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Single molecule biosensing with Nanopores
Analyte Quantification & Electric-field Effects
AMINA SHAJI

Abstract

Solid-state nanopores enable label-free single-molecule analysis by converting the passage
of analytes through the pore into electrical signals. This thesis examines quantitative analyte
sensing with nanopores while addressing a central challenge: the exceptionally strong electric
field in thin solid-state pores.

The first part of the work demonstrates that analyte concentration can be extracted directly
from the voltage dependence of translocation event frequency. For double-stranded DNA in
sufficiently large pores, the event frequency increases linearly with voltage. By extending
measurements to high bias and introducing robust signal-processing routines for unstable
baselines, the study establishes a calibration-free approach for concentration determination
from nanopore data.

The second part demonstrates that the electric field inside a solid-state nanopore is not
merely a passive readout mechanism, but rather a perturbative environment that actively
modifies biomolecular interactions. Using the biotin-avidin interaction as a model system,
applied bias shortens the effective lifetime of this strongly bound complex by several orders of
magnitude. This finding has critical implications for affinity-based nanopore sensing, because
binding kinetics measured in the pore can deviate substantially from field-free conditions.

The thesis further includes studies on thermoresponsive PNIPAM-grafted nanostructures
for trapping enzymes and controlling ionic transport, which demonstrates the viability of
developing integrated platforms that simultaneously provide electrical detection, optical
readout, and dynamically gated access to confined biomolecules, enabling real-time monitoring
of individual enzyme kinetics in controlled nanoscale environments.

Overall, these studies establish solid-state nanopores as versatile platforms for quantitative
single-molecule biosensing, while revealing critical field-induced effects that must be

considered in future bioanalytical applications.

Keywords: solid-state nanopores; single-molecule biosensing; analyte quantification; electric-

field effects; biotin-avidin dissociation; PNIPAM gated nanostructures.
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polymerization strategy for
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Nanopore fabrication
method in which an electric
field locally breaks down a SiNx
membrane.

Copper catalyst precursor used
in PNIPAM brush
polymerization chemistry.

Model nucleic-acid analyte used
for nanopore translocation and
event-frequency analysis.

Double-helical DNA; 2 kbp and 3
kbp dsDNA are used as model
analytes in the thesis.

Nanofabrication method
used for patterned
nanowells/nanostructure
arrays.

Chelating agent included in TE
buffer to bind divalent metal
ions and stabilize nucleic acids.

Software/interface used with
Elements nanopore amplifiers
for current recording, voltage
control, and data acquisition.
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FIB
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ionic-current
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comparison in the thesis
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galactosidase.
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Common symbols and measurement variables

Abbreviation

Io
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f(v)

R
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Analyte concentration

coefficient
/ diffusivity
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Baseline current through the
nanopore without an analyte in the
pore.

Normalized blockade depth produced
by analyte translocation or binding.
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Geometric parameter in

conductance and field models.

Inverse of conductance; includes pore
and access resistance contributions.
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event in the nanopore signal.

Transport parameter controlling
field-driven capture in the diffusion-
limited model.

Solution property
used in conductance
calculations.

Polymer-solvent parameter used to

describe PNIPAM brush
swelling/collapse.
Electrical driving force applied

across the nanopore membrane.

Temperature unit used for LCST,
enzyme loading, and conductance
experiments.
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Chapter 1

Introduction

1.1 Nanopores - as artificial analogues of biological

systems

Life is sustained by the tightly regulated movement and exchange of
essential chemical building blocks and signaling molecules that maintain
cellular structure and function, thereby keeping the cells alive and functioning
in the living system!. These include inorganic ions such as sodium, potassium,
calcium, chloride, and magnesium which generate ionic gradients and
differences in electric potential required for nerve impulse transmission,
muscle contraction, and the regulation of cell volume?2-5. Cells also rely on
metabolites, including glucose, amino acids, and adenosine triphosphate (ATP),
to provide energy and molecular substrates for growth, repair, and
intracellular signaling®. In addition, biomacromolecules such as the membrane
that act as gates, which open and close in response to DNA, RNA and proteins
as well as their shorter fragments such as oligonucleotides and peptides are
central to the storage and transmission of genetic information and to
structural and enzymatic functions respectively’. These movements of
biomolecules are not random; they are strictly regulated” by protein channels
or pores in signals so the cell can maintain an order in a crowded molecular
environment8?,

From a technological and scientific perspective, artificial nanopores were
developed to mimic and exploit this biological principle at the single-molecule
levell0. In a nanopore experiment, the motion or binding of an individual molecule

inside a nanometer-scale aperture is converted into an electrical signal, which

* Life regulates ions and biomolecules through nanoscale gates; nanopores translate this
principle into single-molecule sensing.




makes it possible to study transport and interactions one event at a time.
Conventional analytical techniques measure ensemble averages and lack the
resolution to observe individual molecules in real time. The need to observe
individual molecules in real time arises from the inherent heterogeneity and
dynamic behavior of biological systems, which are often obscured by ensemble-
averaged measurements!l. While bulk techniques have been instrumental in
identifying average structures, reaction pathways, and intermediate states - they
mask stochastic fluctuations, transient conformations, and rare events that can be
critical to function. For example, Ferritin, a spherical iron storage molecule which
is also explored as a targeted drug delivery carrier, has been extensively studied
using ensemble methods that identify structural intermediates in its disassembly
and reassembly pathways. These measurements provide snapshots and average
populations of intermediates, but they do not resolve how individual ferritin
molecules fluctuate between states or how heterogenous their disassembly and
reassembly trajectories are in real time. Therefore, single-molecule approaches are
essential to reveal how ferritin responds to different environments, enhancing its
efficacy as a nanocarrier for drugs and bioactive molecules. This approach offers
information by revealing molecules to molecules variability and rare pathways that
are hidden in bulk averages!2.

Single-molecule approaches overcome the limitations of bulk measurements
by directly probing molecular-level dynamics, enabling the resolution of pathway
diversity, kinetic variability, and structure-function relationships. Such
measurements are essential for understanding processes such as protein folding
and conformational switching, nucleic acid translocation and hybridization,
enzyme catalysis, molecular recognition, and the operation of molecular motors. By
capturing real-time dynamics at the level of individual entities, single-molecule
techniques provide mechanistic insight that is inaccessible to ensemble methods
and are therefore crucial for advancing applications in biotechnology, medicine,

and nanotechnology13.14*

* Conventional analytical methods measure millions of molecules together and report only
average signals.
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Advancements in nanotechnology have enabled the development of
powerful single-molecule sensing techniques that probe the physical and chemical
properties of biomolecules with unprecedented precision. Among these, nanopore-
based electrical sensing has emerged as a versatile platform for detecting and
studying the binding kinetics of the analytes from ionic current signatures as they
translocate through a nanoscale pore. This approach offers high temporal
resolution, label-free detection, and compatibility with a wide range of analytes
including nucleic acids, proteins etc, positioning it as a promising tool for

applications in diagnostics, molecular biology, and biosensing!5.16,

1.2 From natural pores to artificial nanopores

In biological membranes, protein channels and pores decide which molecules
may enter or leave a cell, and under what conditions. Some pores let ions pass
rapidly but only of a particular type, while others transport larger molecules such
as sugars or nucleic acids®!7 often with the aid of specific carrier proteins or
channel proteins termed as the shuttle cargo mechanism18. At a basic level, all of
them implement a simple principle: a tiny opening that is selective and
controllable. Nanopore sensing takes this simple principle and recreates it in an
artificial, yet highly controlled setting.

Nanopores” exist in several distinct implementations, all based on the same
fundamental principle: a nanometer-scale aperture that acts as selective gates for
ions and molecules, only certain species or sizes can pass, and their passage is
detected by the change in ionic current. Nanopores are commonly classified

into biological, solid-state, and hybrid or functionalized systems, each

“ Nanopore sensing mimics nature's selective transport through membrane channels.




implementing a nanoscale aperture that acts as a selective gate for ions and

molecules with passage detected via changes in ionic current”.

Artificial nanopore device Single-channel electrical readout Single-molecule signal features

A nanopore connects two electrolyte Translocating or binding analytes Signal features are linked to the
reservoirs and 1s biased by electrodes cause transient blockades in the 1onic analyte and its mteraction with the
1 current pore
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Computer ? dwell time Size/shnpe
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Amplifier
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Figure 2 - Overview of nanopore sensing

1.2.1 Biological nanopores

Biological nanopores are protein-based channels that naturally span lipid
bilayers, including well-studied examples such as a- hemolysinl?, MspA20, and
aerolysin2l. These pores are genetically encoded and self-assemble into highly
uniform structures with atomically precise dimensions and defined chemical
functionalities, such as charge distributions, binding motifs, and gating
domains?2. In sensing applications, an individual protein pore is reconstituted into
a lipid membrane, and the ionic current through the pore is measured.
Translocation or binding of analytes such as DNA, peptides, or small molecules
produces characteristic and highly reproducible current modulations due to the
structural identity of each pore. The biological nanopores exhibit exceptional
structural uniformity and well-defined surface chemistry and have high sensitivity

and favorable signal-to-noise ratios at relatively low operating voltages.

“ Nanopore sensing is label-free: we read molecules directly, without fluorescent tags or
special dyes attached.
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However, they are limited by operational stability with respect to temperature,
voltage, and solvent conditions. They have restricted geometric tunability, with
modifications  typically requiring protein engineering or chemical
functionalization. Moreover, extracting these membrane proteins from the

biological system is tedious23-26,

* Biological nanopores provide atomically precise sensing apertures, but their stability and
geometric tunability are limited.




1.2.2 Solid-state nanopores

Solid-state nanopores are typically fabricated in thin inorganic membranes,
such as silicon nitride, silicon dioxide, graphene, and other two-dimensional
materials, using either top-down or bottom-up approaches. In top-down methods,
including Transmission Electron Microscopy (TEM) drilling and Focused lon Beam
(FIB) milling, fabrication starts from a continuous solid film and material is
removed locally to define a nanopore with precise control over pore diameter and
membrane thickness. In addition to these top-down methods, Controlled Dielectric
Breakdown (CDB) offers an alternative route in which an applied electric field
induces local material degradation and pore formation within the membrane. In
general, solid-state nanopores exhibit high mechanical robustness and chemical
stability, allowing operation under a wide range of conditions, including high ionic
strength, extreme pH, and elevated voltages. However, long-term stability can
depend on the specific fabrication method; for example, pores formed by CDB may
show more drift or need restructuring than pores sculpted by TEM or FIB, as
reported in comparative studies??.28, The broad tunability of pore diameter,
geometry, membrane thickness and straightforward integration with microfluidic
platforms and on-chip electronic systems make them particularly attractive for
sensing applications. For solid state nanopores, achieving atomic scale structural
uniformity remains challenging leading to pore-to-pore variability. Also,
unmodified surfaces often exhibit increased noise and nonspecific adsorption,

necessitating surface functionalization10.16.29,

Electron beam drilling Focused ion beam Dielectric breakdown

Voltage

=

Localised nanoscale drilling 2
Ga+ beam

1 £ .
[ | +

t
\\\c- beams

Figure 4 - Solid state nanopore fabrication methods”

* Solid-state nanopores offer robust, tunable, and integrable nanostructures for label-free
molecular detection.



