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Abstract

Proteins, essential macromolecules found in all living organisms, are responsible for
various biological functions, including enzymatic activity, structural support, and
regulation of cellular processes. Understanding their mechanisms such as protein
folding, and protein-protein interaction is crucial for revealing cellular functions and
disease pathways. Single-molecule characterisation techniques offer detailed insights
into protein behaviour, such as conformational changes and dynamic interactions,
which were previously difficult to study using bulk methods. However, conventional
single-molecule techniques, such as single-molecule Forster resonance energy transfer
(smFRET) and cryogenic electron microscopy (cryo-EM), have notable limitations.
smFRET necessitates chemical modifications, which hinder the ability to monitor
rapid protein dynamics in their native state. On the other hand, cryo-EM is inherently
non-continuous, capturing only static snapshots of protein movements. As a result,
these methods mainly lack utility for studying the single-molecule kinetic reactions of

proteins.

This thesis employs optical nanotweezers using plasmonic double-nanohole (DNH)
structures to trap individual, unlabelled proteins, through driving the oscillation of
free-electrons, known as surface plasmons, excited by light. The light passing through
the DNHs focuses the electric field into nanometre-scale regions known as hotspots,
which are sensitive to refractive index changes in these areas. Since protein structural
changes are linked to variations in the refractive index, this approach enables us to
observe conformational changes in trapped proteins with high sensitivity. We applied
this approach to study ferritin, a ubiquitous protein present in nearly all living
organisms. Ferritin plays a critical role in iron storage and regulation, which is
essential for maintaining iron homeostasis and supporting overall physiological

function.

This thesis will describe trapping and monitoring the structural dynamics of apo-
ferritin (protein without iron core) and holo-ferritin (protein with iron core) in real-
time. Notably, we monitored the iron-loading process in a single apo-ferritin as it
converted to a holo-ferritin in sifu. Furthermore, the linear relationship between light
transmission through the DNH and the size of the trapped particles enabled us to track
the disassembly of single ferritin molecules in acidic environments. Our results

indicated that the protein disassembly occurs in a stepwise manner, with subunits



disassembling cooperatively, emphasising the important role of intermediate subunits

in the process.

This thesis demonstrates the benefits of, optical nanotweezers, as a label-free approach,
to study individual proteins in their native environment without modification and in
real time. Our results enhance the understanding of ferritin, particularly its
disassembly process and the kinetics of iron release, which could aid in the design of
drug delivery carriers and the development of medical treatments and pharmaceuticals.
Moreover, the versatile nature of optical nanotweezers allows for the extension of this
approach to investigate a wide range of other proteins, providing a valuable
understanding of their structure, dynamics, and interactions, and further broadening

the potential applications in biomedical research.
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Chapter 1: Introduction

1 Chapter 1: Introduction

Single-molecule techniques have revolutionised biology by enabling precise, real-time
analysis of individual molecules. These capabilities have transitioned from scientific
labs to commercial applications, as evidenced by companies like Oxford Nanopore
Technologies (Oxford, UK), [llumina Inc. (San Diego, USA), and Refeyn Ltd (Oxford,
UK), which now offer these technologies as commercial products. The growing
importance of single-molecule techniques is highlighted by the increasing number of
research publications in this field, reflecting their expanding relevance and impact in
scientific research. Our statistical data extracted from the WEB of Science (Figure
1.1) shows a significant growth in the scientific literature on single molecules from
1990 to June 2025. This trend reflects the high level of interest among scientists in
single-molecule techniques and approaches. In this chapter, we will explain the
importance of single-molecule techniques and highlight various approaches. We will
introduce the concept of optical tweezers as a single molecule technique, discuss its
limitations, and explore how plasmonic optical tweezers address these limitations. The

chapter will conclude with an outline of this thesis.
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Figure 1.1. Growing interests of researchers in the single molecule approaches from 1990 to

2025 this data is retrieved from a search of WEB of Science (http://apps.webofknowledge.com)

and using the single-molecule term: “(single-molecule OR single protein OR single enzyme

OR single cell).
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Chapter 1: Introduction

1.1 Why single-molecule studies?

The scientific study of chemical reactions using quantitative methods has been
established for over a century. Physical chemistry uses the mole as a unit of
measurement, with 1 mole equating to approximately 6.022 x 10** molecules (1).
Standard experiments often utilise analyte concentrations ranging from nanomolar
(nM) to millimolar (mM), involving 6.022 x10' - 6.022 x10%* molecules (1).
Ensemble approaches are effectively being used to study the interaction and physics
of these molecules. However, for macromolecules (DNA, RNA, proteins, and
enzymes) and surface reactions (e.g., on catalytic metal layers or cell membranes)
which are essential in modern science, ensemble studies are insufficient to provide the
underlying physical picture (2). These methods average out molecular heterogeneity,

making detailed physical insights inaccessible in the sample (2).

Single-molecule and single-cell measurements provide far more detailed information
than ensemble measurements (3,4). They can highlight biological systems'
heterogeneities and stochastic processes. Single-molecule techniques can illustrate
the heterogeneity of a biological system in two distinct ways. Dynamic heterogeneity
refers to fluctuations in the state or behaviours of an individual molecule over time
due to conformational changes, transient binding events, or shifts in enzymatic activity.
Techniques such as FRET and optical tweezers fall into this category, as they enable
the detection of real-time conformational changes and molecular interactions. Static
heterogeneity, on the other hand, describes persistent differences between molecules
in a population, where each molecule retains its unique properties over time due to
variations in sequence, post-translational modifications, or structural differences,
leading to distinct functional behaviours. Techniques such as nanopore sensing and
AFM are particularly effective in detecting this form of heterogeneity (2-4). This
detailed analytical information is crucial for detecting and quantifying rare, abnormal
species that would be obscured in the noise of ensemble measurements (3,4). Figure
1.2a illustrates how measurement techniques have evolved from analysing whole
bodies to individual cells and single molecules. This progression has advanced our
understanding of biological functions, enabling us to study processes at the single-
molecule level. Currently, analysis of biological samples stands at the cusp of Figure
1.2a where the study of individual molecules is evolving into a quantitative field,

opening the door to the study of greater numbers of molecules (5). Some strategies are
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Chapter 1: Introduction

shown in Figure 1.2: first, near-field measurements of single molecules are limited to
single wells; second, wide-field capturing involves capturing molecules in bulk
samples prior to near-field measurements; and third, future wide-field measurements

are pursued in which multiple single-molecule measurements are tracked concurrently

(5).

LARGE-SCALE BIOLOGY

Mass
organism

tissue

organelles

molecules |::>

near-field measurement S —

wide-field capturing

wide-field
measurement

Number

SINGLE-MOLECULE SCIENCE

Figure 1.2: The evolution of measurement techniques from analysing whole bodies to
examining single cells and individual molecules (5). The right inset is schematic illustrating
conformational molecular shape and structure changes due to molecular interactions,
impacting biomolecule dynamics (inset designed using biorender- www.biorender.com).

Reprinted with permission from (5). Copyright 2016 John Wiley & Sons, Inc.

1.2 Proteins are three-dimensional dynamic molecules

The previous section highlighted key features of single-molecule study and its
importance. This section focuses specifically on the significance of studying the
dynamics of single molecules, particularly proteins. As the building blocks of
biological systems, proteins are necessary for many vital cellular processes such as
transcription, DNA replication, and DNA repair (6-8). Their dynamic behaviour,
which includes interactions with biomolecules, conformational changes, and

involvement in signalling cascades, is closely related to their functionalities (9,10).
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Chapter 1: Introduction

Protein dynamics research is essential because abnormalities in protein dynamics

might lead to some neurodegenerative diseases like Alzheimer's and Parkinson's (11).

The specific sequence of amino acids in a protein influence not only its three-
dimensional shape but also its overall function. Proteins exhibit dynamic behaviour,
fluctuating among different conformations over time, influenced by environmental
factors like pH, salt concentration, and interactions with ligands (12—14). At the atomic
level, proteins undergo rapid structural fluctuations within femtoseconds to
nanoseconds. These include vibrational motions of chemical bonds and rotations of
side chain groups (Figure 1.3a) (10). More substantial conformational changes, such
as those involving loops or helices, can take place within nanoseconds to microseconds.
However, larger-scale movements, such as those between subunits or domains, may

require several seconds or even longer (15,16).

The constant thermal fluctuations within a protein's environment provide the energy
necessary for its dynamic motion. This constant agitation allows the protein to explore
a vast array of conformational states surrounding its equilibrium structure. The ability
to change these conformations over various timescales is essential to their activity. A
multidimensional energy map illustrates the potential energy of various molecular
conformations and the energy barriers that must be overcome to transition between
them (Figure 1.3b). This energy landscape, which is dependent on specific solvent,
pressure, and temperature conditions, provides a comprehensive description of protein
dynamics (16,17). The complex nature of these dynamics involves a wide range of
timeframes, amplitudes, and directions of fluctuations (17). Single-molecule studies
are crucial for understanding rare molecular events by assessing molecular mechanics
and pathway likelihoods, highlighting the impact of local protein structure dynamics

on function (18).

Some of the important approaches that have identified many proteins' three-
dimensional structures with Angstrom-level resolution are X-ray crystallography (19),
NMR spectroscopy (20), and Cryo-Electron Microscopy (21). The information from
these approaches can be found in the Protein Data Bank (PDB), an essential resource
for scientists, offering a comprehensive collection of static protein structures (22).
Over the past 50 years, the PDB has expanded substantially and now includes more

than 193,000 protein structures from 223,532 overall structures (August 2024).

