the original protocol: an O2
plasma pre-cleaning step (50 W, 60 s, 250 mTorr, 80 sccm
O2) before the Ti prime coating, and a 10 min bake at
130 ◦C after it. These improve the adhesion between the
resist and the SiNx surface, which may also contribute to
making smaller pores possible. The pattern was exposed
either as a single circle or as an array of circles, depending
on the application. After development, a free-standing
resist pillar or array of pillars remains on the membrane.

Figure 4.1: Fabrication steps for
nanopores by EBL and RIE in
free-standing SiNx membranes.
Adapted from my licentiate
thesis.53

Malekian et al. fabricated pores larger than 80 nm. This
is useful for applications such as membrane filtration and
plasmonic sensing, but single-molecule detection requires
pores of a size similar to the biomolecules themselves,
roughly 2 to 30 nm. Smaller pores could not be madewith
their protocol because the resist pillars collapse above
a certain aspect ratio. With the parameters used here
(3000 rpm, 60 s), the ma-N 2403 resist is 300 nm thick.
To reduce both the diameter and the height of the pillars,
an additional O2 plasma shrinking step (50 W, 250 mTorr,
80 sccm O2) was introduced after development. Since
the plasma removes material both vertically and laterally,
smaller diameters should be reachable before the aspect
ratio becomes critical.

The wafer was then coated by PVD with 2 nm Cr as
an adhesion layer, 30 nm Au and 15 nm Al2O3. Figure 4.2
shows scanning electron microscopy (SEM) images of
pillars etched for different times, taken after PVD. Pillars
were still standing after 70 s, while a significant fraction
had collapsed after 90 s. The etching timewasmostly kept
at 60 s to leave a safety margin. The O2 plasma shrinking
step turned out to be necessary regardless of the desired
pore size, since it removes Ti prime residues left after
development that would otherwise interfere with the ad-
hesion of the metal film during PVD. If no shrinking is
needed, 10 s is sufficient. A resist of lower viscosity would
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give a thinner film and could reduce the achievable pore
size further, so the sizes reached here are not a funda-
mental limit.97

After PVD, the remaining resist pillars were removed
by lift-off, leaving a hole, or an array of holes, in the metal
film. To prevent the metal cap on each pillar from falling
into these holes, the lift-off must be performed in stirred
and heated photoresist remover, with the wafer mounted
upside down. The pattern was then transferred into the

Figure 4.2: SEM images of resist
pillars afterO2 plasma etching for
70 and 90 s, taken after PVD.

exposed SiNx by CF4/O2 RIE, which is anisotropic and
therefore produces pores with vertical sidewalls. The
Al2O3 protects the Au during RIE and can be removed
afterwards in 10 mM NaOH. For pores with an Au layer,
the process is complete at this point. For pure SiNx pores,
the Au is removed by SC-2 cleaning.

The nanostructures used in this thesis, together with
their dimensions and the papers in which they appear,
are summarised in Table 4.1.

Table 4.1: Nanostructures fabricated in this thesis.

Structure Material Pore diam. Pitch Used in
Single pore SiNx 30–50 nm – Paper V
Sparse array SiNx 120 nm 4µm Paper III
Dense array Au + SiNx 120 nm 300 nm Paper IV
Pore-cavity-
pore

Au/Pd + SiO2
+ SiNx

– – Chapter 7

4.1.2 Size and stability of EBL nanopores
Nanopores in SiNx membranes are never completely
stable in the electrolytes used for nanopore sensing (typic-
ally 1MKCl) and grow evenwithout an applied voltage.66

Figure 4.3: SEM image of a nano-
pore array with pore size 120 nm
and pitch of 300 nm.

Since voltage pulses are also used to enlarge pores during
conditioning, it is not surprising that stability can become
an issue in long measurements at high voltages. CBD
pores may be particularly affected, as the membrane is
exposed to electric fields of up to 1 V/nm during fabric-
ation. Such fields likely generate structural defects not
only where the pore forms but also elsewhere in the mem-
brane. In practice, we did not manage to produce CBD
pores stable enough to monitor avidin binding in Paper
V, whereas the EBL pores were.

The smallest single EBL pores fabricated with this pro-
tocol were characterised by scanning transmission elec-
tron microscopy (STEM) and by their conductance. Fig-
ure 4.4a) shows a STEM image of a ∼50 nm pore, and
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Figure 4.4:
a) STEM image of a single nano-
pore with a diameter of ∼50 nm.
b) IV curves of four representat-
ive single EBL nanopores.
c) Conductance over time for
three other single EBL nanopores
under applied voltage.
a) and c) adapted from Paper V.

Figure 4.4b) the IV curves of four pores, whose diameters
were estimated to be 31–53 nm using Equation 2.2. To test
the stability of the EBL pores, the conductance was mon-
itored over time while the voltage was increased stepwise
(Figure 4.4c). The conductance did not increase at any
step, up to 1 V. The STEM imaging and stability test were
performed by Wei Liu (affiliations in Paper V).

We also tested fabricating EBL pores with a positive
resist, which in principle allows smaller diameters.98 How-
ever, the membranes of these devices had a very short
shelf life, probably because the SiNx was not protected by
a metal layer and was damaged during RIE.

4.1.3 Access resistance of nanopore arrays
Sparse nanopore arrays (Figure 4.5) were used in Pa-
per III to show that voltage-controlled protein transport
can be scaled up from single pores to arrays. To relate
the array results to single-pore measurements, one must

Figure 4.5: SEM image of a nano-
pore array with pore size 120 nm
and pitch of 4 µm.

knowhow the access resistance of a pore in an array differs
from that of a single pore. Figure 4.6 shows the average
current per pore as a function of pitch for arrays of 5 × 5,
10 × 10 and 15 × 15 pores, corresponding to the array
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sizes used in the experiments. COMSOL Multiphysics
simulations are compared with the analytical model from
Section 2.3.1.2.