1.2.3 Hybrid and functionalized nanopores

Hybrid nanopores combine a biological or solid-state aperture with an
additional functional layer, such as DNA origami, surface-bound receptors,
proteins, or polymer coatings. These hybrid systems are attractive because they
can merge the robustness of synthetic structures with the recognition, gating, or
programmability of soft matter and biomolecular components. The advantages
include the integration of the robustness of solid-state systems with the specificity
and tunability of biological or synthetic components along with customizable
selectivity, gating behavior, and responsiveness to external stimuli such as pH,
temperature, or ligand binding. The major limitations are that the increased design
and characterization complexity due to multiple interacting components, and the
functional layers may introduce additional noise or instability if not carefully
optimized3031,

Although nanopore experiments focus on one pore and one molecule at a time,
the phenomena they probe are directly related to how biological systems function
on larger scales. Instead of a protein channel in a cell membrane, one uses a
nanometer-sized hole in a solid-state membrane or a single protein pore embedded
in a synthetic bilayer. The geometry, surface chemistry, and driving forces can then
be tuned deliberately, allowing one to study how individual molecules move

”x

through this simplified “artificial gate.

%&E" Hybrid nanopore
w,{\,.(}.;\'.' : ;&*ppg ~1.2 nm thick
200 HOSK bilayer MoS,

‘J ~5 nm thick eOmpG
(Ourter diameter = 3.3 nm,
Inner diameter =~ 2 nm)

Figure 5 - Hybrid nanopore, Reproduced from33

* Hybrid nanopores combine synthetic robustness with functional molecular recognition.







1.2 Scope of this thesis

This thesis investigates how solid-state nanopores can be used for quantitative
single molecule biosensing and how the strong electric field inside thin
nanopores influences the biomolecular systems being measured. The work is

guided by the following research questions and hypotheses.

Published results*

RQ1: Can analyte concentration be determined directly from voltage-
dependent nanopore event frequency without an external calibration

standard?

Hypothesis 1: For sufficiently large solid-state nanopores, where entry
barriers are negligible, the event frequency scales linearly with applied

voltage, and the slope of this relation is proportional to analyte concentration.

RQ2: Does the electric field in a solid-state nanopore perturb strong

biomolecular interactions used for affinity-based sensing?

Hypothesis 2: The electric field can exert electrophoretic forces large enough
to shorten the effective lifetime of strongly bound biotin-avidin complexes

compared with field-free conditions measured by SPR.

* This thesis asks how solid state nanopores can quantify analytes while accounting for
electric field perturbation.




Unpublished results*

RQ3: Can thermoresponsive PNIPAM-grafted nanostructures provide gated

molecular access for single enzyme confinement?

Hypothesis 3: PNIPAM brushes can switch between hydrated and collapsed
conformations to open and close nanocavities, thereby enabling controlled

trapping and release of individual enzymes.

RQ4: How do thermoresponsive PNIPAM-grafted nanostructures influence
ionic transport, and under what conditions can they be used for reliable

conductance measurements?

Hypothesis 4: In the hydrated state, PNIPAM brushes permit ionic
conductance by allowing ions to pass through the swollen brush layer,
whereas sufficiently thick PNIPAM brushes can remain effectively
nonconductive even in the collapsed state, blocking ion transport across the

nanostructure.

Together, these questions define the central aim of the thesis: to develop
nanopore-based sensing strategies that are quantitatively useful while
identifying field induced effects that must be controlled in future bioanalytical

devices.

* This thesis also addresses how thermoresponsive PNIPAM-grafted nanostructures are
employed for enzyme confinement and reliable ionic conductance readouts.




Chapter 2

Theory

2.1 Resistive Pulse Sensing

Resistive pulse sensing (RPS) is an electrical technique in which individual
analytes passing through a small, electrolyte filled aperture displace ions and
transiently increase the resistance, producing a ‘resistive pulse’ in the ionic

current.

The amplitude, duration, and shape of each pulse report on properties such as
size, shape, and charge of the analyte, and the event frequency reflects its
concentration”. A classical implementation is the Coulter counter, widely used for
counting and sizing cells and particles, which inspired nanopore based RPS at the

molecular scale. The evolution of RPS and nanopore sensing is shown in Figure 6.

Early developments in nanopore sensing relied heavily on biological
nanopores, naturally occurring protein channels that offer apertures on the
Angstrom scale. Examples include a-hemolysin32, voltage-gated ion channels33,

and genetically engineered pores34. Devices employing single biological pores,

 Coulter * Biological « Solid state . Portahle * Hybrid . Protem/pep « Al
principle pores es es tide enhanced
« Particle « Single o Robust, o DNA/RNA o DNA sequencing * Electrical +
sizing and channel t bl q i origami, * Beyond optical
counting protein pore platforms receptors nucleic « Automated
pores geometry & etc. acids
surface
Large High Geometry Palm Selectivity, Toward Robust
particles — precision control, sized, gating, amino acid analysis of
size and DNA, surface Real time chemical sensitivity complex
count peptides modificati reads in function data
sequencing ons the labs

Figure 6 - Evolution of RPS and nanopore sensing

* The amplitude, duration, and shape of each pulse report on properties such as size,
shape, and charge of the analyte, and the event frequency reflects its concentration.




most prominently a-hemolysin have demonstrated the remarkable ability to
detect individual analyte-pore interactions, transducing these stochastic binding
or translocation events into ionic current blockades35-37. Such current traces
encode information about the analyte identity, concentration, and even molecular
conformation, depending on pore design and conditions. Importantly, advances in
protein engineering have further expanded the versatility of biological nanopores
by enabling the tailoring of their selectivity and functionality for specific sensing
tasks38.

In parallel with biological pores, significant attention has been devoted to
the development of solid-state nanopores which form the central focus of this
thesis as robust synthetic analogues34. Fabricated in thin insulating membranes
such as silicon nitride, silicon dioxide, or graphene, these nanopores can be
precisely engineered using techniques such as focused ion beam milling39:49,
electron beam sculpting#1, or controlled dielectric breakdown*2. Unlike biological
pores, which are limited by their protein structure and stability, solid-state
nanopores offer excellent mechanical robustness, full control over geometry,
ability to withstand different environments and allowing pore diameters to be
tuned from a few nanometeres to tens of nanometers4344 Furthermore, their
surfaces can be chemically functionalized*>, for example, with polymer brushes#*t
or recognition elements to reduce nonspecific adsorption or to impart molecular

specificity.

Ag/AgC

Open current

Current

Single pore <

»
»

Time

Figure 7 - RPS" Left: Typical setup with two cells separated via an insulating membrane with
a single pore. Right: Transient signal of current representing a large green, medium - sized
red and small blue particle.

* Resistive pulse sensing converts molecular passage through a nanoscale aperture into
transient current changes.
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2.1.1 Ionic current through a nanopore

In a nanopore experiment, an ionic current is driven through the pore by an
applied voltage. When no molecule is present, the current is relatively steady and
determined mainly by the pore size and the properties of the electrolyte. When a
molecule enters or passes through the pore, it partially blocks or perturbs the ionic
flow, causing a brief change in current. Each such event appears as a spike or dip

in the recorded current trace as shown in figure 6.

These small perturbations are the key to nanopore sensing: each time a
molecule interacts with the pore, that microscopic event is converted into a
macroscopic electrical signal. By analyzing the frequency, depth, and duration of
these events, it becomes possible to infer properties such as the concentration of
the analyte, its size, charge, or even its sequence in the case of DNA and RNA. In
this way, nanopores turn the invisible motion of single molecules into a stream of
information that can be quantified.

An essential question in RPS” is how to model the conductance of nanopores.
The conductance, defined as G = I/V (the reciprocal of resistance), where I is the
ionic currentand V is the applied voltage depends on both the geometry of the pore
and the ionic conductivity of the solution. In the high-salt limit, where electrolyte
concentrations are sufficiently large (typically >0.1 M) and the Debye length is
much smaller than the pore diameter, the influence of surface charges on ion
transport can be neglected4’. Under these conditions, conductance is dominated by
the bulk properties of the electrolyte and the geometry of the pore.

In Eq. (1), For a simple cylindrical pore, G is the open-pore conductance, o is
the electrolyte conductivity, d is the pore diameter, and | is the pore length, which

is approximated by the membrane thickness, the conductance is given by:

omd?
G = ol (Eq.1)

It highlights two key dependencies: (i) conductance increases quadratically with

pore diameter and (ii) conductance decreases inversely with pore length, meaning

* The Hall-type model links pore diameter, membrane thickness, electrolyte conductivity,
and access resistance.




that thinner membranes yield higher conductance for the same diameter.

When an electric potential is applied across a nanopore in an electrolyte, the
steady-state currentis limited by two serial contributions™:
(i) the internal pore resistance associated with ion transport through the pore
lumen, and (ii) the access resistance that arises from the geometric convergence of
current lines into the pore entrance and their divergence upon exit. The access
term was first derived analytically for a circular aperture by Hall, who showed that
itis independent of bulk cell size and scales inversely with aperture size*8; for thin
solid-state membranes, it can constitute a significant (often dominant) fraction of

the total resistance*°.

2.2.1 Cylindrical nanopore

The corresponding internal (channel) resistance is simply the inverse of Equation

1:

41
ond?

Rpore = (Eq.Z)

The access resistance originates from hemispherical current spreading on each
side of a circular aperture. For a circular aperture of diameter d, the per-side access

resistance is

Zad;
therefore, for a free-standing membrane with two identical sides, the total access

resistance is

1
Roccess = P (Eq.3)

Consequently, the total resistance and conductance (Hall model) are

41 1

Riotar = —t— (Eq-4’)

o od

G = (”‘—l+i)_1 (Eq.5)

ond?  od

* Nanopore conductance reflects both transport through the pore and current convergence
near the pore mouth.




Theory

These expressions reduce to the familiar quadratic G < d?dependence when
I > d(pore term dominates), but they exhibit a nearly linear G « d scaling in the
thin-membrane limit where the access term becomes comparable to or larger than
the pore term behaviour broadly documented for solid-state nanopores>°,

The Hall access resistance expressions above serve as a reference model for
uncharged (weakly charged) nanopores in high salt electrolytes, where ion
transport is dominated by the bulk solution and the current -voltage response is
Ohmic. At low ionic strengths or for strongly charged membranes (e.g., SiNx/SiO2),
additional effects such as surface conduction along the charged walls and
concentration polarization - the formation of ion depleted and ion enriched regions
near the pore due to ion selectivity can modify the effective conductance and its salt
dependence>1-54; in such regimes, extended models or corrections to the Hall model

are necessary.

2.2.2 Conical (truncated - cone) nanopore

Many fabrication routes in particular CDB and some focused ion or electron
beam sculpting protocols produce pores better approximated as truncated
cones” rather than perfect cylinders. Let’s denote the small opening diameter d,
the large opening diameter d;, the membrane thickness [, and the electrolyte
conductivity o. Integrating the local resistive contribution along the axis for a

linearly varying cross-section yields the internal pore resistance;

41
Rpore = (Eq'6)

ondgd;

which reduces continuously to the cylindrical formula when d; = d; = d. In
practice, the access resistance of a conical pore is dominated by the narrow
opening (the primary current constriction), so a widely used and accurate

approximation for symmetric bulk conditions is

1
Raccess = a_ds (Eq7)

* Conical nanopores are controlled mainly by the narrow opening, which strongly
influences total resistance.