20



Chapter 1: Introduction

Local flexibility Collective motions

Bond Methyl Loop Larger domain
vibration rotation motion motions

Side-chain rotamers

fs ps ns Hs ms s

NMR relaxation

X-ray diffraction ] ;
Hydrogen-deuterium
exchange

Fluorescence

Ultraviolet and visible spectroscopy

Raman spectroscopy

Infrared spectroscopy

Molecular-dynamics simulations

\,:Q s Unfolde&W ~
[l = =

Folding L\
intermediates

Partially
folded Oligomers

states
I~ state ﬁ

Energy

> Native

Conformational Amorphous Amyloid
substates aggregates fibrils

-

»~
Intramolecular contacts Intermolecular contacts

Figure 1.3: Time scale involved in protein dynamics and energy landscape. (a) The duration
of dynamic processes in proteins and the experimental techniques capable of identifying
variations within each timeframe. Reprinted from (16). Copyright 2007 Springer Nature. (b)
A schematic energy landscape for protein folding and aggregation shows a funnel-like surface
where proteins transition from high-energy, high-entropy unfolded states towards lower-
energy states. This funnel represents the protein's free energy as it folds into its native state
through intramolecular contacts or misfolds into amyloid fibrils via intermolecular contacts.
Entropy is depicted as the width of the funnel, with the native state at the bottom, representing
minimal energy and entropy, yet still allowing for dynamic fluctuations. Reprinted from (23).

Copyright 2017 Springer Nature.
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In the last few decades, a variety of experimental and computational methods have
been developed to characterise the dynamics and structure of proteins. The majority
of the data about the dynamics of proteins has been provided by X-ray crystallography
(19), small-angle X-ray scattering (SAXS) (24), nuclear magnetic resonance (NMR)
spectroscopy (20), and mass spectroscopy (25). Nevertheless, the experimental
methods discussed above are ensemble measurement methods that call for millions of
molecules to be synchronised (2). In the following, however, we will primarily
concentrate on the single-molecule strategies that are currently being utilised to

address issues that these ensemble approaches were unable to address in the past.

Techniques like atomic force microscopy (AFM) (26), combined with optical or
magnetic tweezers (27,28), which fall under the category of force microscopy, that
examines a molecule's extension under mechanical tension when it is linked to a force
probe (29) have enabled precise measurement of bond energies (30), complete energy
landscapes (31), and detailed data on the elasticity of nucleic acids (32). However, the
attachment techniques and external forces used in force spectroscopy can interfere
with the natural movements of proteins. Consequently, researchers are continually
seeking alternative methods to study proteins in their natural state. Approaches
focusing on light and optical-based methods have been applied to the study of
individual proteins. Optical single-molecule techniques offer advantages over force
spectroscopy, including the ability to study proteins without tethering and greater
versatility in experimental applications (33). This versatility is demonstrated by
diverse approaches like fluorescence-based methodologies (34), and plasmonic optical
tweezer (35) each providing a distinct perspective for investigating single proteins. A
range of studies have explored single proteins in different contexts, often requiring
specific methods for their study like labelling and tethering, or in favourable cases,

label-free approaches.

1.3 Labelling and tethering for single-protein studies

Labelling certain biomolecules is necessary for precise measurements and the
elimination of protein interference (36). A visible marker or fluorophore is attached to
the target protein of interest during the crucial labelling process (37). In addition to
aiding the localisation and tracking of individual molecules, this labelling procedure

facilitates the observation of dynamic structural changes and allows for the
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measurement of interactions between proteins and their environment (38). There are
many other labelling methods available, such as genetic tagging (34) techniques that
fuse a fluorescent protein to the genetic sequence of the target protein or
immunofluorescence (39,40), which uses antibodies conjugated with fluorescent dyes

to attach to the protein of interest.

Alternatively, tethering is another useful technique for studying single biomolecules
like proteins (41). Tethering, the immobilization of proteins for single-molecule
studies, is a crucial technique that simplifies experimental systems and enables precise
manipulation of external forces. This approach allows researchers to accurately
investigate a protein's mechanical properties, folding dynamics, and interactions with
other molecules (41). This method has been further developed, with the HaloTag
system enabling covalent immobilisation of proteins for force spectroscopy (42).
Recent advancements in tethering techniques for single-molecule studies include
methods for autocatalytic covalent tethering of proteins with optical tweezers (43),
isolating transmembrane proteins using membrane tethers (44), and measuring
microbead motion with single DNA molecules (45), showing the diverse range of

available tools and methods.

1.4 Label-free single-protein studies

Optical-based single-protein approaches mostly comprise wide-field fluorescence-
based methods and conventional optical tweezers, which rely on labelling and
tethering (46). Researchers have consistently sought approaches to study native single
proteins and biomolecules without the need for labelling and tethering (47,48). This
motivation stems from the desire to explore proteins in their native states to preserve
their natural conformation and dynamics (49). Single-molecule techniques that do not
require labelling, like whispering-gallery microcavities with ultrahigh Q (50), and
plasmonic optical tweezers (51), have been shown to be superior to labelled techniques.
By using these methods, labelling-induced changes in protein behaviour and possible

artefacts are avoided.

Mass photometry and interferometric scattering microscopy (iISCAT) (52) are label-
free optical-based techniques, but they cannot study the conformational dynamics of
the protein of interest in real time. This limitation arises because these methods

primarily measure the mass and refractive index of molecules, offering information on
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size and aggregation but lacking the sensitivity to detect subtle, rapid changes in
protein structure over time (53). Plasmonic optical tweezers (51,54-56), also referred
to as optical nanotweezers in this thesis, enable the study of unmodified proteins over
extended periods under physiological conditions. Here, we will first provide
background and cover the basics of optical tweezers, followed by introducing optical

nanotweezers based on plasmonic nanoapertures.

1.5 History and background of optical trapping

The first single-beam gradient force optical tweezers system was created as a result of
Arthur Ashkin's groundbreaking work in the 1970s and 1980s, enabling the
manipulation and characterisation of individual atoms and molecules (57,58) Ashkin's
groundbreaking invention earned him the Nobel Prize in Physics in 2018 for its
applications in biological systems. His initial experiments demonstrated the
acceleration of latex microspheres by radiation pressure (57), followed by the
levitation of transparent glass spheres (59), setting the groundwork for optical
tweezers. Soon after, dielectric particles and neutral sodium atoms were trapped using
these tweezers (60—62). Within a year, biologists applied them to manipulate viruses
and bacteria (63). By the end of this decade, the biomedical applications of optical
tweezers revealed their potential, leading to the demonstration of intracellular

manipulation and surgery (64).

1.5.1 Principals of optical trapping

When a tightly focused electromagnetic beam with a Gaussian intensity distribution
illuminates a particle, it creates two key forces: the scattering force and the gradient
force. These forces are crucial for the stable trapping and manipulating particles in
traditional optical tweezer setups. In the analysis, a perturbative framework is used,
which assumes that the particle has a minimal effect on the surrounding
electromagnetic field (65). Each photon in the incident beam carries momentum, p,

inversely proportional to its wavelength:

1-1

h
Ipll =
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where h denotes Planck's constant and A represents the wavelength of the incident

radiation (65,66).

The scattering force is the result of photons applying radiation pressure to the particle
(66). On the other hand, the gradient force arises from the incoming beam's axial
intensity gradient. This force opposes radial particle displacement, ensuring a stable

trap and forming the core mechanism in single-beam optical tweezers systems (65,66).

In the Mie regime, where particles are similar or larger than the incident wavelength,
ray optics explain the forces involved (67). Figure 1.4 illustrates a high refractive
index particle positioned at the focus of a tightly focused Gaussian beam, where nearly

all rays refract through the particle's centre without reflection (68). Rays of differing
intensities, such as a and b, exert forces FTI and FT) on the particle upon scattering,
respecting momentum conservation. The force FTl from the higher intensity ray
exceeds FT, in magnitude (i.e., |F_a) | > |FT,|) (68). These forces combine into two main
components: the scattering force, m, aligned with the incident beam, and the
gradient force, mﬂ) arising from the beam's intensity gradient and directed towards

its centre of highest intensity (68).

Particles in the Rayleigh regime, characterised by dimensions significantly smaller
than the incident wavelength, experience forces comparable to those observed in the
Mie regime. The scattering force originates from the particle's dipole moment and acts
along the direction of the incident radiation, scaling proportionally to the sixth power
of the particle's radius relative to the fourth power of the wavelength (58), expressed

as:
N 1 ,r\6 1-2
|Fscat| X )\_4(;\)

where r represents the radius of the particle and A is the wavelength of the incident

electromagnetic radiation.

Particles in the Rayleigh regime experience a gradient force that scales with the third
power of particle size and is dependent on both the particle's polarisability and the

gradient of the intensity of the electromagnetic field:

25



Chapter 1: Introduction

|%| o G)3 1-3

Figure 1.4: The model of radiation forces acting on a particle with a high refractive index

within an optical trap (68).

1.5.2 Limitations of conventional optical tweezer traps

Single-beam gradient force optical tweezers have significantly impacted various
scientific fields. However, they have inherent limitations, particularly with smaller

particles in the Rayleigh regime and biomolecules (69).