Figure 4.6: Average current per
pore in a nanopore array: COM-
SOL simulations (solid) and
the analytical model in Equa-
tion 2.7 (dashed), compared
with a single pore (COMSOL
and Equation 2.2) and a prelimin-
ary measurement. d = 120 nm,
t = 20 nm, σ = 10.7 S/m,
V = 1 V.

The model deviates slightly from the simulations,
more so for thin membranes, where the access resistance
dominates over the pore resistance. This could indicate
a limitation of the model, but the deviation more likely
stems from the coarse mesh required for the large array
simulations. For a single pore, refining the mesh reduced
the simulated current by ∼7%. A similar reduction for
the arrays would bring the simulations within 1% of the
model, but finer meshes were not feasible for the arrays
because of the size of the system.

A comparison with measured currents through nano-
pore arrays would therefore be valuable. A preliminary
measurement, also included in Figure 4.6, gave a surpris-
ingly low current compared with both the simulations
and the model, possibly because of incomplete wetting of
the pores in the array.

Figure 4.7: Cross-section of a
pore-cavity-pore device.

4.1.4 Fabrication of pore-cavity-pore devices
A pore-cavity-pore device can be used for trapping of
biomolecules, provided that they can be loaded into the
cavity. This section outlines the fabrication process for
a new type of pore-cavity-pore device, illustrated in Fig-
ure 4.7. The process is largely based on the fabrication of

Figure 4.8:
a) SEM image of a single pore-
cavity device after etching, with
the cavity andAuporemagnified
in the inset.
b) TEM image of part of a pore-
cavity array, with one cavity mag-
nified in the inset.

nanopore arrays and is summarised in Figure 4.9, so only
the differences are described here.

SiO2 (100–200 nm)was deposited on 20 nm thick SiNx

membranes by atomic layer deposition (ALD) or sputter-
ing. EBLwas performed in the sameway as for nanopores
to produce a pore in the metal layer. No Al2O3 was de-
posited on these membranes, since there is no RIE step in
which the metal needs protection. Pd can be used instead
of Au for optical measurements, as it has a lower fluor-
escence background,99 but is still compatible with thiol
surface modification chemistry.100

The cavity was etched into the SiO2 using 7:1 BOE
or 2% HF for 10–120 s. BOE etches SiO2 isotropically,
with a reported etch rate of 80 nm/min.101 The rates we
measured were considerably higher and varied between
runs (200–850 nm/min). The origin of this discrepancy
is unclear, but it may be related to the quality of the
SiO2, or to etchant remaining in the cavity and continu-
ing to etch during rinsing. With 2% HF we measured
50–80 nm/min. Films deposited by ALD etched more uni-



36 4 Engineering nanopores

formly, whereas sputtered films sometimes gave uneven
etching with ragged edges.

Figure 4.8 shows SEM and TEM images of the pore-
cavity device after etching, where the Au pore and the
etched SiO2 cavity are both visible. The SiNx pore could
not be imaged, even in devices where it had already been
formed, because of the low contrast. For the TEM char-
acterisation, an array of pore-cavity devices with a 4 µm
pitch was patterned. The TEM imaging was performed
by Takumi Sannomiya1.

Figure 4.9: Schematic of the
pore-cavity-pore fabrication pro-
cess. Adapted from my licentiate
thesis.53

In the last step, which is the only one not compatible
with wafer-scale processing, the bottom pore was fabric-
ated by CBD in the now exposed SiNx membrane at the
base of the etched cavity, as described in Section 2.1.1.
Figure 4.11a) shows a typical breakdown curve, with the
characteristic current spike that indicates pore formation.

4.1.5 Electrical characterisation of pore-
cavity-pore devices

Before the SiNx pore is formed by CBD, the current re-
sponse of the pore-cavity structure is strongly rectify-
ing and increases non-linearly with voltage. Figure 4.10
shows six IV curves recorded at 15 min intervals: the
rectification persists, but its magnitude decreases over
time. A chip measured before the HF/BOE etch of the
cavity shows the same behaviour at a lower magnitude,
whereas a bare SiNx membrane shows no rectification.
The rectification is thus associated with the metal, and
its magnitude is increased by the etch. This points to-
wards a surface reaction at the metal, which is acceler-
ated by the applied voltage and slows down over time.
One possible candidate is Au–Cl complexation, which
has been demonstrated for Au connected as an electrode
in Cl-containing electrolyte.102 The same behaviour was
observed inmy devices with Pd, which can also react with
Cl.103 In contrast to these studies, the metal in my devices
is not connected to the voltage source but left floating in
the electrolyte. For a current to flow, a reactionmust there-
fore also take place on the opposite side of the membrane,
either at the SiNx membrane or at the Si surfaces in the
etch pit. Why the current increases after the etch is un-
known. Possible causes are a change in the surface state
of the metal, exposure of the Cr adhesion layer between

1Affiliation: Department ofMaterials Science and Engineering, Tokyo
Institute of Technology, 4259 Nagatsuta Midoriku, Yokohama, 226-8503
Japan
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Figure 4.10: IV curves of an Au
pore-cavity device before CBD,
recorded at 15 min intervals with
the device left in 1MKClwithout
applied voltage between meas-
urements. For comparison, the
IV curves of a SiNx membrane
before SiO2 deposition and of a
device after lift-off (an Au pore
on a SiNx/SiO2 layer, before the
cavity etch) are also shown.