Accordingly, the total resistance and conductance are:

41 1 41 1
Rot = gz +-=.6= (5= +-—)  (Eq8)

omdsd; odg omdgsd; odg

This conical model captures the experimentally observed reduction of
resistance relative to a same-length cylinder and highlights that, for a truncated
cone, the smaller opening ds largely controls the overall conductance through
its appearance in both Rpore and Raccess. More detailed analytical and numerical
treatments for hourglass or cone-shaped nanopores, together with
experimental studies on solid-state pores, confirm that these simple
expressions describe the Ohmic conductance very well in the high-salt, weakly

charged regime.

2.3 Asymmetry and surface-charge effects

Geometric asymmetry (e.g., pores that taper between two different
diameters rather than being symmetric cylinders) combined with nonuniform
surface charge distributions are well known to produce ion-current rectification, in
which the current - voltage characteristics become diode-like555¢, This rectification”
is often strongest at low to moderate ionic strength, where Debye layers (are thick
enough to) strongly modulate the local conductivity, and it is particularly
pronounced in short or ultrathin membranes where access and interfacial effects
dominate. The classical Hall type (access-plus-pore) Ohmic conductance model,
which assumes symmetric geometry, uniform conductivity, and linear response, can
therefore break down when surface charge, double-layer overlap, or strong
geometric asymmetry introduce nonlinear ion transport and spatially varying ion
concentrations near the pore®>. In such regimes - characterized by low ionic
strength, strong surface charge, ultrathin membranes, or pronounced tapering -
continuum electrokinetic models based on the Poisson - Nernst - Planck equations

(often combined with Poisson - Boltzmann descriptions of the double layer) are

" Geometry, surface charge, and ion distributions can produce nonlinear conductance and
ion-current rectification.
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typically employed to capture ion-current rectification, concentration polarization,

and other nonlinear current - voltage behaviour>s7.

2.4 Analyte induced conductance modulation

Having established the open-pore conductance in the absence of an analyte,
one can consider how the introduction of an analyte modulates the ionic
conductance. As a first approximation, the analyte is treated as an ion-excluding
object: it occupies part of the pore volume and thereby reduces the number of
charge carriers available for conduction. In this volume-exclusion picture, the
instantaneous conductance decreases by an amount AG = G, — G,, where Gyand

G,denote the open-pore and analyte-occupied conductances, respectively.

2.4.1 Channel - only (volume - exclusion) model
If access resistance is neglected and the analyte is approximated as a cylinder

with cross-section diameter d,and length much greater than the membrane

nd2

thickness (L, > ), the analyte simply removes the area from the conducting

cross-section. Under this approximation, the blockade amplitude is

AG = g ™% (Eq.9)

This model captures the intuitive result that the blockade scales with the analyte’s
cross-sectional area and, within the channel-only assumption, is independent of the

pore diameter.

2.4.2 Pore-size dependence via access resistance (Hall model
insertion)

In thin solid-state membranes, the access resistance can constitute a substantial
part of the total resistance, particularly for pores that are not extremely small. Under
these conditions, the conductance blockade

AG =Gy — G,
is influenced both by the analyte cross-section and by the pore diameter d.
Following the approach used in reference>® describe the open-pore conductance

with the Hall expression for a cylindrical nanopore of effective diameter d:




Go = (— +i)_1 (Eq. 10)

In the volume-exclusion® model, the analyte is treated as an ion-excluding cylinder
(e.g. dsDNA) that occupies part of the pore lumen but does not alter the access
resistance. The analyte reduces only the conducting cross-section inside the pore,

so the effective channel diameter becomes,

i-[T—a

where d,is the analyte diameter. The conductance in the presence of analyte is then,

41 1
Ga - (an'(dz—dé) +E) (Eq' 11)

and the corresponding blockade amplitude, including access resistance is,

AG = Gy— G, = (‘*—l+i)_1 - (4—‘+i)_1(1~:q. 12)

ond? = od on(d?-d%) = od

In the channel-dominated limit (I > d), the access term 1/(od) becomes negligible
and Egs. 11-12 reduce to the familiar channel-only expressions, for which the
blockade depends primarily on the analyte cross-section and only weakly on pore
diameter. This is the regime where AGis essentially pore-size independent, as
discussed for classical nanopore blockade models*’.

In contrast, when the access resistance is appreciable (thin membranes or
larger d), Eq. 12 predicts that AG acquires a clear dependence on the pore diameter:
for fixed analyte size d, the relative volume excluded by the analyte decreases with
increasing d, and the unchanged access term further reduces the fractional change
in total resistance. This framework, which combines the Hall conductance with a
volume-exclusion model for the analyte, is the same as that used in the quantitative
analysis of dsDNA blockades in reference and provides a consistent basis for
interpreting the pore-size dependence of blockade amplitudes in thin solid-state

nanopores>®-

“ A molecular blockade reflects ion exclusion and altered access resistance inside the
nanopore sensing volume.
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2.5 Electric field in and around a nanopore

When a potential difference is applied across a nanopore of diameter d and
membrane thickness [, the resulting electric field is not solely confined to the pore
interior; instead, the potential extends into the electrolyte reservoirs on both sides
of the membrane and decays radially away from the pore opening “mouth”. This
behavior follows from the classical Maxwell-Hall analysis of current convergence
into a circular aperture, which shows that the total voltage drop is shared between
the pore (channel) resistance and the access (spreading) resistance in the
reservoirs#49. As a result, the reservoir potential near the pore exhibits an
approximate 1/r-type radial decay, where r denotes the distance from the centre of
the pore opening (r = 0 at the mouth).

The electric field generated by the applied DC voltage AU is generally focused to

the pore but will also be present outside. The potential will vary radially

2

d
AU, 7 = = Eq.13
(Eq.13)

U0 ~ Tomd + 8D 2

which makes explicit (i) the %decay dictated by the access solution and (ii) the

geometric factor (2md + 8l) that aggregates the spreading (access) and channel
contributions in series. The numerical coefficients arise from the standard Hall
treatment of a circular aperture (access) combined with a cylindrical pore (channel)
and are widely used in solid-state nanopore analyses to approximate the near-field
potential distribution*4.

Equation (13) assumes: (i) a cylindrical pore with circular orifice; (ii) Ohmic
conduction (no significant rectification); (iii) negligible surface-charge and
electro-osmotic effects (high-salt limit); and (iv) observation points outside the pore
but close to the mouth in the region where hemispherical current spreading
dominates®™. This simplified form is particularly useful for analysing the
event-frequencies and capture-radius at high voltages, where the strength of the
reservoir field near the pore governs the transition from diffusion-dominated

transport in the bulk to electrophoretic capture within a few micrometres of the

* In barrier-free capture, event frequency scales with voltage and concentration; surfaces
tune transport and fouling.
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orifice. In practice, the same geometric partitioning underlies expressions for
capture radius and frequency - voltage relationships used in modern solid-state

nanopore quantification.

2.6 Diffusion - controlled event frequency

When molecules that reach the pore mouth translocate immediately i.e.,
there is no additional free-energy or kinetic barrier after capture - the rate-limiting
step is the diffusive supply of analyte from the bulk to the capture zone near the
pore. In this diffusion-limited (or diffusion-controlled) regime, the maximal event
frequency fyfollows directly from the Smoluchowski® capture flux into the
electrically focused region surrounding the pore. Using the standard
access + channel voltage partition (Hall/Maxwell framework), one obtains the linear

frequency-voltage law®1-64:

. 24U fo 24U
Mgy a| T e, T Hara

fo = (Eq.14)

Here in the Eq 14, C,is the bulk concentration (number density) of analyte (e.g.,
dsDNA), u its electrophoretic mobility of the analyte, AU the applied bias, d is the
pore diameter, and [ the membrane thickness; the denominator (d + 4l) is the
access plus channel geometric factor that describes how the applied voltage is
partitioned between the pore and the surrounding electrolyte. Under diffusion-
limited, barrier-free capture, the slope of f vs AU is therefore proportional to C.

A key prediction of Eq.(14) is that the event frequency is independent of the
diffusion coefficient D: diffusion determines the supply to the capture zone, but once
the field dominates (inside the capture radius) and the pore is not rate-limiting, the
net rate is set by electrophoretic drift, i.e., by mobility u rather than D. Consequently,
foscales linearly with u and AU, and inversely with the geometric factor (d + 41).
For double-stranded DNA®*, the effective electrophoretic mobility is nearly
independent of contour length over typical nanopore buffer conditions (high-salt,
room temperature), implying that f;, does not vary strongly with DNA length as
observed when comparing 2 kbp and 3 kbp dsDNA in the linear regime>s.

* Capture can be diffusion limited when pore entry has no major barrier
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2.7 Surface functionalization and polymer brushes

Surface modification using polymer brushes has emerged as a highly versatile
approach for tailoring the chemical and physical properties of interfaces®5-68. By
end-anchoring polymer chains to a solid substrate, one can precisely control surface
wettability, chemical functionality, steric interactions, and biofouling resistance,
thereby enabling significant advancements in materials science, nanotechnology,
and biosensing applications.

In RPS, nanopore surfaces can be modified with polymer brushes to control
analyte-surface interactions, reduce fouling, and tune electroosmotic flow. For
example, grafting hydrophilic brushes inside nanopores can reduce adsorption of
proteins or nanoparticles, ensuring more reproducible translocation events and
clearer pulse signals. Stimuli-responsive brushes can further allow dynamic
modulation of pore diameter or surface charge, enabling controlled gating or
selective analyte passage.

Polymer brushes®® are defined as thin polymer films in which individual
polymer chains are tethered by one end to a solid interface at high grafting density
which forces them to stretch away from the surface and adopt extended
conformations. The most important characteristics of polymer brushes are the film
thickness, as well as the chemical composition, molecular weight, dispersity and
grafting density of the surface-tethered polymer chains.

Polymer brushes extend the random walk model of isolated chains to densely
grafted systems on surfaces, where chain-chain interactions dominate, leading to
stretched conformations and universal scaling behaviours. At low grafting densities,
the polymer chains are sparsely distributed and adopt relaxed configurations, often
referred to as the “mushroom” or “pancake” regime as shown in figure 7. In these
regimes, the polymer coils do not interact significantly with neighbouring chains
and remain largely unperturbed by steric forces. As the grafting density increases®,
steric repulsion between neighbouring chains forces the polymers to stretch away
from the surface. In the high-density brush regime, which is defined as the limit

where grafting density is sufficiently high that chains are forced into extended

* Polymer brushes tune nanopore surface chemistry and molecular transport.
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conformations and chain - chain interactions dominate the structure - the polymers
form a dense, nearly uniform layer7%71, Although the term "polymer brush" is used
colloquially to describe all surface-tethered polymers, it properly applies only when
the grafting density is high enough to produce this extended, interaction-dominated

regime.

Pancakes Mushrooms Brushes

Grafting density
Figure 8 - Polymers based on grafting density. Reproduced from Ref. 72

2.7.1 Synthesizing polymer brushes

Polymer brushes® can be synthesized using different strategies as shown in
figure 8 namely ‘grafting to’ and ‘grafting from’ approaches. Each method has its
advantages, and limitations. Although both the grafting to and grafting through
techniques are experimentally straightforward, the grafting from method is often
preferred because it typically yields significantly higher grafting densities and
thicker brush layers7s.