In order to successfully trap a particle using single-beam optical tweezers in a
homogeneous fluid environment, it is required to overcome both Stokes' drag and
thermally induced Brownian motion. Stokes' drag refers to the resistive force a
spherical particle experiences as it moves through a viscous fluid. The required optical
power to counter Brownian motion correlates inversely with the fourth power of the
particle's size (58), while the viscous drag scales linearly with the size (70). As particle
size decreases, the gradient force becomes more prominent than the scattering force;

however, its magnitude is limited to the third power of the particle's size (66).
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For biomolecules, which are nearly two orders of magnitude smaller than the
diffraction limit, the required optical power for trapping is significantly higher and
heating leads to damage of molecules (71). To effectively trap such small biomolecules,
it is necessary to move beyond the traditional perturbative framework, enabling
particles to induce significant changes in the electromagnetic field at low optical

intensities.

1.6 Plasmonic optical tweezers

Efforts to trap objects with reduced sizes to the nanoscale through advancements in
near-field optical techniques have opened new possibilities in various fields, including
biology, nanoelectronics, and photonics (72). Among these technical advancements,
surface plasmon engineering stands out for its potential in nanoscale manipulation
(73,74). Surface plasmons (SPs) are electromagnetic waves that propagate along the
surface of a conductor. These waves can take the form of surface plasmon polaritons
(SPPs) at planar metal-dielectric interfaces or localized surface plasmons (LSPs) at
confined geometries like nanoparticles (Figure 1.5) (51). SPs exhibit an evanescent
nature, decaying exponentially away from the interface. This property concentrates
the electromagnetic field near the surface, therefore compared to normal incident
radiation a high intensity field is experienced in this area (51). The shorter wavelength
of SPs allows for nanoscale focusing, generating a strong electromagnetic force ideal
for nanoscale trapping, thus driving research into plasmonic trapping and

manipulation techniques (51,75).

Using conductive metals such as silver and gold to create nanostructures can
effectively manipulate light in small areas (76). Additionally, advancements in
nanofabrication have led to more sophisticated nanostructures such as nanoantennas
and nanoapertures, improving trapping capabilities (77). Nanoantennas, such as cubes
(78), bowtie (79), and cylindrical (80) (Figure 1.6 a-c) produce extremely
concentrated field gradients that will allow for the optical trapping of particles in the

sub-100 nm range (75)
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a b Electric field

Electron

Gold film

Figure 1.5: Schematic of SPPs and LSPs. (a) surface plasmon polaritons (SPPs) propagating
along a gold film. SPPs are coherent electron oscillations coupled to electromagnetic waves,
confined to the interface between the gold film and the surrounding dielectric. (b) Illustration
of localised surface plasmons (LSPs) in a gold sphere. LSPs occur when the electron cloud in
a nanoparticle oscillates in resonance with the incident electromagnetic field, creating strong
electric fields at the nanoparticle surface. Reprinted with permission from (51) Copyright 2011,
Springer Nature Limited.

Nanoaperture structures (Figure 1.6 d-f), including double nanoholes (DNH) (Figure
1.6 f), have recently been used for single biomolecule detection (56,75,81) These
apertures are created mostly by milling cavities in a thick film or bulk sample. A sub-
wavelength aperture in a metal film is illuminated by electromagnetic radiation, which
produces LSPs. This confines the high-intensity field gradient inside the aperture (81).
This significant field gradient, existing in a region smaller than the diffraction limit, is
ideal for trapping very small particles such as proteins without needing increased

optical power (56,81,82).
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Figure 1.6: Scanning electron microscopy (SEM) images of the plasmonic nanostructures (a-
¢ embossed nanostructures, d-f nanoapertures). (a) Gold nanoblock (nanocubes). Reprinted
with permission from (78). Copyright 2013 American Chemical Society. (b) Bowtie
nanostructures. Reprinted with permission from (79). Copyright 2013 American Chemical
Society. (c) Cylindrical nanostructures. Reprinted with permission from (80). Copyright 2013
American Chemical Society. (d) Nanoring apertures. Reprinted from (83). Copyright IOP
Publishing Ltd. (e) inverted bowtie nanoaperture. Reprinted from ref (84). Copyright, the
Authors 2018. (f) Double nanohole (DNH) aperture. Reprinted with permission from (56)
Copyright 2012 American Chemical Society.

In this thesis, we use optical nanotweezers with nanophotonic structures, primarily
DNH structures (56,82), to study the behaviour of single proteins, mainly ferritin. We
chose the optical nanotweezer approach because it allows us to study single ferritin
without modification and label-free over extended periods. Additionally, by
integrating a fluidic system, we can monitor the effects of different media and

solutions on the dynamics of proteins such as ferritin.

In the field of plasmonic nanostructures, a major drawback is heating generation due
to ohmic loss (85), which can affect the dynamics and behaviour of the protein being
studied. To address this, dielectric nanostructures such as silicon structures are
promising as they have low absorption in the near-infrared and visible ranges (86).
However, the fabrication of these structures that match initial designs is complicated,

and their field enhancement is lower compared to plasmonic ones. This challenge can
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be addressed through the efficient design of nanostructures. During my PhD, I also
worked on fabricating dielectric structures, though they still need optimisation for

efficient trapping. This can be a future direction for further research and development.

1.7 Ferritin’s structure and application

Iron is essential for numerous cellular processes, and ferritin serves as the primary
intracellular protein responsible for iron storage and release. Consequently, ferritin
expression has been observed in all cell types investigated thus far (87). Ferritin is
crucial in keeping cellular iron balance by serving as an accessible iron reservoir for
crucial biomolecules involved in various physiological processes. Iron is required for
diverse functions, including DNA synthesis, oxygen transport, electron transfer,
nitrogen fixation, and the production of haemoproteins such as myoglobin and

haemoglobin (88,89).

Ferritin contributes to both short-term iron buffering, as observed in hepatocytes, and
long-term iron storage, such as in macrophages, where it plays a role in iron recycling
(89). Ferritin also plays a crucial role in protecting cells from iron's potential toxicity,
alongside its storage and release functions (90). Under physiological pH and oxygen
tension, iron readily cycles between its ferrous (Fe**) and ferric (Fe*") states. Fe** can
be oxidised to Fe**, which subsequently undergoes hydrolysis to form insoluble ferric

hydroxide and oxyhydroxide polymers (91).

Ferritin 1s a large, spherical protein complex, approximately 10-12 nm in diameter,
with a protein mass of around 450,000 Da (Figure 1.7) (92). Its 1 nm thick protein
shell encloses a ferric oxide (Fe*") core capable of sequestering up to 4,500 iron atoms,
along with varying amounts of phosphate. This shell comprises 24 subunits, each
around 20 kDa, which interact with the iron core at specific points, forming iron-
protein interfaces. The ferritin shell contains channels, primarily threefold and
fourfold, that facilitate ion transport (Figure 1.7 a,b) (92,93). While animal ferritins
predominantly use threefold channels for iron uptake, plant and bacterial ferritins
employ both threefold and fourfold channels (87,94). In plants, both channel types are
crucial for iron uptake and oxidation, as disruptions to either reduce this activity.
Research on the prokaryotic ferritin SynFtn has demonstrated that iron enters via
threefold channels, with the amino acids Asp137 and Glu62 playing key roles in iron

uptake and the subsequent release of oxidised iron products, respectively (93,95).
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Figure 1.7: Three-dimensional structure of horse spleen ferritin (PDB:2WO0O) and close up
view of channels. (a) Structure of three-fold channels, which consist of three symmetry-
related subunits forming a narrow pore, (b) Structure of four-fold channels, composed of

four subunits.

Ferritin's potential for a delivery vehicle for drugs stems from its native targeting
function and diversity in cargo loading (96). Binding specifically to transferrin
receptor 1 (TfR1), a molecule overexpressed in most types of tumours cells, enables
selective delivery of drugs to cancerous tissues (96). The inner cavity of ferritin can
encapsulate a variety of drugs, including chemotherapeutic and imaging drugs, and its
therapeutic value can, therefore, be enhanced. Targeting groups such as peptides or
antibodies can even re-engineer ferritin's outer surface for enhanced specificity.
Targeted delivery can then be triggered with stimuli such as pH, redox environment,

enzymes, or external stimuli, with minimum off-target toxicity (96-99).

1.8  Thesis Outline

In this thesis, we studied the behaviour and dynamics of single ferritin molecules using
an optical nanotweezer setup. We explored various scenarios, including the effects of
iron loading on the dynamics of single ferritin molecules, as well as their disassembly

dynamics and kinetics.
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In Chapter 2, we provide a comprehensive review of light-based single-molecule
techniques used to study protein dynamics. These techniques include smFRET, iSCAT

and mass photometry, optical tweezers, and single-molecule plasmonic approaches.

Chapter 3 contains the methodology and experimental design of this thesis. It details
the various techniques used for fabricating nanophotonics (DNH samples and
dielectric samples), predicting optical resonances, and integrating the devices into our
optical tweezer setup. This chapter also covers the microfluidic setup, buffer and
protein sample preparation, and the additional methods used for characterising
proteins, such as chromatography techniques and mass photometry. This chapter also

explains our data analysis methods.