Figure 4.11:
a) Current and voltage during
CBD of a pore in the exposed
SiNx membrane of a Pd pore-
cavity-pore device.
b) IV curves of the same device
before CBD, after CBD and after
conditioning. Pore sizes are es-
timated using Equation 2.2.
c) Current and voltage during a
CBD attempt on an underetched
Au pore-cavity device, where no
pore was formed.
d) IV curves of the device in c)
before and after the CBD attempt.
The insets in b) and d) show the
IV curves after CBD on a differ-
ent scale.

the Au and the SiO2, or removal of the oxide on the Si
support structure.

The large current before CBD raises the question of
whether the current after CBD reflects the ionic trans-
port through the structure. This is required both for es-
timating the size of the SiNx pore from its conductance
(Equation 2.2) and for detecting molecules entering the
cavity. I argue that it does, based on the IV curves be-
fore and after CBD. Figure 4.11b) shows the IV curves
of a pore-cavity-pore device before CBD, after CBD and
after conditioning to grow the SiNx pore to the desired
size. After CBD, the conductance is considerably lower
than before and the current response is linear (inset),
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indicating that the ionic current through the SiNx pore
dominates. The removal of the rectification can be ex-
plained by the high voltages applied during CBD and
the large currents drawn, of the order of hundreds of nA
(Figure 4.11a). This agrees with a surface reaction such
as metal–Cl complexation, where all available metal sur-
face would be consumed during CBD, so that no further
reaction could occur afterwards. Further support comes
from an underetched pore-cavity device, where SiO2 most
likely remained on the SiNx membrane. In this device,
no pore could be formed, as shown by the absence of the
characteristic current spike during CBD (Figure 4.11c).
After the CBD attempt, the conductance is low and the IV
curve is ohmic, with the rectification completely removed
(Figure 4.11d). My results thus suggest that CBD, as a
side effect, brings the metal into equilibriumwith the elec-
trolyte, after which the recorded current is dominated by
the ionic current through the device.

Figure 4.12:
a) Magnitude of the electric field
in a pore-cavity-pore device with
a 20 nm SiNx pore, a 500 nm SiO2
cavity and a 150 nm metal pore,
simulated for 1 M KCl at 500 mV.
b) Electric potential in the same
device.

4.1.6 Electric field in pore-cavity-pore devices
The next question is whether the conductance of a pore-
cavity-pore device can be used, togetherwith Equation 2.2,
to estimate the diameter of the SiNx pore. To investigate
this, COMSOL Multiphysics was used to simulate how
much the cavity and the metal pore affect the access resist-
ance of the SiNx pore. Figure 4.12 shows the electric field
and the potential in a device with a 20 nm SiNx pore, a
500 nm cavity and a 150 nm metal pore. The electric field
is concentrated in the SiNx pore, where almost the en-
tire potential drop occurs. Figure 4.13 shows the current
through the device for different metal pore diameters.
For small metal pores, the potential drop is no longer
dominated by the SiNx pore, since the metal pore itself
contributes to the resistance. For metal pores of 150 nm
or larger, the current deviates by less than 5% from that
through an isolated SiNx pore of the same diameter. The

Figure 4.13: Simulated current
through a pore-cavity-pore
device as a function of metal
pore diameter (20 nm SiNx pore,
500 nm cavity, 1 M KCl, 500 mV).
The current through an isolated
SiNx pore of the same diameter
is shown for comparison.

cavity and the metal pore then have little effect on the
access resistance, and the device conductance, in combin-
ation with Equation 2.2, gives a good approximation of
the SiNx pore diameter.



4.2 Soft nanopores 39

4.2 Soft nanopores

With the fabrication methods in place, the next step is
to add functionality to the nanostructures by chemically
modifying their surface with polymer brushes. This sec-
tion presents a method for grafting PEG brushes to silica
nanostructures (Paper II) and the electrical characterisa-
tion of PEG- and PHEAA-modified pores (Papers II and
III).

4.2.1 Grafting of PEG brushes to silica sur-
faces

The full functionalisation protocol for PEG brushes on
silica surfaces is given in Paper II, and the individual steps
are illustrated in Figure 4.14. The method, developed
by John Andersson (affiliations in Paper II), is based on
aminopropylsilatrane (APS) click chemistry and consists
of three simple steps: silanisation of the surface with
APS, a click-chemistry reaction with the crosslinker sulfo-
SMCC, and grafting of thiol-PEG using the same pro-
tocol as for gold surfaces (grafting in 0.9 M Na2SO4, Sec-
tion 3.3.1). The first two steps are completed within a few
minutes, while the PEG grafting can be done in 1 hour or
left overnight. The method works both ex situ (immers-
ing the chip in the solutions) and in situ (injecting the
solutions into a flow cell).

Figure 4.14: The functionalisa-
tion protocol for APS-SMCC-
PEG on silica surfaces. Both the
ex situ and in situ approaches are
shown. Adapted from Paper II.
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Figure 4.15:
a) Functionalisation of SiNx
CBD nanopores with PEG and
PHEAA brushes.
b) Example of the conductance
change of a pore after polymer
brush grafting.
c) Example of the PSD before
and after polymer brush grafting.
Adapted from Paper III.

4.2.2 Characterisation of soft nanopores
SiNx nanopores fabricated by CBD were modified either
with PEG, using the APS-SMCC-PEG protocol, or with
PHEAA after silanisation with APS (Figure 4.15a). The
PHEAA polymerisation was performed by Jesper Medin
(affiliations in Paper III). To confirm grafting inside the
pores, the conductance was measured before and after
functionalisation. A significant conductance decrease in-
dicated that brushes had been grafted, as shown for a
representative PEG and PHEAA pore in Figure 4.15b).
In a few cases, the conductance increased instead, most
likely because the CBD pore grew before or during graft-
ing. These pores were excluded from further analysis and
sensing experiments. The pore sizes (estimated from the
conductance using Equation 2.2) and the conductance
decrease after grafting are summarised in Table 4.2.
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Table 4.2: Pore diameter before grafting and conductance de-
crease for PEG and PHEAA soft nanopores, given as mean and
standard deviation.