Pre-synthesized
o @ ° polymer

Polymer brush
® Monomer TN
® ® @ X Reactive
® Reactive (
end-group

¢ Initiator surface group )

Reactive layer

Substrate

“Grafting-from” “Grafting-to”

Figure 9 - Grafting polymer brushes. Reproduced from 7#

* Polymer brushes can be synthesized by different methods like ‘grafting to’ or ‘grafting
from’ methods.
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2.7.1.1 Grafting to approach

In the grafting to approach, pre synthesized polymers bearing reactive end
functional groups such as amine, thiol, carboxyl, or silane moieties are chemically
attached to complementary functional groups on the substrate surface. A key
advantage of this method is that the polymer can be fully characterized prior to
immobilization, enabling precise control over molar mass, dispersity, composition,
and architecture. As a result, highly well-defined brushes can be obtained?s.
However, ‘grafting to’ is intrinsically self-limiting. As the brush layer grows, incoming
polymer chains must diffuse through an increasingly dense layer of tethered
molecules to reach the reactive surface. This steric barrier often referred to as an
“excluded volume” effect restricts the achievable grafting density and limits the final

brush thickness.

2.7.1.2 Grafting from approach

The grafting from approach relies on surface-initiated polymerization (SIP),
where the substrate is first functionalized with initiator groups capable of triggering
polymer chain growth directly from the surface. This strategy is considered a
bottom-up method, as polymer chains are generated in situ at the interface. Because
the tethered initiators are small molecules, they can be densely packed, thereby
enabling much higher grafting densities compared to ‘grafting to’ method. Moreover,
the brush thickness is directly related to the molecular weight of the growing chains,
allowing precise control over film height by tuning the polymerization conditions.
SIP is compatible with a wide range of polymerization mechanisms including
surface-initiated atom transfer radical polymerization (SI-ATRP), surface reversible
addition-fragmentation chain transfer polymerization (S-RAFT), surface-initiated
nitroxide-mediated polymerization (SI-NMP), and surface-initiated photoiniferter-
mediated polymerization (SI-PIMP), which makes grafting from one of the most

widely used techniques for synthesizing dense polymer brushes?3.76,

Characterization of polymer brushes typically employs a range of analytical
techniques, including ellipsometry for determining film thickness, atomic force
microscopy (AFM) for assessing surface topography, X ray photoelectron
spectroscopy (XPS) for probing chemical composition, and surface plasmon

resonance (SPR) for monitoring brush growth and functionalization. In the present
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work, SPR is used as the primary method for brush characterization and the shift in
plasmon angle can be fitted using Fresnel modelling to calculate the effective dry or

hydrated brush thickness.

2.8 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) is a highly sensitive, label free optical
technique that detects minute refractive index changes occurring within the surface
region of a sensor because the method can resolve mass variations on the order of
0.Ing cm=2. SPR* enables continuous monitoring of interfacial processes at
nanometric length scales. Most SPR instruments employ flow cell configurations
equipped with inlet and outlet channels, allowing both dry and liquid measurements
and enabling real time monitoring under controlled flow conditions. Depending on
instrument design, some systems can simultaneously determine the bulk refractive
index of the medium above the sensor surface providing additional contextual

information without requiring a separate reference channel.

SPRis based on exciting collective electron oscillations (surface plasmons) at a metal
- dielectric interface and detecting how their resonance condition shifts when the
refractive index near the surface changes. In a typical SPR biosensor, polarized light
is directed through a prism onto a thin metal film (usually gold/palladium) at a
specific angle. At one particular incidence angle (or wavelength), the in-plane
momentum of the photons matches that of surface plasmons, so energy is
transferred from the light to these plasmons, producing a sharp dip in the intensity
of reflected light which is the SPR angle. This resonance angle is highly sensitive to
the refractive index within the evanescent field (a few hundred nanometres) above
the metal. When biomolecules bind to ligands immobilized on the gold surface, they
increase the local refractive index, which shifts the SPR angle (or resonance
wavelength). By monitoring this shift over time, SPR provides a label free
measurement of mass accumulation at the surface, from which binding kinetics
(association/dissociation rates), affinities, and concentrations can be quantified via

sensorgrams?’’.

* SPR monitors interfacial mass and refractive-index changes without labels, enabling
polymer brush characterization.
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2.8.1 Fresnel modelling for SPR data analysis

In SPR, the measured response typically the resonance angle fspg or resonance
wavelength arises from the interaction of incident light with a multilayer system
consisting of the prism, metal film, any surface bound layers (such as polymer
brushes), and the surrounding medium. Because each layer contributes differently
to the optical response through its thickness and refractive index, quantitative
interpretation of SPR data requires an optical model that describes how light
propagates and reflects through stratified media. This analysis is commonly

performed using Fresnel modelling.

Fresnel modelling” is based on the classical Fresnel equations, which describe
the amplitude and phase of reflected and transmitted light at the interface between
two materials with different refractive indices. For SPR, these equations are applied
to a multilayer stack (e.g., prism / gold film / polymer brush / solution), using a
transfer matrix to compute the overall reflectivity as a function of incident angle or
wavelength. The model incorporates the complex refractive index of each layer, the
thickness of each layer, the wavelength and polarization of the incident light and the

boundary conditions imposed by Maxwell’s equations.

By numerically solving the multilayer system, the model generates a theoretical
reflectivity curve that can be compared point-by-point across a range of incident
angles (or wavelengths) to the experimental data. The optical parameters (typically
the refractive index and thickness of the surface-bound film) are adjusted
iteratively until the calculated reflectivity curve matches the experimental
reflectivity curve across the full angular (or wavelength) range, not just at a single
resonance condition. This is more comprehensive than fitting to the resonance angle
alone, because it uses information from the entire reflectivity profile. Because the
penetration depth of the evanescent field is on the order of 100-200 nm, SPR
combined with Fresnel modelling provides a highly sensitive, quantitative method
for characterizing nanoscale polymer layers under fully solvated conditions.
However, a fundamental challenge in both Fresnel and other optical models is

the ambiguity between layer thickness and refractive index: multiple combinations

* Fresnel modelling connects SPR reflectivity curves to polymer-layer thickness and
refractive-index estimates.
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of these parameters can produce similar reflectivity curves, making it difficult to
determine both quantities uniquely from optical data alone without additional

constraints or independent information7s.

In summary, Fresnel modelling” serves as the quantitative optical framework
that relates the full reflectivity curve to the physical properties of the interfacial
layers. Without such modelling, the raw resonance angle alone cannot uniquely
determine layer thickness or refractive index. The combination of precise optical
measurements across a range of angles (or wavelengths) and rigorous multilayer
modelling is therefore essential for quantitative characterization of polymer brushes

using SPR.

" Fresnel modelling serves as the quantitative optical framework that relates the full
reflectivity curve to the physical properties of the interfacial layers.



Chapter 3

Experimental
Overview

This chapter provides a comprehensive description of the experimental
procedures employed for nanopore fabrication using the CDB technique, subsequent
pore conditioning, polymer brush grafting, and polyethylene glycol (PEG)
modification for molecular translocation studies. The operational methods for the
Elements (EMCR) and Axopatch 200B amplifiers are also outlined, along with the

cleaning and functionalization procedures used for gold-based SPR sensors.

3.1 CDB for nanopore fabrication

Nanopores were fabricated” through the CDB method, in which an intact
silicon nitride membrane is immersed in an electrolyte solution and subjected to an
electric field applied across Ag/AgCl electrodes. When the local electric field reaches
a critical strength, a dielectric failure occurs that results in the formation of a
nanometre-sized pore#2. This pore can subsequently be enlarged and stabilized to
achieve the desired final size using a controlled conditioning process. The SPARK E2
system (Northern Nanopore Instruments) was employed to automate this
fabrication procedure, providing precise control over voltage ramping, breakdown

detection, and conditioning steps.

3.1.1 Flow cell assembly and membrane wetting

Low-noise silicon nitride membranes (20 nm thickness, Norcada) were
mounted within a two-piece fluidic flow cell integrated with silicone gaskets to
ensure a leak-free assembly. To ensure complete membrane wetting, a 50:50 (v/v)
mixture of isopropanol (IPA) and Milli-Q water was introduced gently into the flow
cell using a 200 puL pipette, applying minimal pressure to avoid damaging the

membrane. The flow cell was then flushed three to four times with 1 M KCI solution

* Reliable nanopore fabrication starts with clean wetting, filtered electrolytes, and
controlled voltage ramps.
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for electrical measurements and Ag/AgCl electrodes were inserted into the

electrode caps and mounted onto the flow cell for electrical connection.
3.1.2 Buffer preparation

All electrolytes and buffers used for nanopore fabrication, conditioning, and
translocation measurements were prepared with high-purity reagents. The
solutions included 1 M KCl with or without TE buffer (10mM Tris, ImM EDTA, pH 8;
depending on experimental requirements), 3.6 M LiCl for conditioning, and a 50:50
(v/v) IPA:MilliQ water mixture for membrane wetting. Each solution was degassed
to reduce bubble formation for 20 minutes prior to use and filtered through a
0.22 um syringe filter (VWR or Cole Parmer) to remove particulates and prevent

contamination during experiments.
3.1.3 Nanopore fabrication using SPARK E2

The prepared flow cell was inserted into the SPARKE2* system and
connected to a computer running the Nanopore Fabrication software. For the
standard 20 nm thick membranes, the fabrication protocol consisted of two voltage
ramps: an initial rapid ramp to a starting bias of -5 V at a rate of 3 V min*, followed
by a slower ramp toward a higher bias to induce dielectric breakdown, as illustrated
by the applied voltage and current evolution in Figure 9. The starting bias was
selected carefully to remain below the breakdown threshold specific to the
membrane thickness, and the slower ramping stage increased the likelihood of
capturing the exact onset of breakdown. Breakdown was identified automatically by
a sudden surge in ionic current, detected through an adaptive algorithm that
compares the median of the last 50 current samples against a user-defined
threshold; once this threshold was surpassed, the instrument immediately
terminated the voltage, confirming successful pore formation. Immediately after
fabrication, the nanopore was characterized by recording a current-voltage curve in
symmetric high-salt electrolyte to verify Ohmic behaviour and estimate the pore

conductance, as shown in Figure 10. The nanopore diameter was then estimated

“ The SPARK E2 system automates pore formation and conditioning.
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from the measured conductance using the standard cylindrical pore model (Eq. 1),

assuming Ohmic conduction in high-salt conditions.

Nanopore fabrication
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Figure 10 - Fabrication showing the applied voltage and the evolution of current during CDB
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Figure 11 - Example of a current-voltage* measurement recorded immediately after nanopore
fabrication

* Conductance measurements verify pore formation, while voltage-pulse conditioning
tunes the final pore size.
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3.1.4 Conditioning of nanopores

Following fabrication, nanopores smaller than the target diameter was
enlarged through controlled electrical conditioning in 3.6 M LiCl solution using
symmetrical voltage pulses ranging from +3V to -3 V with a pulse width of four
seconds. The ionic current was continuously monitored, and incremental increases

in current indicated progressive pore widening.