Chapter 4 explores the differences in the dynamics of apo-ferritin and holo-ferritin in
the DNH trap. After distinguishing between these two forms of ferritin, we studied the
effect of iron loading on single ferritin molecules in situ. This chapter reveals the
kinetics and dynamics of the ferritin channels during iron loading, investigated at the

single-molecule level for the first time.

Chapter 5 examines the behaviour of ferritin during iron unloading using ascorbic acid
(AA) at different concentrations. It also analyses the disassembly kinetics and
dynamics of ferritin at the single-molecule level at pH 2, showing that ferritin
undergoes stepwise disassembly through its subunits. Additionally, we assessed the
dwelling time of the subunits during the disassembly process in the trap. This chapter
also employs mass photometry as an orthogonal approach to study the disassembly
pathway of ferritin to give a comprehensive insight into ferritin disassembly at the

single-molecule level.

Chapter 6 concludes the thesis, summarising key results and providing an outlook for

future work.
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Chapter 2: Optical Characterisation of Proteins
at Single-Molecule Level

2.1 Introduction

In Chapter 1, we introduce the dynamic nature of proteins, emphasising the
significance of studying individual protein molecules. Understanding single proteins
is crucial because it allows us to unravel their specific functions, mechanisms, and
interactions at a fundamental level, which is often obscured in bulk studies (48). In
this chapter, we will review single-molecule techniques for studying proteins, with a
particular focus on optical approaches. Optical methods, smFRET (single-molecule
Forster Resonance Energy Transfer), or optical nanotweezers offer several advantages
over force spectroscopy techniques. These advantages include higher temporal
resolution, the ability to observe real-time dynamics in living cells, and the capability
to investigate interactions and conformational changes without applying external
forces that might alter the protein's natural behaviour (33). Optical approaches also
enable the study of proteins in their native environments, offering a valuable
understanding of their physiological roles and contributing to our knowledge of
complex biological processes. In this chapter, we will discuss various optical
techniques employed in single-protein characterisation. These include single-molecule
smFRET, single-molecule Raman spectroscopy (SERS), Interferometric Scattering
Microscopy (iISCAT) and its derivative, mass photometry. Additionally, we will cover
optical tweezers, the whispering gallery mode single-molecule approach, and single-
molecule plasmonic optical tweezers (optical nanotweezers). Each of these methods
offers unique advantages for probing the structure, dynamics, and interactions of
individual protein molecules. We will conclude with an integrated perspective on how
these optical approaches contribute to our comprehensive understanding of protein

function and their potential applications in biomedical research.
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2.2 Single-molecule Foster resonance energy transfer (smFRET)

Since fluorescence spectroscopy was first used to identify a single molecule in 1990
(100), it has become widely used in a variety of research fields, such as materials
science (101), soft-matter studies (102), nanophotonics (103), and molecular cell
biology (104). This method is based on identifying the fluorescent signals that the
target emits (18,105). The process entails the absorption of a photon, which excites
the fluorophore from SO which is an electronic ground state to S1 an excited state
(105). The molecule then relaxes to the lowest vibrational level of S1, which enables
it to release a photon and return to the ground state (Figure 2.1) (2,105). Notably, there
is a red-shifted emission because the energy of the photon that is released is less than
the energy of the photon that is absorbed. The technique based on the fluorescence
emission, including smFRET is the well-known method in single-molecule studies

that is mostly used for biomolecular structure and dynamics (2,100).

smFRET is an advanced technique building upon FRET principles, a non-radiative
energy transfer between a donor and an acceptor through dipole-dipole interactions in
their electronic states (2). Although FRET doesn't precisely measure absolute
distances, it serves as a valuable "spectroscopic ruler" because it measures the
efficiency of energy transfer between two fluorophores, which correlates with the
distance between them (2). smFRET experiments have three essential requirements.
First, biomolecules need site-specific labelling with donor and acceptor fluorophores
within Forster distance which is approximately less than 10 nm and shows the
molecular separation at which energy transfer is 50 percent eftective (106). Second,
low molar concentrations (usually less than nanomolar) to ensure the presence of only
one molecule in the observation volume (106). Third, a small observation volume
(ranging from 0.1 to 1 femtoliter) is preferred as it enhances the signal-to-noise ratio
(S/N) (106). The molecules of interest are tagged with distinct donor and acceptor
fluorophores in smFRET investigations that focus on conformational changes or
intermolecular interactions. Stable fluorophores under high photon intensity are ideal
for smFRET, and those possess high molar absorptivity and fluorescence quantum
yield and exhibit minimal "blinking." These characteristics ensure reliable and detailed

investigations of dynamic molecular events at the single-molecule level (106,107).
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For smFRET, fluorophores are generally small organic molecules such as Cyanine
dyes (< 1 nm), with common options including Cy3 (greenish yellow, ~550 nm
excitation, ~570 nm emission) and Cy5 (far-red region, ~650 excitation, ~670 nm
emission) (106,108) as well as substitutes such ATTO dyes and Alexa Fluor (109).
Although fluorescent proteins and quantum dots can be employed, they present

additional implementation challenges due to their larger size (106,110).

Fluorescence Fluorescence process and FRET
process
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Figure 2.1: Fluorescence and FRET processes are illustrated using Jablonski diagrams. On
the left, the diagram shows a fluorophore's excitation state and the fluorescence relaxation
process. On the right, it depicts the FRET process, where the donor molecule is excited due to
its proximity to the acceptor molecule. This proximity allows the FRET process to excite the
acceptor, causing it to relax and emit light at a different wavelength than the donor in a typical

fluorescence process. Reprinted from (105). Copyright 2016 the authors.

There are two common approaches to studying smFRET: confocal and Total Internal
Reflection Fluorescence (TIRF) imaging (46,111). Confocal microscopy is useful for
studying molecules that are freely diffusing (Figure 2.2a), whereas TIRF microscopy
is used for molecules that are immobilised on surfaces (46) and a quartz prism or a

high numerical aperture objective can be used to perform TIRF (Figure 2.2b) (112).

Molecules freely diffuse into the observation volume in the confocal technique,
making it possible to acquire many single-molecule events over long times at rates of
a few events per second (46,113). Even with sub-microsecond temporal resolution,
individual molecules are only detected after they diffuse through the confocal
excitation volume, a process that typically takes a few milliseconds (113,114). This

makes it possible to take hourly pictures of thousands of different molecules (114).
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TIRF enables the simultaneous visualisation of hundreds to thousands of fluorescently
labelled molecules within a single field of observation. (112). This technique enables
the observation of dynamic "motion pictures" of individual molecules, capturing
events like photobleaching over time intervals of seconds. While the temporal
resolution of TIRF is often limited to a few tens of milliseconds, this is improving with
technical advancements such as faster cameras, improved illumination systems,
enhanced data acquisition methods, and advanced computational algorithms for real-

time analysis (115).

Analysing smFRET experiments typically includes two steps (116). In the confocal
setup, individual molecules are detected as "bursts" of fluorescence that significantly
rise above the background signal (Figure 2.2a-right panel). Transfer efficiencies are
then calculated for each burst and compiled into a histogram, which helps identify
subpopulations, determine mean transfer efficiencies, and analyse the distribution
patterns (116). TIRF has the advantage of reduced background fluorescence due to the

selective excitation of molecules near the surface (Figure 2.2b).

Numerous proteins are anticipated to exhibit rapid conformational changes (ms-ns),
making them suitable for FRET measurements due to their spatial amplitude (114).
With a focused laser beam in a confocal microscope, these proteins can be studied
under freely-diffusing conditions in a solution (117). By defocusing the laser beam or
attaching the protein to a bigger freely diffusing object like a lipid vesicle, the
molecule's typical diffusing period in the focal volume can be extended to about 1 ms
(18,114,118). By using single-photon avalanche photodiodes, one can precisely
monitor acceptor and donor photon arrival times down to the picosecond level by

capturing the photons released by each molecule moving through the beam (119).

smFRET finds versatile application in probing protein folding (120), conformational
dynamics (116), ion channel dynamics (121), T cell receptors, antigen interactions
(122), dynamics of Epidermal Growth Factor Receptor (EGFR), and ligands binding
(123), as well as the structure of DNA and RNA (124). In this section of this chapter,

we concentrate on the dynamic behaviour of two protein categories that are crucial in
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Figure 2.2: Schematic of smFRET with two approachesConfocal microscope illustration:
Laser focuses on freely diffusing molecules within the sample, and fluorescence is collected
through the same objective. Right panel: Confocal FRET data: Bursts of photons detected by
donor (green) and acceptor (red) detectors. Events such as donor-only, acceptor-only,
intermediate FRET, and high/low FRET signals, while above the predetermined intensity
levels (dashed lines) are regarded as real. FRET values in the final analysis, when low-
intensity donor-only and acceptor-only subpopulations were eliminated, are shown by yellow
lines. (b) TIRF microscope: Incident laser light passes through a prism into the interface with
a sample at a super-critical angle and excites molecules within a very thin region near the
surface. The fluorescence signal is collected by a camera. Right inset: TIRF FRET data: image
of immobilised donor and acceptor molecules, showing FRET efficiency through dual-channel
signal observation. Donor and acceptor photobleaching are showed in single-molecule
trajectories. Reprinted with permission from (125). Copyright 2022 The Author(s), under

exclusive license to Springer Nature Switzerland AG.
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disease and drug design: Intrinsically Disordered Proteins (IDPs) and membrane
proteins (119,126,127). The versatility of smFRET makes it an invaluable tool for

unravelling the structural complexities and dynamic behaviour of these biomolecules.