2 kDa PEG PHEAA
Pore diameter 22 ± 8 nm 26 ± 12 nm
Conductance
decrease

67 ± 21 % 89 ± 10 %

Number of pores 29 9

To understandwhere the conductance decrease comes
from, the measured values are compared with the model
in Section 2.4. The predicted conductance decrease is
shown in Figure 4.16, together with the contribution from
the grafting layer alone. The APS and APS-SMCC layers
of thickness hs are dense and can be assumed to have
very limited conductivity. These layers alone have a large
impact on the conductance, especially for small pore dia-
meters.

Figure 4.16: Predicted conduct-
ance decrease after grafting as
a function of the bare pore dia-
meter, for a membrane thickness
of t = 20 nm. Dotted lines
show the effect of the grafting
layer alone, solid lines include
the brush with the volume frac-
tionmeasured onplanar surfaces,
and the dashed line includes the
PEG brush with the volume frac-
tion estimated for pores.

In the model, the brush contributes through the
volume fraction of polymer inside the pore. For PEG and
PHEAA, the volume fraction was measured with surface
plasmon resonance on planar surfaces in Paper III. The
volume fraction of PEG can also be estimated for pores
with Equation 3.4, using the parameters in Table 4.3. Such
an estimate is not possible for PHEAA, since the molecu-
lar weight of the grafted chains, and thus N and Γ , was
not determined. Equation 3.4 also assumes infinitely long
pores, whereas the pores here have d ≳ t, so the planar
volume fraction might be a better estimate.

Regardless of the estimate, most of the measured con-
ductance decreases are larger than the model predicts,
especially for PHEAA. This may seem surprising, con-
sidering that both PEG and PHEAA are highly hydrated
brushes. There are a few possible explanations. First, the
model neglects any increase in access resistance caused
by the polymer, which likely contributes to the difference.
Moreover, PEG in solution lowers the conductivity more
than its volume fraction alone would suggest.104 Unlike
the model, the data show no clear trend between pore
size and conductance decrease, although a trend could
be masked by the large spread in the experimental data.

Table 4.3: Values used for the con-
ductance decrease and volume
fraction estimates. Γ and hs were
measured on planar surfaces in
Paper II, ϕ on planar surfaces in
Paper III, and vm is taken from
Shen et al.105

hs, APS 0.7 nm
hs, APS-SMCC 1.6 nm
ϕ, PEG 0.26
ϕ, PHEAA 0.34
N 45 (2 kDa)
Γ 0.51 nm−2

vm 0.0633 nm3

The conductance decrease is clearly larger and more
reproducible for PHEAA than for PEG. This is expected,
since the PEG coils must diffuse into the nanopore before
they can attach to the surface. There is no control over
the shape of pores fabricated by CBD, and some pores
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may be closer to a narrow slit, where it is difficult to fit
polymer coils. For PHEAA, only the monomers need
to reach the pore interior, which likely leads to a higher
grafting density and lower pore-to-pore variability.

The noise characteristics before and after functional-
isation were investigated by calculating the PSD as de-
scribed in Section 2.7. Figure 4.15c) shows the PSD for
a representative PEG and PHEAA pore. As expected,
the high-frequency noise was unaffected by the brush
grafting, since it originates from the amplifier and the ca-
pacitance in the circuit. The low-frequency noise, on the
other hand, scales with I2

0 andN−1
c , both of which change

upon grafting, so a direct comparison of the spectra in
Figure 4.15c) is not very informative. Instead, the low-
frequency part of the PSDwas fitted to the Hooge relation
(Equation 2.35), and the resulting Hooge parameters are
shown in Figure 4.17.

Figure 4.17: The Hooge para-
meter αH for a set of unmodified
CBD pores, and soft nanopores
with PEG or PHEAA brushes.

EstimatingNc in the soft nanopores involves some un-
certainty. The part of the conductance decrease caused by
the APS-SMCC layer (APS for PHEAA) can be attributed
entirely to a reduced number of charge carriers, whereas
the part caused by the brush itself likely reflects both
fewer charge carriers and a lower mobility. I chose to base
Nc on the measured conductance of each pore after modi-
fication. This neglects the reduced mobility and therefore
underestimates Nc, so the resulting αH is a lower bound.
Even so, αH increased by about an order of magnitude
for both PEG- and PHEAA-modified pores. This is not
surprising, since low-frequency flicker noise is often asso-
ciated with fluctuations of the charge carriers in the pore,
and introducing hydrated, disordered brushes will likely
increase these fluctuations.
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The previous chapter described how nanopores can
be fabricated and chemically modified. This chapter fo-
cuses on using them for sensing, startingwith results from
Paper I, which investigates how the event frequency in un-
modified pores can be used for label-free, calibration-free
quantification of analytes. The event frequency analysis
described in Paper I also lays the foundation for the later
analysis of soft nanopores in Paper III. The chapter ends
with a brief summary of Paper V, which investigates how
the electric field in solid-state pores influences biomole-
cular interactions.

5.1 Event frequency analysis at high
voltages

The theory of analyte capture in barrier-free pores predicts
that the event frequency increases linearly with voltage
when the capture is limited by diffusion (Equation 2.26).
To test this relation, the event frequency was measured at
voltages up to 1000 mV. Nanopore sensing experiments
are usually performed well below this (≲ 200 mV), as the
longer dwell times at low voltagesmake it easier to resolve
the event shape, which is often of interest. There were
nevertheless two reasons for going to higher voltages:
a broader voltage range improves the accuracy of the
analyte concentration determined by Equation 2.26, and
voltage-controlled transport (Chapter 6), where no trans-
locations occur at low voltages, can only be studied at
high voltages.