Conditioning was manually terminated once the desired conductance value
corresponding to the target pore size was achieved. The electrolyte was then
replaced with 1 MKCl, and current-voltage (I-V) characteristics were recorded
using the WinWCP software. Pore stability” was further verified by allowing the
system to equilibrate for several minutes, followed by a repeat I-V measurement as

in figure 11 to confirm consistent conductance and electrical stability over time.
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Figure 12 - Example of a current - voltage measurement after conditioning and stability
verification of the same pore

* Only stable, low-noise pores are carried forward for polymer grafting and molecular
sensing experiments.
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3.2 Polymer brush grafting on nanopores

Surface functionalization of nanopores with polymer brushes was carried out
to modify the pore surface chemistry, regulate molecular transport properties, and
suppress nonspecific adsorption. PEG chains were grafted onto the nanopore
surface following a laboratory protocol previously developed in the group?? which
shows a simple method for passivation or selective biofunctionalization of silica,
without the need for polymerization reactions or vapor-phase deposition. This
surface modification approach allows precise control over polymer chain density
and thickness, thereby enabling systematic tuning of surface hydrophilicity and
steric effects, while maintaining compatibility with delicate silicon nitride

membranes.

3.2.2 Preparation of piranha - cleaned nanopore chips

The nanopore chips were cleaned using piranha solution to remove organic
contaminants and activate the surface with hydroxyl groups. The cleaning solution
consisted of a 3:1 (v/v) mixture of concentrated sulfuric acid (H,SO,4) and hydrogen
peroxide (H,0.). Safety Note: Piranha solution is highly corrosive and reacts
violently with organic materials; therefore, all procedures were performed inside a
fume hood under strict safety precautions. The Norcada silicon nitride chips were
immersed in freshly prepared piranha solution for 20 minutes. Following treatment,
the chips were thoroughly rinsed multiple times with Milli-Q water to remove any
residual oxidants. The cleaned membranes were used immediately for nanopore
fabrication followed by silanization or stored temporarily in Milli-Q water to
preserve the activated surface. This process generated a hydroxyl-rich, hydrophilic
silicon nitride surface that is highly suitable for subsequent silane-based coupling

reactions.

3.2.3 Silanization and PEG grafting

Following pore fabrication, the SiNy surfaces were chemically functionalized”

via silanization using reagents including 3 aminopropylsilatrane (APS),

“ PEG modification passivates pore surfaces and reduces nonspecific biomolecular
adsorption.
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sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC), and
PEG, following the established laboratory protocol. The ethanol rinsed chips were
first immersed in APS solution to introduce amine groups, allowing subsequent
coupling to the bifunctional crosslinker SMCC. The final PEG grafting step was
achieved by incubating the silanized chips in PEG solution for two hours at room
temperature prior to electrical measurements. This multi-step process resulted in
the formation of a covalently bonded PEG layer with controlled polymer density and

thickness on the nanopore surface.

3.2.4 Post - grafting characterization

Successful polymer brush grafting was verified through nanopore
characterization based on current-voltage (I-V) analysis. A distinct reduction in
ionic conductance after grafting indicated the presence of the PEG layer on the
nanopore surface, consistent with the reduced effective pore diameter due to the
grafted polymer coating. The I-V curves remained ohmic and stable, confirming that
the neutral PEG brush did not introduce significant charge or ion current
rectification. Only nanopores exhibiting stable I-V characteristics, low noise levels,
and no leakage currents were used for subsequent molecular translocation

experiments.

3.3 Preparation of DNA, and protein analytes

DNA double strands of defined lengths (2 kbp and 3 kbp) and proteins were
reconstituted according to the manufacturer’s instructions and stored at -20°C
unless otherwise specified. For experiments, samples were diluted in filtered
analysis buffer, typically containing 1 M KCI with Tris EDTA (TE) buffer, to obtain
working concentrations in the range of 10 - 100 nM. Protein analytes such as ferritin,
avidin, 3 galactosidase, tau protein etc were initially dissolved in the respective
recommended buffers (e.g., PBS or Milli Q water) and further diluted to 1 - 100 nM
in the appropriate electrolyte immediately before use. The prepared analyte
solutions were stored at 4 °C and used within a few days to avoid degradation or

aggregation™.

* Functionalized nanopores must remain electrically stable after surface modification
whereas DNA and proteins provide model analytes for sensing studies.
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3.4 Elements Nanopore Reader (10 MHz operation)

3.4.1 System overview

The Nanopore Reader 10 MHz (Elements srl) is a high-bandwidth, single-
channel current amplifier specifically designed for solid-state nanopore
applications. It is described as the world’s first single channel 10 MHz current
amplifier for nanopore applications, enabling the detection of extremely fast
translocation events that are inaccessible to conventional low-bandwidth
electrophysiology amplifiers. The instrument integrates a low noise transimpedance
amplifier with a dedicated flow cell interface, high-speed digitization, and real time

control software in a compact benchtop platform.

The system provides a measurement bandwidth up to 10 MHz with a typical
dynamic range of approximately +100 nA and sampling rates up to 40 MS/s (mega
samples per second) (i.e., 40 million current measurements per second), allowing
accurate recording of sub microsecond current blockades arising from nanoparticle
or biomolecule passage (translocation) through solid-state nanopores. The
amplifier and digitizer are optimized for low input noise over a wide frequency
range, which is essential for resolving small blockade events at high temporal
resolution. The Nanopore Reader 10 MHz is therefore particularly suited for
measurements on solid-state nanopores, where short dwell times and high event

rates demand both wide bandwidth and stable baseline performance®.

3.4.2 Flow cell installation and baseline recording

Before analyte introduction, the nanopore chip was mounted in the Elements
flow cell chamber and filled with the desired electrolyte solution. A holding potential
in the range of -100 mV to -300 mV, depending on pore size, was applied to establish
a baseline ionic current. Baseline measurements were recorded for 60-120 seconds
to ensure a stable open-pore current, minimal 1/f noise, and absence of current drift
or leakage. Nanopores exhibiting excessive noise, unstable current baselines, or

spontaneous fluctuations were discarded prior to analyte testing.

* High-bandwidth electrical recording resolves fast blockades produced by molecules in
solid-state nanopores.
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3.4.3 Translocation Experiments

For molecular translocation measurements, the analyte solution was added
to the cis side of the flow cell unless otherwise specified. A constant bias voltage,
typically -200 mV for DNA capture and transport, was applied to drive the
translocation process. Data were acquired at a raw sampling rate of 500 kHz and
digitally filtered to 100 kHz using the built-in amplifier filter. Each experimental run
lasted 10-30 minutes, depending on event frequency and stability. All raw current
traces were saved for offline analysis using MATLAB. Translocation events were

characterized by their fractional current blockade depth (Al/I) and dwell time ().

3.4.4 Cleaning and Reuse of Nanopores that are clogged

Between experiments, nanopores were thoroughly rinsed three to five times
with the supporting electrolyte to remove any residual analyte. A mild voltage sweep
was applied to check for potential clogging or excessive noise. If pore blockage could
not be resolved through flushing, the chip was discarded, as PEG-grafted pores could

not be subjected to chemical cleaning without damaging the polymer layer.

3.5 Surface preparation and functionalization of SPR
chips

SPR experiments were conducted on gold-coated sensor chips that required
exceptionally clean, oxide-free surfaces to ensure reliable polymer brush grafting
and biomolecule immobilization. Both piranha treatment and RCA-1* (TL-1)

cleaning were employed as surface preparation methods.

Piranha cleaning was used for robust gold SPR chips that could withstand harsh
oxidative chemistry. SPR gold chips were immersed in the piranha solution for 20
mins to remove organic contaminants and expose a hydrophilic gold surface, which
is suitable for subsequent thiol-based self-assembly. However, piranha treatment is
too aggressive for nanopore samples with exposed chromium adhesion layers, so
RCA-1 cleaning was used as a milder alternative for those substrates. The RCA-1

solution consisted of five parts Milli-Q water, one part ammonium hydroxide

*RCA -1 cleaning is also known as TL-1 cleaning
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(NH,OH), and one part hydrogen peroxide, and was heated to 75 - 80 °C prior to use.
SPR chips were immersed in this solution for 20 minutes, then rinsed thoroughly
with Milli-Q water and dried under a nitrogen stream. This procedure efficiently
removed organic films and particulate contamination while avoiding damage to
exposed metal layers beneath the gold coating. For preparation of thermoresponsive
polymer brushes, SI ARGET-ATRP of poly(N - isopropylacrylamide) (P-NIPAM) was
performed from initiator-functionalized SPR chip surfaces to enable “grafting from”
growth of PNIPAM brushes. Gold-coated chips were first cleaned and then immersed
in an ethanolic solution (1 mM) of the thiol ATRP initiator 11 mercaptoundecyl 2
bromo 2 methylpropanoate for 12-24 hours at room temperature. After self-
assembly of the initiator monolayer via Au - S chemisorption, the chips were
removed and thoroughly rinsed with ethanol to remove loosely bound species. The
resulting initiator-functionalized gold surface served as the starting platform for

subsequent SI ARGET ATRP polymerization of NIPAM to form P-NIPAM brushes.

NIPAM (MW - 113.16 gmol™) was polymerized from surface-bound ATRP
initiators using a catalyst system comprising CuBr, and N,N,N,N",N"
pentamethyldiethylenetriamine (PMDETA), with ascorbic acid serving as th
reducing agent in a 70:30 (v/v) Milli-Q water/methanol solvent mixture. The
monomer solution was first degassed under nitrogen for 20 minutes to remove
dissolved oxygen, after which the initiator-modified chips were introduced into the
reaction vial. Polymerization was initiated by injection of ascorbic acid and allowed
to proceed for 30 - 120 minutes, depending on the targeted brush thickness. The
reaction was quenched by exposure to air, and the chips were subsequently

removed, thoroughly rinsed with ethanol, and dried under nitrogen®.

3.5.1 SPR measurements of brush growth

SPR measurements of polymer brush growth were performed using a BioNavis
Navi 220A instrument. SPR resonance curves were recorded after polymerization,
and the increase in optical thickness associated with brush formation was quantified
from the shift in resonance angle extracted from the recorded spectra. The

resonance curves were analyzed using SPRpy, a Python-based SPR analysis software

* Exceptionally clean surfaces are used for polymer brush grafting
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developed in-house, which implements Fresnel modelling for the SPR data. Brush
thickness and refractive index were extracted by fitting a multilayer optical model to
the experimental SPR response. The multilayer model incorporated appropriate
optical constants for the glass substrate, chromium adhesion layer, gold film,

polymer layer, and buffer solution.

Growth of the polymer brush produced a progressive increase in the SPR
resonance angle and a corresponding increase in the calculated optical thickness of
the surface-bound layer, confirming successful ATRP polymerization on the gold
surface. The dry brush thickness was determined from the fitted refractive index and
optical thickness of the polymer layer. To estimate the swollen brush height under
solution conditions, the refractive index of the hydrated polymer layer was
compared with tabulated values for fully hydrated PEG, and the thickness was
calculated assuming a linear relationship between swelling and the change in local

refractive index.