2.2.1 Studying IDPs with smFRET

The high resolution of smFRET has recently facilitated the investigation of
intrinsically IDPs, characterised by a lack of stable secondary structures (128,129).
IDPs play crucial roles in biological functions and are associated with degenerative
diseases like Alzheimer's (119,126). Compared to traditional methods like X-ray
crystallography and NMR, smFRET offers unique advantages for studying IDPs

because it can capture their diverse and constantly changing structures (119).

For example, Wen. et al. (130) used smFRET to show that full-length Tau protein alters
structurally, adopting more stretched conformations in the presence of molecular
crowding and under circumstances of liquid-liquid phase separation (LLPS) (Figure
2.3a). smFRET has also been used to study the aggregation-prone IDPs.
Wickramasinghe et al. (131) employed smFRET spectroscopy to study tau protein
aggregation with cytoplasmic polyphosphates. The research identified processes
initiating tau aggregation and polyphosphates' role in altering tau conformation,

showing their impact on noncovalent cross-linking among tau monomers.

Interactions involving IDPs exhibit diverse structural outcomes. Binding events may
lead to the IDPs adopting a defined / partially defined structure, or the retention of
complete disorder (132). Therefore, to understand these protein-protein interactions,
applying complementary techniques to single-molecule methods, such as molecular
dynamic (MD) simulations, can be useful (133). Heesink et al. (134) combined
smFRET and MD simulations. to study specific amino acid interactions that cause
structural deviations in the a-synuclein. They showed that within a-synuclein, these
amino acid interactions give rise to both compact regions, demonstrated by the NAC
(non-amyloid-B component) region, and expanded regions, such as the C-terminal

domain.
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Figure 2.3: Studying IDPs using smFRET (a) Using smFRET techniques to study
intermolecular and intramolecular changes in the Tau protein resulting from liquid-liquid
phase separation (LLPS). Reprinted from (130) (CC-BY-NC-ND 4.0). (b) Surface-
immobilised mGIuR2 proteins were tagged with donor (green) and acceptor (red) fluorophores
to monitor conformational changes via smFRET in the presence of 4 pM glutamate. The
intensity traces (top) and corresponding FRET efficiency (bottom) show dynamic fluctuations,
indicating real-time changes in the protein's conformational states. Reprinted with permission

from (135) Copyright 2015, Springer Nature Limited.

2.2.2 Studying membrane proteins with smFRET

About one-third of cellular proteins are membrane proteins, of which about 60% are
targets for pharmaceuticals (127,136). They are necessary to produce energy, ion
balance, signal transduction, and catalysis (127,137). Their activities depend on proper
folding, and any failure to fold, frequently resulting from single-point mutations, can
cause severe genetic illnesses like cystic fibrosis (127,137). Therefore, understanding
the variables affecting membrane protein dynamics and structures is essential for both
biology and medicine, providing information on possible therapies for diseases

involving membrane protein folding (127). Using smFRET in studying membrane
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proteins is essential due to their lipid bilayer environment which the protein’s
structural change happens inside this complex layer (127). smFRET provides real-
time, single-molecule resolution of dynamic processes, enabling the direct observation
of conformational changes and interactions that occur within individual membrane
proteins. For example, receptor proteins, particularly GPCRs (G protein-coupled
receptors), play a vital role in cellular responses and are targeted by a significant
portion of drugs (138). The diverse conformations of GPCRs, revealed through
structure determination, have inspired interest in drug design, cell biology, and
structural biology (138). By using smFRET, Vafabakhsh et al. (135), revealed the
activation mechanism of full-length mammalian group II mGluRs. They discovered
that the ligand-binding domains (LBDs) transitioned between three states: resting,
activated, and transient intermediate. The filtered raw data and a three-state fit from

hidden Markov analysis showcased rapid dynamics at 4 uM glutamate (Figure 2.3b).

Transporters, a significant class of membrane proteins, play a vital role in facilitating
the movement of molecules within cell membranes, crucial for processes such as
nutrient uptake, waste removal, and signal transduction (139). smFRET proves helpful
in studying diverse transport proteins, including ion channels, transporters, and ATP-
binding cassette (ABC) transporters (139,140). For instance, using smFRET, Ling
Wang et al. (140), demonstrated that ATP-binding induces nucleotide-binding domains
(NBD) dimerisation, shifting the transporter to a stable outward-open conformation,
which persisted for over 20 seconds under saturating ATP conditions.

smFRET approaches, despite being innovative, have drawbacks. The need for specific
fluorophores for labelling can alter the dynamics of biomolecules (141,142). Ambient
conditions, background noise, and photophysical characteristics introduce variability
in the test results (142,143). Current developments such as non-covalent labelling
strategies that minimise perturbations to biomolecular dynamics, advanced
fluorophores with improved photostability and reduced background noise, and
enhanced data analysis algorithms that account for photophysical variability, all of
which aim to refine the accuracy and reliability of smFRET measurements in diverse

biological contexts (106).
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2.3 Single-protein Raman spectroscopy

Raman spectroscopy is an analytical technique based on the principle of inelastic light
scattering, first predicted by A. Smekal in 1923 (144,145). The principle of inelastic
light scattering, also referred to as Raman scattering, can occur in two possible ways.
The most common is Stokes Raman scattering where upon interaction of a photon
from the incident light, a molecule becomes excited and rises from the ground state to
an unstable virtual vibrational energy state (146,147). This state is transient and results
in the molecule typically falling back to the ground state and releasing a photon of the
same wavelength as the incident light, referred to as Rayleigh or elastic scattering,
however very rarely an electron in the virtual state can fall to an excited state and result
in the release of a photon of lower energy, hence a different wavelength, to the incident
light (146—148). The other, less common occurrence is that of Anti-Stokes Raman
where the molecule is already present in an excited state before absorbing an incident
photon and subsequently falling to the ground state (147). This results in the emission
of a photon of greater energy than the incident light, although most Raman techniques
focus on Stokes Raman scattering (146—148). Both scattering types are illustrated in

Figure 2.4a.

Inelastic scattering is key to Raman spectroscopy, enabling applications like material
characterisation (149) and sample detection (150). Each molecule has unique
vibrational energy states matching its chemical composition, creating distinct
fingerprints in the scattering patterns (151,152). There are now many different types
of Raman spectroscopic techniques with there being over 25 different types (153)
including hyper-Raman (154), coherent anti-Stokes Raman scattering (CARS) (155)
and Fourier transform Raman scattering (156). The types covered in this section will
be those with potential use in the context of single molecule studies, with a focus on
proteins, which would allow for both the detection and chemical analysis of the

protein.
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Figure 2.4: Illustrations of Raman scattering, SERS and TERS (a) Jablonski diagram

depicting Rayleigh, Stokes Raman and anti-Stokes Raman scattering. Reprinted with
permission from (157). Copyright 2016 Authors. Royal Society (b) Schematic demonstrating
SERS principle as incident light (green) induces surface plasmon resonance and the resulting
Raman signal (red). Reproduced from (158) (CC BY 3.0). (¢) A cartoon representation of
protein-ligand detection by SERS shows that changes in the SERS spectrum indicate ligand
binding to a protein, forming a protein-ligand complex. This binding causes structural changes
in the protein, altering amino acid orientations and disrupting hydrogen bonds, resulting in
spectral changes that signify the complex formation. Reprinted from (159) (CC BY 2.0). (d)
Ilustration of an AFM-TERS setup displaying surface plasmon resonance (red) at the tip apex
which enhances the electromagnetic field resulting in Raman signal enhancement. Reprinted

from (160) (CC BY 4.0).

Due to the inherently weak nature of inelastic scattering, its use in single molecule or
protein studies was impractical until the advent of surface-enhanced Raman
spectroscopy (SERS), which utilises surface plasmon resonance (161) (Figure 2.4b).
SERS can enhance the Raman signal by a factor of 10'°-10'!, enabling it to be used
for single molecule/protein studies which has been shown using silver colloidal

nanoparticles (162). Additionally, SERS can be used to monitor ligand binding to
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proteins, as illustrated in Figure 2.4c. When a ligand binds to a protein, the Raman

signal shifts, indicating this interaction (159).

Since the introduction of SERS, several studies have been conducted on single
molecules with good Raman signals such as dyes or bulk proteins (163). However,
few focus on single protein information despite single protein detection having been
achieved since 1999, with single haemoglobin molecules being detected between
silver particles (164). It is only within the past 5-10 years that single protein studies
have been conducted using SERS, including the oxygenation state and orientations of
the porphyrin ring being shown (162). Silver nanoparticles modified with aluminium
and iodide ions have been used as substrates in SERS to detect catalase, o and 3 casein,
insulin, acidic BSA, myoglobin and lysozyme (162). Gold SERS substrates have been
used to detect BSA at the single-molecule level by linking it with Traut’s Reagent,
which binds to BSA and facilitates its attachment to the gold surface (165). Using gold
nanostructures to amplify the SERS signal through plasmonic effects, a DNA origami
scaffold was incorporated to capture streptavidin and thrombin at specific anchoring

sites (166).