Determining the event frequency accurately from cur-
rent traces is, however, difficult in solid-state nanopore
sensors, for two reasons. First, the events must be reliably
detected and counted, which becomes increasingly chal-
lenging at high voltages, where the baseline is noisier and
fluctuates more. Second, the event frequency can change
over time as analytes adsorb to the pore walls. For this
reason, dsDNAwas chosen as the analyte in Paper I, since
it is less prone to adsorption than many other analytes,
such as proteins, and its electrophoretic mobility is well
known.
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Several algorithms exist for event detection, such

Figure 5.1: The Fourier transform
baseline correction algorithm.

as threshold detection based on a moving-average
baseline106 or a cumulative sums algorithm.107 Here,
two algorithms were combined.

Figure 5.3: Dwell time distribu-
tions for 2 kbp and 3 kbp DNA at
different voltages. Adapted from
Paper I.

The first is a high-pass

Figure 5.2: The iterative event de-
tection algorithm. Adapted from
Paper I.

filter based on a Fourier transform (Figure 5.1). It makes
use of the fact that the events are high-frequency current
modulations, whereas the baseline fluctuations, which
are more pronounced at high voltages, are much slower.
Removing the low-frequency components of the current
trace therefore leaves a flat baseline on which events
can be identified with a simple threshold. The second
algorithm is an iterative event detection (Figure 5.2),
in which the threshold is set at a fixed offset from the
baseline mean (six standard deviations in Paper I). This
works well when events are rare, but high event frequen-
cies lower the calculated mean below the true baseline.
The detected events were therefore subtracted from the
current trace and the detection repeated, iterating un-
til the number of events converged. Both algorithms
were implemented in the custom-built MATLAB soft-
ware Event Analyzer, which was used to extract the event
frequency at each voltage.

The dsDNA event frequency increased mostly linearly
with voltage, but in a few cases the data deviated from
linearity at the highest voltages. This does not contradict
the model but is a consequence of the limited bandwidth
of the amplifier system (Axopatch 200B), which preven-
ted the fastest events from being detected. Figure 5.3
shows examples of dwell time distributions at 100 mV
and 900 mV. For 2 kbp DNA at the higher voltage, the
distribution is truncated at short dwell times, since many
events are comparable to or shorter than the time resolu-
tion of the instrument. Data points were only included if
the dwell time distribution approached zero before the
limit set by the time resolution, which ensured that no
significant number of events was missed.

5.2 Analyte quantification

Figure 5.4 shows the event frequency as a function of
voltage for 3 kbp DNA in four different nanopore sensors,
together with linear fits. According to Equation 2.26, the
DNA concentration follows directly from the slope f0/∆V
of these fits:

C0 = 4teff

πµd2
f0

∆V
(5.1)
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Apart from the slope, only the pore geometry and the
electrophoretic mobility of the analyte are needed. The
membrane thickness t was determined by ellipsometry,
and the pore diameter d was estimated from the conduct-
ance using Equation 2.2. For the mobility, a literature

Figure 5.4: Event frequency as
a function of voltage for 3 kbp
DNA in four different nanopore
sensors, with linear fits. Adapted
from Paper I.

value of µ = 1.5 ·10−4 cm2 V−1 s−1, measured in 1 M KCl,
was used.108 For DNA longer than a few hundred base
pairs, this value is independent of the strand length.109

The resulting concentrations are compared with the
actual concentration of 5 nM in Figure 5.5. For 2 kbpDNA,
the method gave 4.4±1.2 nM based on four pores, and for
3 kbpDNA 4.4±1.3 nMbased on six pores. A natural next
step would be to extract the mobility directly from the
dwell time distribution, which would remove the reliance
on literature values and make the method applicable to
analytes with an unknown electrophoretic mobility, or to
systems where transport is driven by a combination of
electrophoresis and EOF. However, existing models have
not been able to give reasonable mobilities from dwell
time distributions,110 so improved models are needed.

5.3 Effect of the electric field on bio-
molecular interactions

Figure 5.5: Concentrations of 2
and 3 kbp dsDNA determined
by event frequency analysis, com-
pared with the actual concentra-
tion of 5 nM.
Adapted from Paper I.

A highly relevant but rarely discussed question in nano-
pore sensing is how the strong electric field in the pore
affects the translocating biomolecules. This was studied
by Wei Liu (affiliations in Paper V), using the ultra-stable
EBL pores that I fabricated as described in Section 4.1.1.
In short, the pores were functionalised with biotin by
grafting PEG containing a fraction of biotinylated chains,
using the APS-SMCC-PEG protocol from Paper II. Avidin

Figure 5.6: Dissociation of avidin
from biotinylated nanopores due
to the strong electric field.
Adapted from Paper V.
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binding was detected as a decrease in the baseline cur-
rent, since the pores were too large to resolve individual
binding events. The avidin–biotin interaction is one of the
strongest known biomolecular interactions, and without
an applied voltage, avidin would be expected to remain
bound to the biotinylated PEG for several hours. At 1 V,
however, avidin dissociated rapidly, as seen from the re-
covery of the baseline current (Figure 5.6). The electric
field present during nanopore sensing thus has a strong
impact on the avidin–biotin interaction, and likely also on
other biomolecular interactions, which should be taken
into account when using nanopore sensors.
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Controlling the transport of biomolecules makes it
possible to deliver them exactly where they are needed,
whether on demand into single cells or across a mem-
brane. A particularly interesting application, discussed
in Chapter 7, is the controlled delivery of biomolecules
into a nanoscale cavity, where they can be trapped. This
chapter focuses on how biomolecular transport through
nanopore membranes can be controlled by functional-
ising them with polymer brushes. It begins with a brief
summary of the results from Paper IV, which formed the
basis for Paper III, where this approach was developed
further.