Chapter 4

Results and Discussion

Published Results

4.1 Paper I - Analyte quantification

This chapter summarizes the first* research article included in this licentiate
thesis, ‘Solid-State Nanopore Sensors: Analyte Quantification by Event
Frequency Analysis at High Voltages’, published in ACS Analytical Chemistry in
February 2025. My contribution to this paper was mainly in the experimental
nanopore measurements and the data-analysis workflow. I recorded ionic-
current traces, including high-voltage measurements, and contributed to
MATLAB-based event detection and extraction of event frequency, blockade
amplitude and dwell time. This contribution was most directly connected to
testing the high-voltage event-counting strategy and the concentration-readout

method.
Background and motivation

The relationship between event frequency (i.e; how often translocation
events occur) and applied voltage has been underexplored, despite being
central for quantification and for understanding electrophoretic capture and
transport physics. Previous studies often operated atrelatively low voltages
to avoid baseline instabilities, limiting the analysis to a narrow voltage range
and preventing systematic characterization of the event frequency - voltage

dependence.

Theoretical studies indicate that for a barrier free, diffusion limited pore,

event frequency should scale linearly with voltage, whereas for pores

* Paper I turns nanopore event frequency into a direct route for analyte concentration
measurement.
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presenting an entry barrier (e.g, narrow pores requiring specific
conformations), event frequency should exhibit exponential voltage
dependence. Such exponential behavior has been reported for DNA threading
through pores only a few nanometers wide and in biological nanopores but had
not been systematically contrasted with larger solid-state pores across a broad
voltage range. This gap motivates a detailed combined experimental -
theoretical study of event frequency versus voltage, directly linked to

concentration.

Scientific overview

The paper presents a calibration-free approach for determining analyte
concentration in solid-state nanopore experiments. In many previous
nanopore studies, quantification relied on external calibration, where the
nanopore signal (typically blockade amplitude or dwell time) is compared
against measurements of reference analyte with known concentration®?.
Instead of this approach, the method presented here extracts quantitative
concentration information directly from the relationship between event
frequency and applied voltage, without requiring any external reference
species or calibration standards. The work demonstrates that this voltage -
event frequency dependence provides a reliable means of concentration

measurement, expanding the analytical capabilities of nanopore sensors.

Traditionally, nanopore research has largely focused on characterizing
molecular properties such as size, shape, and charge, as well as the influence of
pore surface chemistry. In contrast, the direct relationship between analyte
concentration and nanopore signal output has been relatively unexplored. This
study® represents the first systematic demonstration of concentration
quantification based solely on event frequency behavior in solid-state

nanopores.

* Pore size is a key design parameter for frequency-based quantification.



4.1 Paper I — Analyte quantification

Purpose and research questions

The main purpose was to systematically investigate how event frequency
depends on applied voltage in solid-state nanopores and to exploit this
dependence to extract analyte concentration without external calibration. The
paper also aims to understand under which conditions the event frequency -
voltage relation is linear (diffusion-limited, barrier-free transport) versus
exponential (barrier-limited), and how pore size, voltage, and transport

parameters control this behavior.

The paper addresses three key questions:

1. Can event frequency-voltage curves be used directly to determine analyte
concentration in a robust, calibration-free manner?

2. How do high voltages (up to 1 V) and resulting baseline instabilities affect
reliable event counting, and can this be corrected algorithmically?

3. Does event frequency depend on electrophoretic mobility or diffusivity
of the analyte, and how does this compare with theoretical expectations

for diffusion-limited capture?
Methods

The study uses solid-state nanopores with systematically varied diameters,
spanning above and below approximately 10 nm, to probe regimes of
predominantly free translocation versus docking-dominated behavior. Double-
stranded DNA (dsDNA) is selected as a model analyte, and two different DNA
lengths are used to test how molecular length (which affects both diffusion
coefficient and electrophoretic mobility) and the parameters (diffusivity and
mobility) influences event frequency. The experiments are performed over a
wide range of applied voltages, up to 1V, specifically to enable analysis of the

event frequency-voltage relationship across a large dynamic voltage range.

The core observable is the event frequency f, extracted from ionic current
time traces, together with event amplitude Al and dwell time At to confirm the
nature of the events (translocation vs docking). The data is recorded under

conditions where analyte concentration is known, enabling direct comparison
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between measured frequency - voltage curves and theoretical predictions for

diffusion-limited capture.

Signal processing and high-voltage data handling

A central technical contribution is the development of signal processing
algorithms based on Fast Fourier Transform (FFT)" that allow accurate event

counting at high voltages where baseline instabilities are significant.

One major achievement in this work is the development of an advanced
data analysis framework capable of handling nanopore recordings at voltages
up to 1 V- more than three times higher than those typically used. High voltage
operation traditionally introduces substantial baseline instability and elevated
noise, making event detection unreliable with existing commercial tools. By
implementing FFT-based filtering together with an iterative, adaptive event
counting approach, one could successfully stabilize the baseline and enable
accurate detection of translocation events even in highly unstable current traces.
This represents an essential breakthrough for expanding the usable voltage
range of solid state nanopores and extracting meaningful information from

otherwise inaccessible data.

An illustrative example is provided in Figure 12, showing a current trace
recorded at 1V where significant baseline instability is present. After applying
the FFT-based high pass filter at 100 Hz, the baseline variations are effectively

removed, revealing a clean and stable trace suitable for analysis.

Data aqgeuisition at~ 1000 mV.~ 1250 kHz

tered data at~100 Hz |

Current (nA)
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Figure 13 - Current trace recorded at 1V before and after correcting the baseline instability

* FFT-based filtering enables event counting despite unstable high-voltage baselines.
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Results

For nanopores with diameters = 10 nm, we find that the event frequency
exhibits a clear linear dependence on the applied voltage over the investigated
range, in agreement with diffusion limited capture into a barrier free pore. This
linear scaling forms the basis of our quantification strategy, as the slope of the
event frequency - voltage relation is directly proportional to the analyte
concentration. In contrast, for smaller pores”* the behavior changes qualitatively:
the majority of events correspond to docking rather than full translocation, the
linear frequency - voltage dependence is lost, and the response becomes
characteristic of barrier limited entry, demonstrating that pore size determines
the dominant event type and the appropriate theoretical framework and thus
constitutes a critical design parameter for quantitative, frequency based

nanopore sensing.

The dsDNA molecules are much longer than the pore dimensions, so they
translocate by threading. The 2 kbp and 3 kbp dsDNA molecules have contour
lengths much larger than the pore diameter and membrane thickness, so
translocation requires threading of a polymer coil into the pore. The solutions
are dilute, however, at the dilute concentrations used here they are not
expected to be in an entangled bulk regime where classical reptation is the
main transport mechanism, so the comparison should not be interpreted in
terms of bulk reptation of entangled DNA chains. Instead, the relevant point for
the frequency analysis is that the electrophoretic mobility of dsDNA is nearly
length-independent under these conditions, whereas the diffusion coefficient
changes with length. By comparing two double-stranded DNA lengths, we
tested the predicted dependence of event frequency on electrophoretic
mobility and diffusivity under diffusion-limited conditions. Electrophoretic
mobility is independent of DNA length in our experiments, whereas diffusivity
decreases with increasing DNA length. Accordingly, we observed no
significant difference in event frequency between the two DNA analytes,

consistent with the theoretical prediction that frequency depends on mobility

* Small pores shift toward docking-dominated or barrier-limited behaviour.
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(which is similar for both lengths) and isindependent of diffusivity under
diffusion-limited conditions. These results support our theoretical model and
confirm that mobility is the relevant transport parameter for comparing species

in this regime.

Building on this insight, we established a calibration-free method to
determine analyte concentration from event frequency - voltage data, in which
translocation events are recorded at multiple voltages, the slope of the linear
frequency - voltage relation is extracted, and this slope” is used to calculate
concentrations without external calibration species or reference standards.
When averaging approximately four experiments, the method yields
concentration errors of about 10%, which is high accuracy for a label-free
single-molecule technique, while single experiment estimates remain
practically useful with errors below roughly 30%. In addition to frequency, we
analyze how event amplitude and dwell time behave at high voltages: the
amplitude increases linearly with voltage, indicating a constant conductance
change per translocation and confirming that the pore constriction geometry
remains stable over the entire voltage range studied, whereas dwell time
decreases with increasing voltage, reflecting stronger electrophoretic forces
that accelerate DNA and shorten translocation durations. The fact that we can still
detect and quantify these short, high field events underlines the importance of
our FFT-based signal processing framework, which enables robust event

counting upto 1V despite increased baseline instability and noise.

* The slope of frequency versus voltage can be used to calculate concentration.
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4.2 Paper II - Electric field effects

This part of the chapter summarizes® the second research article
included in this licentiate thesis, ‘The Electric Field in Solid State Nanopores
Causes Dissociation of Strong Biomolecular Interactions’, published in ACS Nano
Letters in May 2025. My primary contributions to the study involved performing
SPR measurements and the subsequent data analysis of the SPR data using

SPRpy analysis software.
Background and motivation

Solid-state nanopores are widely used for label free electrical detection,
often in schemes where a receptor-ligand pair is used for affinity-based capture,
or where biomolecules are trapped and held inside or near the pore. Because
the membrane thickness is typically on the tens of nanometer scale, even
modest voltages of a few hundred millivolts generate axial fields around 107
V/m, which are 2-3 orders of magnitude stronger than in gel or capillary
electrophoresis®s. In other electrophoretic contexts, such fields have already
been suggested to denature proteins8é, and several nanopore studies have
hinted at structural changes during translocation87:88. However, the explicit
influence of such fields on binding interactions in terms of lifetimes of receptor
- ligand complexes have rarely been addressed. Prior work mainly explored how
applied voltage affects residence times for relatively weak or artificial
interactions, for example histidine - NTA binding on metal-coated?®?, conical
pores, which are not directly representative of typical bioanalytical pores or
strong biological interactions. This paper addresses that gap by focusing on a
strong, well characterized biological interaction on conventional silicon nitride

nanopores.

Scientific overview

This paper demonstrates that the intense electric field inside solid-state

nanopores can actively disrupt strong biomolecular interactions, specifically

* Paper II asks whether the nanopore electric field is a passive readout or an active
perturbation.
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biotin - avidin bond, and therefore the sensing mechanism itself can perturb the
molecules being measured. This has direct relevance for any work using
nanopores for affinity based sensing or trapping, because it shows that the field
can alter binding equilibria and kinetics by orders of magnitude compared to
bulk conditions. In short, the paper provides the answer to the question ‘can
nanopore-based electrical sensing be considered non-perturbative for
biomolecular interactions, or does the field fundamentally alter the systems

being tested?’

Purpose and research questions

The main purpose is to determine whether the very strong electric field
inside thin solid-state nanopores (on the order of 107 V/m) affects biomolecular
interactions, and if so, to what extent and through which physical forces. For this
study, we choose the biotin - avidin interaction®, often regarded as the strongest

noncovalent protein - ligand bond in biology, as a model system.

The paper addresses three keyv questions:

1. Can the nanopore electric field dissociate biotin-avidin
complexes that would otherwise be essentially permanent on
experimental time scales?

2. What are the relative roles of electrophoretic and electroosmotic
forces in this dissociation process?

3. How do multivalent, streptavidin-coated nanoparticles behave
under the same conditions, and does increased avidity protect

against field-induced dissociation?