Despite the potential of SERS for single protein studies, various limitations prevent its
widespread use for such experiments. One significant limitation is the lack of
reproducibility in experiments, primarily due to constraints in nanofabrication (167).
Even a slight variation of just a few nanometres in the size of nanostructures can
significantly alter the signal enhancement (167). Additionally, differences in sample
preparation and even instrument conditions can result in variations in the output data
(158). Furthermore, substrate fragility, cost, and reusability also limit the practical
implementation of SERS for single molecule studies (168). Moreover, the
enhancement factor is insufficient to study various proteins as it has been implied that
the enhancement limit has already been reached and so many proteins may be unable
to be observed properly using SERS (169,170). Finally, single molecule SERS
typically relies on random adsorption to detect single molecules, which is both

inefficient and potentially very time-consuming (171).

As SERS arose as a new type of Raman spectroscopy, a subfield of SERS has also
arisen, termed TERS for tip-enhanced Raman spectroscopy which combines atomic

force microscopy (AFM) with SERS (Figure 2.4d). The Zenobi group first reported it
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in 2000 when a silverside AFM tip was used to observe the Raman spectrum of the
dye brilliant cresyl blue (172). Advances in this technique allowed the same group to
observe the signal of brilliant cresyl blue at the single-molecule level (173). Similarly,
to SERS, despite having been shown to detect single molecules over a decade ago,
TERS has been used to study only a few proteins in this manner. These are the haem
proteins cytochrome ¢ and haemoglobin (174), as well as the interaction of single

haemoglobin and human serum albumin to form hybrid protein nanofibers (175,176).

TERS has several advantages over SERS such as higher spatial resolution due to the
AFM tip and greater sensitivity. However, the limitations of nanofabrication discussed
previously still hold true as well as the increased complexity of the technique further
limits reproducibility for single molecule studies (158). The relatively low number of
single protein studies in the field with Raman may be attributed to the mentioned
limitations and, in the case of proteins, due to sample homogeneity as proteins are
complex molecules with constantly changing conformations, orientations and
adsorption interactions that will affect Raman signals. Until these limitations are
addressed, the use of SERS and TERS for single protein studies will likely remain

Scarce.

2.4 iSCAT and mass photometry

Interferometric scattering microscopy (iISCAT) involves imaging the interference
caused between a reference light field and the light scattering caused by the sample

(177,178).

The first interference-based method was demonstrated in 1991, as the basis for iISCAT
to study microtubule dynamics (179). Following this work, the term iSCAT was
officially coined in 2009 in a study on the dynamics of virus diffusion on lipid bilayers,
which introduced novel concepts that progressed the field significantly (180). These
lead to improving the signal-to-noise ratio by detecting more photons through
increased exposure time or laser power. Additionally, an image subtraction scheme
was used could eliminate residual scattering caused by uneven substrates and false

reflections within the optical setup (180).

The main applications for iISCAT are defined in its super-resolution and label-free

nature to image biological processes such as microtubules (179,181), lipid
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nanodomains and exciton migration in conditions closer to their native states in vivo
(182,183). Also, it has been shown that iSCAT can precisely detect and track single
molecules, and viruses (180,184). Adding to these studies, iISCAT has also been used
in single protein sensing and tracking, with recent examples including sensing single
fibrinogen (185), carcinoembryonic antigen (185), immunoglobulin gamma-1, bovine
serum albumin (185), small heat shock protein 16.5 from Methanocalcoccus janaschii
(186) and myosin-5a (187). The detection limits of iSCAT have also been pushed using
machine learning, with single low molecular weight proteins such as protein G
(21kDa), Skp protein from E. coli and human interleukin-8 (9 kDa) being detected
(188).

Although iSCAT has proven effective as a label-free single protein sensing technique,
its widespread use is still limited by its sensitivity. Detecting and measuring particles
only a few nanometres in size requires careful filtering methods to distinguish between
signals from the sample and background noise. Indeed, it is the signal-to-noise ratio
that limits this approach to investigating single proteins and as such, improvements in
the factors that affect this ratio will be pivotal such as the intensity of the illumination,

and the scattering cross-section of the sample (178).

A notable offset of iISCAT is mass photometry (originally termed interferometric
scattering mass spectrometry), which is a technique that provides a quantitative means
of measuring the molecular mass of individual molecules (Figure 2.5a) (189). When
molecules in solution settle on a microscope coverslip, mass photometry measures the
local contrast shift resulting from this. The signal in mass photometry scales linearly
with particle volume (190). This allows for the accurate measurement of protein
molecular weight as proteins have been found to have normal distributions in both
specific volume and refractive index (191). Mass photometry has also been used to
determine the dissociation constants of various protein-protein interactions at the
single molecule level, such as between human a-thrombin and anti-human thrombin
antibody (192), as well as the type IIl Fcy receptor CD16a and protein A to
immunoglobulin gamma (193). The tracking and mass measurement of the multi-
domain GTPase dynamin-1 on a lipid bilayer has also been shown using a variation of

mass photometry termed dynamic mass photometry (194). This was done by using a
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different background removal approach to images of dynamin-1 diffusing on the lipid

bilayer (194).

Mass photometry has also been used to understand various other areas of protein
dynamics including polymerisation (195), oligomerisation and aggregation (195). For
example, the polymerisation of dynamin, a protein involved in clathrin-mediated
endocytosis was studied using mass photometry and dynamic mass photometry to
understand the dynamics and regulatory mechanisms behind this process (195). Mass
photometry can also determine biomolecular abundance. It was applied to analyse
monomers and domain-exchanged dimers of the HIV-1 neutralising antibody 2G12,
yielding mass distributions with major bands at 147 kDa and 291 kDa across varying
monomer/dimer ratios (Figure 2.5b) (196). It also examined interactions between
protein A and human/bovine immunoglobulin gamma (193), the HIV inhibitor BanLec
with the HIV envelope protein (197), and human and plant 2-cysteine peroxiredoxins
(198). The oligomerisation and aggregation of the protein tau have also been
quantified using mass photometry (199) Also, we recently demonstrated the
disassembly of single ferritin molecules and their intermediate oligomers at acidic pH
2 using optical nanotweezers and mass photometry as complementary single molecule

approaches which we will discuss in detail in Chapter 5 (55).

Mass photometry is not without its problems, as the technique has the detection limit
ranging from 30 kDa to 5 MDa (200) Additionally, although the resolution of mass
photometry has been noted to be up to 20kDa at full-width half maximum and 2%
mass accuracy, the resolution is impacted by several factors (189). These include
photon shot noise, sample purity, relative concentrations of species in the sample, and
the mass range of the particles of interest (189). Due to these factors, resolution will
be adversely affected by samples that have high heterogeneity or contamination within
a small mass window of interest (190,201). Another limitation is sample concentration
as mass photometry works best when the sample molecules are well separated on the
measurement surface. Experiments can be performed with sample concentrations
within 100 pM to 100 nM, with an optimal concentration range of 5 — 20 nM for
biomolecules (193). These concentration limits make mass photometry a less suitable
technique for studying weak biomolecular interactions where higher sample

concentrations are required. Despite these limitations, mass photometry has shown
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itself to be a versatile single-molecule technique that can provide quantitative

information on various proteins.
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Figure 2.5: Illustrations of the principles behind mass photometry (a) Principle of mass
photometry. Single-molecule identification without labels through tracking the interference
of reflected and scattered light resulting from individual protein landing events at a glass-
water interface over time. (b) Mass distribution of 2G12 proteins in their monomeric and
dimeric states using mass photometry. Reprinted from (196). Copyright 2020 The Authors.
Published by Wiley-VCH Verlag GmbH & Co.

2.5 Optical tweezers

Optical tweezers are versatile tools used to probe various biophysical phenomena by
applying force or torque to individual particles. While detection relies on force, the
optical components are crucial for trapping and manipulating the particles. I included
this technique in this chapter to highlight its importance in assisting researchers in

better understanding protein structures and dynamics.

In Chapter 1, we introduced this technique and its fundamentals, pioneered by Ashkin
et al. (202,203). Here, we will discuss its applications in biological science and single
molecule analysis. The versatility of this method in life science and biology has been

demonstrated through the optical trapping, manipulation, and characterisation of
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atoms (204,205), micron and sub-micron particles (206,207), as well as DNA
(208,209), viruses (210,211), bacteria (212), cells (213,214), and proteins (215). In
this approach, the particle of interest must first be attached to two supports, such as

polystyrene or silica beads by molecular handles, such as DNA handles (Figure 2.6).

So far, several molecular handles have been used to immobilise particle of interest in
optical tweezer setups. Stangner et al. (216), used antibody-antigen interactions to
study receptor-ligand interactions at a single-molecule level. Specifically, they
analysed the binding specificity and unbinding characteristics of the monoclonal
antibody HPT-101 to synthetic tau-peptides with phosphorylation at Thr231 and
Ser235, including both double-phosphorylated and monophosphorylated forms.
Bechtluft et al. (217) used engineered biotin-streptavidin (STV) links to study the role
of chaperones in the protein folding pathway of maltose-binding protein (MBP). Using
this technique, they revealed that SecB binds to the molten globule-like state of MBP,
preventing stable core formation while allowing external a helices to fold. Cecconi et
al. (218) utilised a chemical crosslinking technique to join DNA handles using
covalent disulfide bonds involving cysteine residues. It is noteworthy that each
tethering method offers advantages and disadvantages. For example, antibody-antigen
interactions, such as Myc-AntiMyc and Dig-AntiDig, are sensitive to pH, temperature,

and buffer conditions, limiting the kind of research that may be explored (218).