6.1 Temperature-controlled protein
gating

In Paper IV, the dense nanopore arrays described in Sec-
tion 4.1.1 were used as a platform to demonstrate protein
gatingwith thermo-responsive PNIPAMbrushes. The gat-
ing experimentswere performed by Justas Svirelis and Jes-
perMedin (affiliations in Paper IV). PNIPAMwas grafted
onto the Au surface by surface-initiated polymerisation.
PNIPAM collapses when heated above its LCST, so by loc-
ally heating the membrane, the brush could be switched
from an extended (gate closed) to a collapsed (gate open)
state, as illustrated in Figure 6.1a). Fluorescently labelled

Figure 6.1:
a) Schematic of the nanopores
with the brushes in the extended
(gate closed) and collapsed
(gate open) states.
b) Fluorescence intensity over
time, showing that proteins pass
through the nanopores only
when the membrane is heated.
Adapted from Paper IV.

BSA was added on one side of the membrane, while the
fluorescence intensity was monitored on the other. The
intensity increased only when the membrane was heated
(Figure 6.1b), confirming that the proteins could diffuse
through the nanopores only when the brushes were col-
lapsed.

The same mechanism was also used in Paper IV to
trap proteins, using functionalised nanochambers embed-
ded in a silica substrate instead of a nanopore membrane.
Although these results demonstrate both controlled trans-
port and trapping, transport through the open nanopores
was driven by diffusion, so the number of proteins passing
through each pore, and hence trapped in each chamber,
could be neither controlled nor quantified.
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6.2 Voltage-controlled biomolecular
transport

To achieve single-molecule readout from gated nanopores,
we hypothesised that the voltage bias normally applied in
resistive pulse sensing could also be used to force biomole-
cules through a polymer brush barrier. This would enable
controlled transport of biomolecules without the need to
open and close a gate. The approach proved successful,
and Paper III demonstrates voltage-controlled transport
of biomolecules with single-molecule readout by the ionic
current, using soft nanopores functionalised with PEG
or PHEAA brushes (Section 4.2.2). The following sub-
sections present the generic threshold behaviour and its
origin, briefly discuss the event characteristics, and finally
show the scalability to arrays and larger pores.

6.2.1 No transport below a threshold voltage

Figure 6.2:
a) Current traces of 3 kbp DNA
in a PHEAA soft nanopore, show-
ing no translocations at 400 mV
and translocations at 600 mV.
b) Event frequency as a func-
tion of voltage for dsDNA in the
PHEAA soft nanopore.
c) Event frequency as a function
of voltage for the same pore be-
fore and after modification with
2 kDa PEG.
Adapted from Paper III.

The concept of voltage-controlled transport is illustrated
for dsDNA in Figure 6.2. DNA was introduced on one
side of the membrane, and the voltage was held for a few
minutes at each step while the current was recorded. Fig-
ure 6.2a) shows current traces for a PHEAA soft nanopore,
with no translocations at 400 mV and translocations at
600 mV. The event frequency as a function of voltage for
the same pore (Figure 6.2b) confirms that no events were
detected up to 400 mV. Figure 6.2c) shows a pore before
and after modification with PEG. Before grafting, trans-
locations occurred already at the lowest voltage tested
(100 mV), whereas no events were detected up to 300 mV
after grafting. In both soft nanopores, DNA was driven
through the brush barrier above the threshold.

The voltage-controlled transport is not specific toDNA.
Figure 6.3 shows the same behaviour for four proteins of
different size and charge: avidin, BSA, β-galactosidase
and ferritin (Figure 1.1). Remarkably, the threshold
voltage was similar for all four, between 400 and 600 mV.
As a control, BSA in an unmodified pore produced events
already at the lowest voltage, just like DNA. In the soft
nanopores, no events were detected below the threshold
voltage, even when the bias was held for a few minutes.
This is an important difference from unmodified solid-
state pores, which leak by diffusion even without an ap-
plied bias.39,40
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Figure 6.3: Event frequency as
a function of voltage for avidin,
BSA, β-galactosidase and ferritin,
each in a different PEG soft nano-
pore, and for BSA in an unmodi-
fied pore.
Adapted from Paper III.

6.2.2 Physical origin of the threshold

The translocation of dsDNA through unmodified pores
was studied extensively in Paper I, where capture into
pores with d ≳ 10 nm was well described by the barrier-
free capture theory in Section 2.6.1. In soft nanopores, the
situation is clearly different. The polymer brushes consti-
tute a barrier that can be overcome by an applied voltage,
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and the model for barrier-limited capture in Section 2.6.2
was developed to explain the observed threshold.

To understand the origin of the threshold, it is import-
ant to first consider whether the brush itself is affected
by the voltage. One could argue that the electric field
opens the gate in a similar way as the temperature does
for thermo-responsive brushes, by changing the brush
morphology, for example by dragging the chains out of
the pore. This is unlikely, since neither polymer contains
ionisable groups. More importantly, the modified pores
showed linear IV curves up to 1000 mV. If the brushes
moved out of the pore at high voltages, the conductance
would increase with voltage, and the IV curves would be-
come non-linear. In contrast to thermo-responsive gating,
the brushes must thus remain in place, and the voltage
instead drives the molecules through them.