Results

The experiments show that avidin bound to biotinylated nanopores is
essentially stable for hours at zero bias, but application of a DC voltage (visible
already around 200 mV) causes a gradual conductance recovery that reflects
rapid, field induced dissociation of the biotin-avidin complex. The effective bond

lifetime is shortened by at least four orders of magnitude when voltage is

" The biotin-avidin pair serves as a model for strong noncovalent binding.



4.2 Paper Il — Electric field effects

applied. Force analysis indicates that electrophoretic forces on the positively
charged avidin protein dominate over electroosmotic drag and are strong
enough to make bond breaking thermodynamically favourable, thereby
accelerating dissociation in a voltage - dependent manner. This is consistent

with the stochastic, voltage-dependent” release we observe.

For streptavidin-coated nanoparticles, multivalent biotin - streptavidin
binding produces large, step-like conductance blockades. Even at 1 V for 30 min,
no net release of the nanoparticle occurs, although chronoamperometry and
simulations reveal lateral motion driven by repeated breaking and reforming
of individual bonds. Overall, the results demonstrate that the nanopore electric
field actively perturbs and can reorganize even very strong protein - ligand
complexes, implying that kinetic and affinity parameters extracted from
nanopore measurements may diverge from bulk values unless such field effects
are explicitly accounted for in assay design and interpretation.

SPR measurements were used to determine the stoichiometry and surface
coverage of the biotin - avidin complex under field-free conditions. After avidin
injection onto a biotinylated surface, the SPR signal reached a stable plateau.
Subsequent rinsing with buffer over timescales comparable to the nanopore
experiments produced negligible signal decrease, confirming that spontaneous
dissociation is extremely slow and effectively irreversible on the experimental
timescale. In contrast, nanopore measurements show pronounced conductance
recovery within minutes when a few hundred millivolts are applied,
corresponding to at least a four order of magnitude reduction in effective bond
lifetime. This dramatic difference - the absence of significant SPR signal loss
without applied field and the rapid, voltage - dependent release in nanopores -
demonstrates that the electric field, primarily through electrophoretic forcing
on the positively charged avidin, is directly responsible for the accelerated

dissociation.

" The biotin-avidin system reveals that nanopore bias can shorten strong binding lifetimes
by orders of magnitude.
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4.3 Unpublished results

Functional Nanostructures with Thermoresponsive

PNIPAM Polymer Brushes

This part of the thesis explores two separate projects on
thermoresponsive PNIPAM-grafted nanostructures as soft, switchable gates for
both biomolecules and ions. In the first study, PNIPAM-modified gold and
palladium nanowells are used to trap enzymes enabling localized fluorescence
readout through a small fluorogenic substrate. In the second study, PNIPAM
brushes are employed to see how the ionic conductance is modulated through a

nanopore or nanopore arrays across different temperatures.

4.3.1Enzyme Confinement and Fluorescence Detection
Background and motivation

This study explores PNIPAM-grafted nanowells as thermoresponsive
nanochambers for enzyme confinement and optical readout. PNIPAM
undergoes a reversible coil - globule transition near its LCST (= 32 °C): below
the LCST the brushes are hydrated and extended, while above they collapse into
compact, more hydrophobic layers®0. When grafted around nanowell openings,
PNIPAM can thus act as a temperature-controlled gate that regulates access of
large biomolecules while allowing small substrates and ions to pass. Previous
work?3 has demonstrated that thermoresponsive polymer brushes can be used
to trap and release biomolecules such as proteins and enzymes in nanoscale
chambers while retaining enzymatic activity. However, most such systems have
focused on relatively large cavities and ensemble behaviour. The present study
aims to bring this concept toward the single molecule regime by using PNIPAM
grafted nanowells with sub 100 nm diameters for enzyme confinement and

readout by fluorescence microscopy.



Functional Nanostructures with Thermoresponsive PNIPAM Polymer Brushes

Scientific overview

Gold and palladium nanostructures® (80-120 nm in diameter) are
functionalized with PNIPAM brushes to create confined reaction volumes for
[-galactosidase (B-gal). The enzyme is loaded when PNIPAM is collapsed at
elevated temperature and then retained beneath the gate when the brush is
rehydrated and extended below the LCST. Catalytic activity is probed with the
fluorogenic substrate FDG, which can diffuse through the hydrated PNIPAM?
layer and generates localized fluorescein fluorescence upon enzymatic cleavage.
The central question is whether this architecture can confine catalytically active

enzyme populations and, ultimately, approach single-enzyme occupancy.
Purpose and research questions

This work aims to demonstrate gated enzyme confinement in
PNIPAM-modified nanostructures and to develop an optical readout that

selectively reports on confined enzymes. The specific questions are:

1. Do PNIPAM-grafted nanostructures permit diffusion of the small
fluorogenic substrate (FDG) to confined f-galactosidase, and can this
configuration generate localized, time-dependent fluorescence signals from

enzymatic turnover?

2. Under which physicochemical conditions (temperature, pH, and polymer
conformation) do the PNIPAM brushes effectively suppress non-specific

interactions between [3-galactosidase and the surrounding surface walls?

3. How can the bulk enzyme concentration and loading protocol be tuned
so that PNIPAM-gated nanowells approach single-enzyme confinement, rather

than multi-enzyme occupancy, in individual cavities.

* Gold and palladium nanowells with PNIPAM brushes provide confined environments for
enzyme localization.
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Methods

Nanostructures and polymer brushes

Gold and palladium?®! nanostructures (nanowells) with nanoscale cavities
were fabricated for molecular confinement experiments based on previously
developed fabrication methods#67882, The nanostructures were produced on a
SiO, substrate with chromium adhesion layer, followed by a 30 nm layer of
either gold or palladium. Both gold and palladium were selected as substrate
materials for the nanowell structures due to their compatibility with thiol based
self-assembled monolayer (SAM) formation. Gold is extremely noble and highly
resistant to oxidation; even when surface oxides form, they readily decompose

to metallic gold, resulting in excellent SAM formation quality with minimal
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Figure 14 - Schematic of enzyme confinement in nanostructures

Palladium, in contrast, forms a stable palladium oxide (PdO) layer that
significantly hinders thiol binding. For palladium nanostructures, a surface
reduction step was therefore required prior to SAM formation to ensure uniform
polymer brush grafting. Once the oxide layer was reduced, palladium supported
thiol chemistry like gold, enabling PNIPAM" brush grafting into the palladium
nanostructures through the same surface functionalization strategy. These

structures were grafted with PNIPAM polymer brushes via ARGET ATRP#8384

* The thermoresponsive switching of PNIPAM is reversible and repeatable over many
cycles.
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(Activators Regenerated by Electron Transfer Atom Transfer Radical
Polymerization), or the SARA (Supplemental Activators and Reducing Agents)
method using a copper plate was employed, with a solvent mixture of 70% H,0
and 30% methanol, 11 mM CuBr;, 40 mM MegTren ligand, and 0.5 M NIPAM
monomer. A 75 pm thick silicon elastomer gasket was used to contain the
reaction mixture on the nanostructure surface. The SARA approach was not
reliable to produce reproducible brushes, so mainly ARGET ATRP method was
employed. The resulting PNIPAM brushes exhibited dry thicknesses of
approximately 54-55 nm forming thermoresponsive soft barriers on the
nanowell rims™. The proposed enzyme confinement mechanism is illustrated
schematically in Figure 13.

The enzyme [-galactosidase (B-gal) was introduced as a model
biomolecule to explore enzyme confinement and catalytic activity under
reversible polymer gating. The enzyme [-gal from Aspergillus oryzae was
chosen asthe model biomolecule for confinement studies. 3-gal is a large enzyme
(molecular weight ~465 kDa, hydrodynamic diameter ~10-12 nm) that
catalyzes the hydrolysis of [-galactosides®>. The A. oryzae variant exhibits
distinct biophysical properties compared to the more commonly used bacterial
(E. coli) B-gal: its hydrophobic core contributes to structural stability under
acidic and thermal conditions, making it suitable for industrial applications such
as lactose hydrolysis8¢. Importantly, the A. oryzae enzyme is amphipathic to
hydrophilic in character and does not rely on hydrophobic interactions for
quaternary structure stabilization, unlike the E. coli enzyme which is more
hydrophobic and requires such interactions for stability. This hydrophilic
character makes the A. oryzae [(-gal particularly suitable for surface
immobilization and confinement experiments in aqueous environments®”.

Enzyme, loading protocol, and pH step

1. Loading: The sample is heated to ~60 °C (above the PNIPAM LCST and
near the enzyme’s optimal activity temperature) at pH 6. Under these
conditions PNIPAM is collapsed and the nanowell entrances are open;

[-gal can diffuse into the cavities and weakly adhere to interior surfaces.

* Temperature cycling uses collapsed PNIPAM for loading and extended PNIPAM for
enzyme retention.
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2. Gating: The temperature is then lowered below the LCST so that
PNIPAM rehydrates and extends, covering the well openings and forming
a softbarrier that suppresses enzyme escape while remaining permeable

to small molecules.

3. Desorption of non-confined enzyme: After gating, the pH is raised to 8
to reduce (-gal adsorption on exposed SiOz and desorb enzymes that are

trapped inside the cavity.
Fluorescence readout

FDG is added after the gating and desorption steps. As a small (~376 Da)
molecule, FDG* can diffuse through the hydrated PNIPAM layer to the confined
B-gal. Enzymatic cleavage releases fluorescein, producing localized fluorescence
within nanowell regions. Fluorescence microscopy is used to monitor the

emergence and growth of bright spots in the nanostructured areas.
Expected results and main findings

Fluorescence microscopy is expected to reveal bright, localized spots in the
nanowell regions after FDG addition, with spot intensities increasing over time
in a manner consistent with ongoing enzymatic turnover by confined
B-galactosidase. With optimized PdO reduction and PNIPAM grafting, both gold
and palladium nanowells should show similar confinement behavior, indicating
that each metal supports effective brush formation and enzyme retention. At the
same time, the anticipated fluorescence intensity levels suggest that most
emitting regions will correspond to small clusters or populations of enzymes
per well, rather than uniquely single molecules. Overall, the PNIPAM-grafted
nanowells are therefore expected to provide gated confinement of catalytically
active enzyme populations - demonstrating that enzymes can be loaded in the
collapsed state, retained in the extended state, and probed via a small
fluorogenic substrate - while also indicating that true single-enzyme
confinement will require further tuning of enzyme concentrations, ideally 1TuM
concentration, to shift from multi-enzyme occupancy toward one enzyme per

cavity.

* FDG turnover produces localized fluorescence, showing that confined beta-galactosidase
remains catalytically active.
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4.3.2 Ionic conductance through PNIPAM-modified nanostructures
Background and motivation

The ionic conductance measurements were performed on
PNIPAM-modified nanopores to explore how polymer brush conformation
influences ion transport. Thermoresponsive PNIPAM brushes can act as
macromolecular gates that modulate access to pores when temperature crosses
the LCST, and previous work has reported strong conductance changes or
rectification in PNIPAM-functionalized single nanopores®. However, the
conductance behaviour of PNIPAM-grafted gold/silicon nitride nanopore arrays
across different electrolytes, temperatures, and geometries has not been
systematically mapped, particularly in direct comparison with non-responsive

polymer controls such as short PEG brushes.
Scientific overview

This study examines ionic conductance through PNIPAM- and
PEG-modified nanopore and nanopore arrays containing gold and silicon
nitride. The core idea is that PNIPAM, by switching between swollen and
collapsed states, can change the effective pore cross-section, thereby altering
the measured conductance as temperature passes the LCST. In contrast, 2 kDa
PEG does not undergo a structural transition in this temperature range and
therefore provides a control where conductance changes should mainly follow

the known temperature dependence of bulk electrolyte conductivity.