The initial comprehensive study of protein folding using optical tweezers focused on
ribonuclease H (RNase H) (219). Native RNase H unfolds at around 19 pN, but it also
has a weaker state unfolding at about 5.5 pN. Optical tweezers allowed direct
observation of an intermediate folding state, revealing crucial insights into the protein
folding pathway that are difficult to obtain with other ensemble techniques (219).
Optical tweezers were also used to determine the equilibrium state of proteins, relating
to their folded and unfolded states. Shank et al. (220) determined the unfolding free
energy of T4 lysozyme, which consists of two subdomains. Selectively unfolding the
smaller subdomain revealed a free energy of 12.3 kcal/mol, similar to the 14.1
kcal/mol obtained by chemically denaturing the entire protein, indicating highly

cooperative unfolding.

Optical tweezers are generally effective in trapping objects ranging from 100 nm to

10 pum in size. However, they face limitations with transparent dielectric particles
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smaller than 100 nm due to Brownian motion, and larger objects due to difficulties in
generating strong enough forces to overcome inertia and gravity. Additionally, the
need for tethering in optical tweezers experiments can impact the dynamics of the

protein and molecule being studied (221).

Dielectric
bead

monomer

Objective

Figure 2.6: Schematic of immobilising a monomeric protein using optical tweezers setup
where a protein monomer is attached to dielectric beads via DNA tethers and biotin-
streptavidin interactions, allowing forces to be applied to the beads for studying protein

folding and interactions. Reprinted from (222) (CC BY 3.0).

2.6 Whispering-gallery mode for single molecule sensing

Whispering gallery mode sensors is an optical single-molecule detection approach that
uses resonance frequency measurements to detect biomolecules such as DNAs and
proteins with high sensitivity and precision in identifying and quantifying molecular
interactions. When light is directed into a dielectric microstructure like a glass
microsphere, resonant wavelength become trapped and circulates internally (223).
This creates optical resonance, known as whispering gallery modes (WGMs), due to
constructive interference between the microcavity and its surroundings. The light
waves extend through an evanescent field, slightly beyond the microbead or cavity
(224). Dielectric WGM sensors, like glass micro-beads (Figure 2.7a), offer real-time
detection of multiple proteins even in complex environments (225). The Q factor in
WGMs reflects the resonance's sharpness, indicating strong light interaction with
specific frequencies (Figure 2.7b-right inset). In terms of WGM geometries, there are
several classes including two- and three-dimensional shapes. Microrings (226) and

microdisks (227) are two common 2D shapes, and microspheres (228), microfibers

49



Chapter 2: Optical Characterisation of Proteins at Single-Molecule Level

(229), microbottles (230), microbubbles (231) and microtoroids (232) are the popular
3D geometries which have been successfully used for WGM microresonators. As
illustrated in Figure 2.7b (right inset), the properties of microcavities lead to the

concentration of the light on the surface with a high Q factor (223).

These sensors enable the determination of analyte concentrations in biosensing
applications through ensemble measurements. Achieving single-molecule detection
with WGM sensors requires significantly enhancing detection scheme sensitivity.
(233) When WGM is paired with plasmonic metal nanoparticles, there is potential
method for detecting single proteins (233-237).

Exciting WGMs trigger plasmon resonance in plasmonic nanostructures like
nanorods, enhancing detection sensitivity for single molecules and atomic ions. When
a molecule enters the plasmonic hotspot, it leads to agitation in the light path and
subsequently shifts in WGM’s optical resonance in the order of femtometres (238).
This facilitates a label-free single molecule sensing to study biomolecules in
physiological solutions with microsecond time resolution (Figure 2.7¢c) (239). This
includes detectable phenomena like the open and closed states of enzymes (240,241)
as shown in Figure 2.7b. For instance, Kim et al. (242) detected polymerase/DNA
interactions linked to enzymatic activity at the single-molecule level using plasmonic
nanorods resonantly coupled to whispering gallery modes in microcavities. They
showed that, at various temperatures, a direct relationship exists between the sensor

signal and the enzymatic activity of three different polymerase types.

WGM sensors typically operate with temporal resolutions ranging from milliseconds
to seconds, constrained by factors like laser frequency modulation bandwidth (225).
However, frequency-locking techniques aligning the probing frequency with the
WGM's resonant frequency can enhance this resolution, allowing for a time resolution
of up to 1.2 milliseconds (243). In terms of the advantages of this technique, it is
noteworthy that the resonator not only functions throughout a wide optical spectrum
and is robust in various kinds of environmental conditions, but it also has a high-

quality factor and small-volume modes (244).

While the sensitivity and integration potential of this label-free approach have

attracted interest in the sensing field, several significant challenges need to be
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resolved. These challenges include enhancing surface modification processes to
optimize sensor performance, reducing background interference to improve the signal-
to-noise ratio, and extending the lifespan of sensing components like optical cavities
and photodetectors. Additionally, efforts focus on broadening the range of detectable
substances for simultaneous analysis of multiple analytes and improving the detection
capability of WGM sensors to the single-molecule level (223). To fully utilise the
potential of label-free sensing techniques in a variety of applications, these obstacles

must be overcome.
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Figure 2.7: Illustration of WGM sensors for single protein detection (a) A WGM sensor
featuring a glass microsphere with plasmonic enhancement from gold nanorods. Reprinted
with permission from (50). Copyright 2021 Springer Nature (CC-BY-NC-ND) (b) Enzymatic
activity at the gold nanorod tip, shown with 3-phosphoglycerate kinase (3PGK) in both open
(PDB: 2xe6) and closed (PDB: 2ybe) conformations, indicating substrate binding and
activation. Right panel: Electric field distribution highlighting enhancements at the gold
nanorod tips. Reprinted from (240). Copyright 2024 The Authors (CC-BY 4.0). (c)
Transmission spectrum wavelength shifts reveal changes in molecular polarisability near the
nanorod tip, illustrated by the enzyme's conformational change. Signal amplitude (A), related
to wavelength shift (AL), can be determined. Additional parameters like full-width-at-half-
maximum (x) and coupling percentage (S) are crucial for understanding WGM intensities.

Reprinted from (240). Copyright 2024 The Authors (CC-BY 4.0).
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2.7 Plasmonic optical tweezer approach

The interaction between light and nanostructures has enabled label-free single-
molecule optical detection (187). The application of metallic nanostructures
specifically noble metals excels in significantly amplifying optical field intensity
(245). This is explained by the plasmon polariton resonance that arises when external
electromagnetic fields are coupled to the collective oscillations of conduction (246—
248). Researchers proposed in 1997 that a laser beam shining on a sharp metal edge
could produce enough optical potential to trap nanoparticles (249). This pioneering
work demonstrated that nanoparticles could be effectively trapped near the metal tip's
surface. Under conditions such as specific shapes, sizes, or arrangements, the
geometric features of the metal structure led to charge concentrations that create highly
localised evanescent fields (249,250). These fields, which decay exponentially away
from the surface, produce strong gradient forces that enhance the precision of optical
trapping. The localised surface plasmons contribute to increased confinement and
trapping potential depth, stabilising the trapping process at the nanometre scale

(249,250).

Okamoto et al. (251), two years later, introduced a plasmonic optical tweezer (POT).
They used an opaque metallic film with a sub-wavelength aperture, allowing confined
light to transmit through the aperture. A decade later, the field of POT made great
progress by effectively trapping tiny particles using low-incident laser energies,
building upon these foundational experiments (250,252,253) This progress paved the

way for precise nanoparticle trapping and manipulation at the nanometre scale.

To understand how POT holds an object, we must first explain some fundamental
principles behind this technology, such as plasmonic forces and the self-induced back

action (SIBA) effect.

2.7.1 Fundamental theories of plasmonic forces

There are two primary types of optical forces in plasmonic trapping: gradient forces
and scattering forces (254). As discussed in Chapter 1, the scattering force results from
momentum exchange between light and objects due to changes in the light's

propagation path. In contrast, the gradient force, which arises from the field energy
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intensity gradient, is crucial for forming optical traps by overcoming the scattering

force (249,254).

The Lorentz force, which is dependent on the electric field E, and magnetic field B, is

the first force we use to characterise the forces generated by plasmonic fields on an

object (254)
f=pE+]xB 2-1
Where ] is the total current density and p is the total charge per unit volume.

Using the inhomogeneous Maxwell's equations, the force can be expressed as: (254)

F=e[(V-E)E—Ex(VXE)]+1/u[(V-B)B—B x (VxB)]—¢d(E xB)/ot 22

In a static electromagnetic field, the time-averaged force is given by: (254)
(Fy= [ ST - ndsS 2-3

where T is Maxwell’s stress tensor, n is the unit normal to the integral area ds, and €
and p are the relative permittivity and permeability of the surrounding medium. In
both LSP and SPP fields, plasmonic structures of any size or form can be analysed
using the Maxwell stress tensor (MST) approach, which provides the total

electromagnetic force acting on the particle (250).

To make computations simpler for objects much smaller than the wavelength of light,

a dipolar approximation might be utilised: (254)

(F) = 1 Zi Re (pl * VEI) 2-4

Where p = oE is the induced dipole moment, and « is the polarisability. The local
electric field E is considered through the mutual interactions between the particle and

the surrounding media, resulting in an effective polarisability tensor.