The voltage can drive the molecules in two ways: by
electrophoresis acting on their charge, or by EOF carrying
them along with the liquid. For proteins in solid-state
pores, transport has previously been shown to be driven
by a combination of both.40 In soft nanopores, on the other
hand, a substantial EOF is unlikely. The grafting layers
reduce the charge on the pore walls, and it is difficult to
see how a considerable flow profile could build up in a
pore filled with disordered polymer chains. Transport
through soft nanopores is therefore expected to be dom-
inated by the electrophoretic force on the molecules, for
both DNA and proteins. This is supported by the experi-
ments. Avidin, which is positively charged at neutral pH,
had to be introduced on the opposite side of the mem-
brane for translocations to be observed. Since all proteins
were measured at the same pH, any EOF would have ac-
ted in the same direction for all of them. Consistent with

Figure 6.4: Event frequency as
a function of voltage for BSA at
different pH, in a PEG soft nano-
pore. Adapted from Paper III.

this, very few BSA translocations occurred near its iso-
electric point, and the polarity required for translocation
was inverted below it (Figure 6.4). The transport is thus
governed by the net charge of the protein, which means
that proteins with little or no net charge at neutral pH
could be transported simply by adjusting the pH.

At lowvoltages, themodel in Section 2.6.2 predicts that
the barrier dominates. Molecules accumulate at the pore
opening, but very few manage to cross the barrier, and
the event frequency should increase exponentially with
voltage. Experimentally, no events were observed at all
below the threshold. This does not contradict the model.
For a large barrier, the exponential factor makes the event
frequency far too low to produce even a single event dur-
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ing the few minutes spent at each voltage, and the result
is an apparently sharp threshold. The accumulation it-
self cannot be observed with a single nanopore sensor,
but it was confirmed by fluorescence measurements on
nanopore arrays (Section 6.2.4). Above the threshold,
the brush no longer constitutes a barrier, and transport
becomes similar to the diffusion-limited case, although
the voltage dependence of the event frequency varied
between pores.

The threshold voltage was very similar for DNA and
all four proteins, despite their large differences in size and
charge. Even when measured in the same pore, BSA and
ferritin showed similar thresholds (Figure 6.5), although
ferritin has about five times the volume of BSA. With the

Figure 6.5: Event frequency as a
function of voltage for BSA and
ferritin, in the same PEG soft
nanopore.
Adapted from Paper III.

pore properties kept identical, this shows directly that
the threshold is largely independent of the analyte. Equa-
tion 2.30 hints at why: the threshold voltage depends on
the pore dimensions through d and teff, on the free energy
barrier ∆G∗, and on the size and charge of the analyte. A
larger protein has to displace more polymer to enter the
brush and therefore faces a higher barrier. At the same
time, it carries more charge, so that the voltage also lowers
the barrier more. Assuming a similar surface charge dens-
ity for all proteins, both the barrier111 and the energy
gained from the voltage contain one term proportional to
d2

analyte and one proportional to d3
analyte, and the threshold

voltage is therefore expected to depend only weakly on
the size of the protein, consistent with the experimental
observations. Neither did the threshold vary much with
pore size. The main variation instead appears to come
from the grafting density, on which ∆G∗ is expected to
depend strongly.111

6.2.3 Translocation event characteristics
The individual translocation events can also be compared
with the conductance model in Section 2.4. For proteins
in unmodified pores, the predicted conductance blockage
∆G agreed reasonably well with the experimental data.

Figure 6.6: Scatter plot of amp-
litude and dwell time for dsDNA
translocations in a pore, before
and after functionalisation with
PEG. Adapted from Paper III.

For DNA, however, the measured ∆G was about three
times larger than predicted. One reason could be that
DNA does not translocate in a linear, unfolded conform-
ation through pores larger than 10 nm. Indeed, no bar-
rier to translocation was observed in such pores, neither
here nor in Paper I, whereas in smaller pores such a bar-
rier is usually associated with the threading of one DNA
chain end.31,81 Another reason could be that the detection
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threshold excludes events with small amplitudes, which
would bias the measured ∆G towards larger values. The
sharp lower edge of the amplitude distribution for the
unmodified pore in Figure 6.6 suggests that the distri-
butions may be truncated. However, stronger low-pass
filtering of the current did not yield more events and was
therefore not applied, to preserve the time resolution of
the measurements.

The most direct comparison for soft nanopores is
dsDNA in a pore measured both before and after modifi-
cation with PEG (Figure 6.6). Averaged over all voltages,
∆G increased from 3.4 ± 1.1 nS to 5.2 ± 0.9 nS after graft-
ing, and the dwell times became considerably longer. For
this pore, the model for soft nanopores in Section 2.4.3
predicts an increase in ∆G of at most 7% after grafting.
Since the model fails to accurately describe even the con-
ductance decrease caused by the grafting itself, it is not
surprising that it does not capture this increase either. We
also explored a model in which the brush lowers the local
conductivity in the pore and the access regions. Such a
model predicts a smaller ∆G, which contradicts the ob-
servations. Instead, the larger ∆G appears to correlate
with the longer dwell times. This could be explained by
entanglement of the DNA with the polymer chains, so
that on average more DNA is present in the soft nanopore

Figure 6.7:
a) Fluorescence over and
next to the membrane, below
(400 mV) and above (800 mV)
the threshold.
b) Fluorescence at individual
pores relative to the membrane
at 400 mV.
c) Schematic of BSA-FITC
accumulating at the pore mouth.
Adapted from Paper III.

than in the unmodified pore.
For different proteins in the same PEG pore, no clear

pattern in the event shapes could be identified. This is
likely because the brush itself fluctuates, and the proteins
can take many different paths through the pore.