Single pores, 36-pore arrays, and 225-pore sparse arrays are compared in
phosphate-buffered saline (PBS) and 1 M KCl to assess how ionic strength and
solvent quality influence both polymer conformation and wetting. I-V curves
arerecorded at room temperature and at 40 °C, and conductance G is taken from
the slope. The aim is to disentangle three contributions to the observed changes
in G: (i) bulk conductivity” of the electrolyte, (ii) polymer-specific effects from
PNIPAM, and (iii) artifacts due to incomplete or unstable wetting and

geometry-dependent averaging.

* Conductivity increases with increase in temperature
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Purpose and research questions

The purpose of this work is to determine how PNIPAM brushes on
nanopores influence ionic conductance as a function of temperature, and under
which conditions the response can be interpreted as genuine thermoresponsive
gating rather than as a consequence of bulk or experimental effects. Specifically,

it asks:

1. What is the conductance response at the PNIPAM collapsed state, and is

this response reproducible under repeated cycles?

2. How does the ionic conductance of PNIPAM grafted nanopores depend

on electrolyte concentration and ionic strength?

3. In nanopore arrays, how does access resistance contribute to the total
conductance, and how is this contribution influenced by pore density and

interpore spacing (i.e., how closely the pores are packed)?

4. What wetting protocols and surface/solution conditions are required to

ensure complete and stable wetting of PNIPAM modified nanopores?

These questions connect to RQ4 in the Scope, which asks how
thermoresponsive PNIPAM-grafted nanostructures influence ionic transport

and when they provide reliable conductance readouts.
Methods

Conductance experiments” used electron-beam-defined nanopore arrays in
membranes comprising a silicon nitride and gold film. The set of structures
included single pores, 36-pore arrays, and 225-pore sparse arrays, allowing

comparison between single-pore responses and ensemble averages.

PNIPAM brushes were grafted to the gold surface by surface-initiated
polymerization, using initiator chemistries analogous to those in the nanowell
experiments. In parallel, 2 kDa PEG brushes were grafted as non-responsive
controls. PEG in this molecular-weight range is hydrophilic and
protein-resistant, and its conductance response is expected to be dominated by

the electrolyte rather than by polymer reorganization. Comparing PNIPAM and

“Ton conductance studies test how PNIPAM modulates ionic transport across LCST.
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PEG coatings on otherwise similar structures makes it possible to separate
polymer-specific gating from generic temperature effects.

Electrolytes and measurement conditions

Ionic conductance was measured in PBS and 1 M KCl. PBS provides a
moderate ionic strength compatible with biological measurements and is less
likely to strongly suppress PNIPAM’s thermoresponse, whereas 1 M KCI
represents a high-ionic-strength, potentially poorer solvent for the polymer. For
each sample and condition, I-V curves were recorded at room temperature and
40 °C; conductance G was obtained from linear fits, and repeated measurements

were used to assess stability.

Expected results and main findings

In our measurements, 1x PBS yielded more stable current traces than 1 M KCI,
and it also provides a more physiologically relevant ionic environment due to its
near-physiological ionic strength and composition (~0.15 M total salts, pH = 7.4).
Control experiments with 2 kDa PEG polymer brushes showed conductance that was

insensitive to temperature as expected for a non-responsive polymer.

In 1 M KCl, the ionic conductance through PNIPAM-coated nanostructures
exhibited unstable and non-reproducible behaviour across both the collapsed and
extended PNIPAM brush states. This behaviour can be understood within the
framework of polymer brush scaling theory and the thermodynamics of polymer-

solvent interactions.

According to the Alexander-de Gennes scaling theory, the key variables have the
following physical meaning. Here, H denotes the polymer brush height, i.e. the
average distance that the chains extend from the grafting surface into the
solvent. N is the degree of polymerization and measures the number of monomer
units per chain, and thus sets the maximum available contour length. ¢ denotes the
grafting density, expressed as the number of chains per unit area of the surface;
higher ¢ means that neighbouring chains are more crowded and must stretch away
from the surface to avoid overlap. Finally, y is the Flory-Huggins interaction

parameter that quantifies solvent quality: y < 0.5 corresponds to a good solvent

* PBS provides a more stable and physiologically relevant conductance environment
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with favourable monomer-solvent interactions, y = 0.5 to theta conditions,and y >

0.5to a poor solvent where monomer-monomer contacts are energetically

preferred. In a good solvent (y < 0.5), the brush is swollen with H « No'/3 and in a
poor solvent (y > 0.5), the brush collapses, and the scaling transitions to H < Ng, with
the chains forming a dense, pancake-like layer. The transition between these regimes
is governed by the balance between the entropic cost of chain stretching and the

enthalpic gain from monomer-monomer contacts in a poor solvent environment.

High salt concentrations® are known to deteriorate the solvent quality for
PNIPAM and to lower its lower critical solution temperature (LCST) via
Hofmeister-type “salting-out” effects. Molecular dynamics and scattering studies
have shown that salts such as NaCl or KCI can reduce the LCST of PNIPAM solutions
by several tens of degrees, promoting chain collapse and dehydration even close to
room temperature. Under our experimental conditions, 1 M KCI therefore likely
places the PNIPAM brushes in an effectively poor-solvent environment, shifting the
LCST far below the studied temperature range and driving the brushes into a
collapsed or near-collapsed state regardless of temperature. This would largely
suppress the thermally triggered conformational transition that underpins the
intended gating mechanism, which is consistent with the observed non-ideal and

irreproducible conductance behaviour in 1 M KCI89.

In contrast, measurements in phosphate-buffered saline (PBS, 1x) showed
improved signal stability compared to 1M KCl, suggesting that the lower ionic
strength provides more favourable conditions for observing the thermoresponsive
behaviour of PNIPAM brushes. PBS has an ionic strength and composition closer to
those typically used to characterize PNIPAM LCST in aqueous solution, reducing
salt-induced collapse and allowing the polymer chains to remain more hydrated
below the LCST. Under these conditions, the brushes can respond more fully to
temperature changes, which is expected to produce more pronounced and
reproducible differences in conductance between the extended and collapsed states.

However, additional measurements as a function of temperature in PBS are required

* High ionic strength electrolytes are poor solvents for PNIPAM
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to conclusively establish the magnitude and reproducibility of the conductance

modulation between the thermally defined states.

Control experiments with PEG

Conductance measurements on 2 kDa PEG-modified nanostructures were
conducted at room temperature and 40 °C for comparison with a non-responsive
polymer coating. PEG is a non-thermoresponsive polymer that does not undergo a
conformational transition in this temperature range, and therefore any changes in
conductance observed in PEG-modified structures can be attributed solely to non-
specific effects such as instrumental drift or the intrinsic temperature dependence

of the electrolyte conductivity.

The conductance measurements on PEG-modified* nanostructures showed
an increase in conductance at 40°C compared to room temperature. This increase is
not indicative of any polymer-mediated gating effect but rather corresponds to the
well-established temperature dependence of the bulk electrolyte conductivity. The
conductivity of aqueous inorganic electrolyte solutions increases with temperature
at a rate of approximately 2% per °C at room temperature, due to the combined
effects of increased ion mobility (reduced solvent viscosity) and, at high
concentrations, the weakening of ion-pair associations with increasing temperature.
At high electrolyte concentrations such as 1 M KCl, this temperature dependence is
particularly pronounced, as the number of free ions increases with temperature due
to the dissociation of ion pairs. For a temperature increase from room temperature
(~22-25°C) to 40°C, a conductance increase of approximately 30-36% would be
expected from the bulk conductivity change alone??. The observation that the
conductance increases in PEG-modified structures at 40°C is quantitatively
consistent with the expected bulk conductivity change confirms that PEG brushes
do not introduce any additional temperature-dependent modulation of ion
transport. This result validates that PEG-modified nanostructures serve as an
appropriate control: the PEG layer remains structurally invariant with temperature,
and measured conductance changes reflect only the intrinsic temperature

dependence of the electrolyte solution.

* PBS provides a more stable and physiologically relevant conductance environment
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Chapter 5

Conclusion and Outlook

5.1 Concluding remarks

The event-frequency study demonstrates that analyte concentration can be
determined directly from the dependence of nanopore event frequency on applied
voltage, without external calibration or additional reference species. By introducing
robust signal-processing algorithms to stabilize the baseline and accurately count
events up to 1V, it establishes event frequency as a quantitative observable and

provides practical guidance for designing high-voltage nanopore experiments.

The electric-field study shows that the intense DC field inside solid-state
nanopores can drastically shorten the lifetime of even the strongest protein-ligand
interaction, biotin-avidin, by at least four orders of magnitude. This reveals that the
nanopore environment is not passive: field-driven forces can dissociate surface-
bound complexes on the timescale of minutes and may render affinity-based sensing

quantitatively unreliable if such effects are ignored.

Taken together”, the two papers conclude that solid-state nanopores are
powerful, calibration-free electrical sensors for concentration readout, but that their
extreme fields can strongly perturb biomolecular interactions, which must be

explicitly accounted for in any bioanalytical applications.

* The thesis establishes nanopores as quantitative sensors while showing that their electric
field can perturb biology.
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5.2 Outlook

Future work on the PNIPAM enzyme confinement system will focus on achieving
single-enzyme trapping by tuning the enzyme concentration. An important next step
is to systematically tune the enzyme loading conditions so that most active
nanowells contain zero or one enzyme molecule. This will require lowering the
enzyme concentration to 1uM, while keeping the signal-to-noise ratio high enough
to detect single-enzyme activity. Alongside, the work also focuses on trapping the
enzymes without adsorbing onto the pore walls. Together, it would establish design
rules for choosing substrate and concentration conditions that bring the
PNIPAM-gated platform from enzyme clusters toward a

robust single-enzyme regime.

On the ionic transport side, future experiments will focus exclusively on low
ionic strength electrolytes, as high ionic strength electrolytes are poor solvents for
PNIPAM brushes and suppresses their thermoresponsive behaviour. Both single
nanopores and multiple-pore arrays will be tested in different electrolytes to
establish reproducible, temperature-dependent conductance changes between the
extended and collapsed PNIPAM states. In parallel, the wetting properties of
PNIPAM-modified nanopores will be compared with those of 2 kDa PEG-modified
nanopores. Since PNIPAM undergoes a hydrophilic-to-hydrophobic transition at the
LCST while PEG remains hydrophilic across the same temperature range, comparing
the two polymer systems will help disentangle the contributions of polymer

conformation to the observed conductance changes and surface wettability.

By grafting responsive polymers onto nanostructures, one could create adaptive
nanoscale environments that respond to chemical or physical cues and actively
regulate molecular access and transport”. This represents a path toward
multifunctional solid-state nanodevices that combine electrical sensing with

dynamic control over the local biomolecular environment.

* Future work moves toward single-enzyme trapping and ion conductance studies with
responsive polymer gates.
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