6.2.4 Transport through nanopore arrays
Voltage-controlled transport also works in nanopore ar-
rays, as shown with PHEAA-functionalised sparse arrays
of 120 nm pores (Section 4.1.1). Fluorescence microscopy
experiments were performed by JesperMedin (affiliations
in Paper III). Fluorescently labelled BSA (BSA-FITC) was
introduced on one side of the nanopore array membrane,
and the fluorescence was monitored on the other side, in
two regions (Figure 6.7a). Directly over the membrane,
proteins at the pores contribute to the signal. Next to
the membrane, only proteins that have passed through
the pores and diffused away can be detected. Below the
threshold, the fluorescence increased over the membrane
but not next to it. At these voltages, the fluorescence was
also higher at the individual pores than over the rest of
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the membrane (Figure 6.7b), showing that the proteins
accumulate at the pores without passing through them.
At 800 mV, above the threshold, the fluorescence also
increased next to the membrane, showing that proteins
were transported through the nanopores.
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The goal of this thesis was to work towards long-
term, non-intrusive biomolecular trapping. This was ap-
proached along two paths: the fabrication of a pore-cavity-
pore device in Chapter 4, and the voltage-controlled trans-
port of biomolecules through a polymer brush function-
alised nanopore in Chapter 6, which provides a mechan-
ism for loading molecules into the cavity. This chapter
presents preliminary, unpublished results on the trapping
of DNA in a pore-cavity-pore device. These results are an
important step towards the trapping platform we set out
to develop, but much work remains. Possible research
directions are discussed in Chapter 8.

7.1 Trapping of dsDNA in a pore-
cavity-pore device

The device was selectively functionalised with PHEAA
brushes on the Au and PEG brushes on the SiNx/SiO2.
The trapping experiments were performed by Wei Liu.
On the SiNx side, 3 kbp dsDNA was introduced, and
translocation eventswere detectedwhen a bias of 1000mV
was applied (Figure 7.1). The experiment is illustrated
schematically in Figure 7.2.

Figure 7.1: Trapping events
of dsDNA in a PHEAA/PEG
functionalised pore-cavity-pore
device. The inset shows the
baseline shift following one of
the trapping events.
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No translocations were detected at lower voltages, indicat-
ing that the PEG brush in the SiNx pore acts as a barrier, as
expected from Paper III. After most events, the baseline
current shifted to a lower value, as shown for a single
event in the inset of Figure 7.1. The reduced conductance

Figure 7.2: Schematic of a trap-
ping experiment with dsDNA
loaded into a PHEAA/PEG
functionalised pore-cavity-pore
device.

is consistent with DNA remaining in the cavity. In a few
instances, the baseline shifted in the opposite direction,
which could indicate amolecule escaping the cavity. After
approximately 20 events, the bias was kept on for another
7 minutes without any further events. We attribute this
to the cavity being filled, so that no additional molecules
can be loaded.
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This thesis has presented the fabrication and chem-
ical surface modification of new types of nanostructures
for biomolecular sensing, transport and trapping. The
overall goal has been to work towards a platform for non-
intrusive, long-term trapping of proteins inside a nano-
scale cavity. Such a platform has three key requirements,
to which the papers in this thesis contribute:

• Control over the number of trapped molecules.
Paper IV demonstrated gated transport and trap-
ping using thermo-responsive brushes, but without
single-molecule readout. Paper I established a
method to reliably count single molecules at high
voltages, and Paper III demonstrated voltage-
controlled transport through polymer brush func-
tionalised nanopores with single-molecule readout.

• Non-intrusive trapping. To study the natural beha-
viour of proteins, the trapping mechanism must not
alter them. This excludes not only traditional ap-
proaches such as immobilisation, but also methods
that rely on an applied electric field, such as trap-
ping by electroosmotic flow in nanopores. Paper V
showed that the electric fields typically present in
such devices strongly influence biomolecular inter-
actions. The molecules should therefore be studied
without an applied bias.

• No adsorption or leakage. In pore-cavity-pore
devices, proteins readily adsorb to surfaces such
as SiNx and, more importantly, escape spontan-
eously by diffusion, which has been a problem in
previous approaches. Polymer brushes are a solu-
tion to both problems. PEG brushes grafted by
the protocol in Paper II are highly antifouling and
form a barrier against spontaneous protein leak-
age through a nanopore. Paper III built on this
and showed voltage-controlled transport through
brush-functionalised nanopores, with no spontan-
eous leakage at low voltages.
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The fabrication of a pore-cavity-pore device for this
purpose has been demonstrated, with preliminary results
showing trapping of dsDNA. Importantly, the device al-
lows material-selective surface functionalisation, and the
voltage-controlled transport from Paper III is proposed
as the loading mechanism. Finally, I would like to point
towards the following future research directions:

• Protein trapping. The next step is to realise protein
trapping and to verify that the molecules remain
inside the cavity. This could be done by studying
fluorescently labelled DNA or proteins in the cavity
with confocal microscopy.

• Protein integrity during loading. The voltage-
controlled loading exposes the proteins to an electric
field. Although the field would be off during the
measurements, it is vital to show that the protein
structure and function are not altered by the loading
itself.

• Smaller EBL pores. The EBL pores in Paper V
were more stable than CBD pores, allowing avidin–
biotin binding to be monitored for several hours,
but they are somewhat too large for single-molecule
detection by resistive pulse sensing. Reducing the
pore size, for instance by using thinner resist layers,
would be a step towards wafer-scale fabrication of
stable SiNx pores for resistive pulse sensing.

• Electrical behaviour of complex nanostructures.
It is not yet well understood how structures ran-
ging from single pores to arrays, including metal
layers, behave electrically, and how the access res-
istance and the electric field are distributed. These
questions, which this thesis only touches upon, are
important for field-mediated techniques such as
voltage-controlled transport.

• Improved models for soft nanopores. The models
for analyte capture presented in this thesis agree
well with the experimental data, in both the barrier-
free and the barrier-limited regime. In contrast, the
models for the conductance of soft nanopores and
for the blockages caused by translocating analytes
do not agree satisfactorily with experiments. More
elaborate models are needed to describe these, for
instance taking into account interactions between
the analyte and the polymer chains.
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