The plasmonic trapping potential energy U exerted on a particle located at o can be

calculated by integrating the force: (254)

«©, 2-5
U(r0)=—f F-dt
To
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The potential well must be deep enough to contain the particle for stable trapping,
usually around 10 kgT (where kg is the Boltzmann constant and T is the absolute
temperature). This requires higher light field intensity to counteract Brownian motion,

which is influenced by particle size and temperature.

2.7.2 Self-induced back action (SIBA) trapping fundamental

The crucial aspect of SIBA trapping is the fact that the particle itself actively
participates in the trapping event by altering the optical transmission signal through a
sub-wavelength hole (255). The SIBA effect typically results from the resonance's
sensitivity to variations in the local refractive index (72,255). In particular, Bethe's
initial research focused on the diffraction of light passing through a tiny circular
aperture in an indefinitely thin and pure metallic layer (256). According to Bethe, there
is extremely little light transmission via a hole in a metal film that is smaller than the
wavelength of light (256). However, the high optical transmission effect, which shows
that a specific design of the nanoaperture structures can boost light transmission
through a sub-wavelength hole, raised doubt on his predictions. When light passes
through a hole in a real metallic film, it couples into SPP modes that penetrate the hole
walls, effectively enlarging the hole. As a result, stronger coupling between SPP modes
on opposing sides of the hole results in a higher effective refractive index and an
increased optical transmission signal (72). Similarly, introducing a particle into a
nanohole increases the effective refractive index, and redshifts the transmission signal
(51). The SIBA force, which points in the direction of the equilibrium position, slows
the photon momentum whenever it drops as it leaves the trap. This makes it possible
to lower the incident laser intensity to levels that correspond to a potential depth of the
order of kgT (51,72). As seen in Figure 2.8a—c, during high-energy events, the SIBA
system adjusts the trapping potential depth to maintain the object inside the trap (73).

This results in an increased transmission signal proportional to the particle's refractive
index (51,257). Consequently, the nanohole structure enables effective optical
trapping by employing the strong fourth power scaling of Bethe’s theory, which
describes light transmission through subwavelength apertures and predicts that the
transmitted power scales with the fourth power of the hole’s diameter. This surpasses

the third power polarisability dependence of Rayleigh scattering, leading to enhanced
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trapping efficiency. The advantage of the SIBA configuration over other plasmonic
optical trapping (POT) approaches is that it does not require plasmon resonance

(51,257).
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Figure 2.8: Self-Induced Back Action (SIBA) effect on the trapping potential energy of a
dielectric particle in a nanoaperture-based plasmonic trap. (a) At time tl, the particle is
positioned within the aperture with moderate kinetic energy. (b) The particle may exit the
aperture in the high-energy event at time t2. (¢) When the particle begins to leave the hole at
time t3, the potential depth enhances because of the SIBA force to keep the particle trapped.
Reprinted with permission from (51) Copyright 2011, Springer Nature Limited.

2.7.3 Aperture-based optical trapping of a single protein using plasmonic
optical tweezers

Aperture-based nanostructures have emerged as powerful tools for plasmonic optical
tweezers, enabling precise manipulation of small dielectric objects (81,186,258).
Nanoaperture structures for single-molecule detection have demonstrated
effectiveness by naturally limiting background radiation (81). Also, the aperture,
surrounded by a continuous metal film, facilitates the thermal conductivity of the
structure. The inherent simplicity of an aperture makes it easy to use in a nanofluidic
channel without introducing additional complexities (81). A broad range of

nanostructures have been employed by plasmonic nanotweezers. Particularly circular
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apertures (257,258), coaxial apertures (259,260), bow-tie apertures (261), split-ring
resonators (262), and rectangular apertures (263), have been used in this category.
Still, most applications in the field of single protein reported to use plasmonic nano

apertures like DNH structures (Figure 2.9) (54,55,82,264-267).
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Figure 2.9: Double nanohole (DNH) structure used in the optical tweezer setup and its field
enhancements models (a) Illustration of a trapping experiment using DNH structures. Laser
passes through an optical density filter (ODF), half-wave plate (HWP), and beam expander
(BE) and are guided by mirrors (MR). The expanded beam then enters the objective (100X-
oil immersion), illuminating the sample. The light is collected by a condenser lens (10 X) and
detected by an avalanche photodiode (APD). Reprinted from (56). Copyright 2012, American
Chemical Society (b) An enlargement of the red rectangle in (a), details the sample in the
microfluidic chamber, the setup of the oil immersion microscope objective, and the condenser
microscope objective. An SEM image of the DNH sample placed in the flow system is shown
on the bottom. (c¢) Local intensity enhancement (linear scale) for a DNH with a 25 nm gap
when the polarisation of the 633 nm beam is perpendicular to the line connecting the centres
of the holes (left) and when it is parallel to the line connecting the centres of the holes (right).
Reprinted from (267). Copyright 2015, The Author(s) (CC BY 4.0).
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Plasmonic nanoapertures exhibit highly sensitive optical responses influenced by
geometric design, irradiation field parameters such as polarisation, wavelength of
excitation, dielectric properties of the cavity content, and morphological fluctuations
(51,76). Therefore, nanostructure design and the gap size of the cavity are critical in
modifying near- and far-field characteristics (81). When two metallic nanostructures
are brought closer together in dimmer nanocavities, the near-field of system is
enhanced due to the coupling of the electric fields. Surface plasmons, such as SPPs
and LSPs, play key roles in particle manipulation (75). LSPs, widely employed for
optical manipulation and other applications, excel in enhancing local electromagnetic
fields due to their nanostructure performance (51,75,76). In other words, the
nanostructure, when exposed to light, acts like a nano lens. This lens can focus light
much more intensely than a high-quality microscope objective lens (51) Figure 2.9 a-
b shows the implementation of plasmonic optical tweezers using DNH structure.
Generally, in the plasmonic optical trapping technique, the sample is illuminated with
a laser via a 100x or 60x microscope objective. Transmitted light is collected by an
objective and measured using a silicon-based avalanche photodiode (APD)
(54,56,268). The field enhancement is geometry and polarisation dependant as
mentioned earlier. LSP hotspots will be excited when the SPR matches the illuminated
light to these nanocavities. Figure 2.9c demonstrates that the field enhancement
around DNH structures is shaped with hotspots in the edges. These hotspots provide
high gradient force for trapping the dielectric objects like proteins (56,267).

When a biomolecule, like a protein, with a higher refractive index (~ 1.8) than its
surroundings (water ~ 1.3), is introduced between the tips of the double-nanohole, it
exerts an electrical influence on the region with enhanced local field strength. This
process significantly boosts light transmission, a phenomenon known as dielectric
loading (Figure 2.10a) (82). Using this plasmonic nanotweezer setup with DNH, Pang
and Gordon (56) trapped Bovine serum albumin (BSA) with a hydrodynamic size of
3.4 nm. The change in the transmission signal (the steps shown in Figure 2.10a) relates
to the unfolding of the BSA and confirms the unfolding of BSA by changing the pH
and incident laser power. In a subsequent study within the same research group, Al
Balushi et al. (269). examined the interaction between streptavidin and a 20 nm biotin-
coated polystyrene particle at a single molecule level (Figure 2.10b). Furthermore,

Ying et al. (268). conducted a thorough investigation into substrate and temperature
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effects on protein conformation (Figure 2.10c¢). They correlated transmission levels
with the protein shape, which is related to its refractive index. This correlation
facilitates precise monitoring of thermal unfolding, refolding, and enzymatic cycles
with exceptional time resolution. For example, they trapped a single calmodulin, a
calcium-binding protein which has a molecular weight of 16.7 kDa and interrogated

the thermal unfolding and refolding trajectory (Figure 2.10c).

a b ‘ ‘ ‘
1.3
5
8 L 1.2
- s \ .
7] ot i g 1.1
R g o
= r—=—\— 1T =7 ——— T = —|»vacant = 10 .
F 0 20 40 60 80 100 é) > P partle
Time (s) 0.9 9 @Slreptavidin
200 400 600 800
Time (s)
=Data filtered at 1 kHz [l PDF at 10 Hz
apo-CaM — Data filtered at 10 Hz [ PDFx10 at 10 Hz
c 40C 47°C 62 °C

515:C

...........................

Figure 2.10: Using DNH Structures for single protein characterisation (a) Trapping single
BSA molecule and monitoring its conformational changes. Reprinted from (56). Copyright
2012, American Chemical Society (b) Tracking binding between streptavidin and a 20 nm
biotin-coated polystyrene particle at the single-molecule level. Reprinted with permission
from (269). Copyright 2019 Optical Society of America (c) Investigating the effect of
temperature on calmodulin unfolding at the single-molecule level. Adopted from Ying et al.

(268).

One important factor influencing the quality and duration of trapping small particles,
such as proteins, is the trapping stiffness. The research group led by Reuven Gordon
reported on the modelling of trapping stiffness for nanospheres in a double nanohole

(DNH) trap. Given that thermal fluctuations and drag forces can influence the motion
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of a particle in an optical trap, this behaviour can be effectively modelled using an

overdamped Langevin equation: (259)

d 2K, T\/? 2-6
al - Lo+ () wo

Where x(t) represents the particle transposition from the equilibrium situation, K
denotes the stiffness of the optical trap, y is the Stokes drag coefficient, and {(t) is the
white noise. By using this equation, the time constant 1 (s), which is derived from the
exponential decay fit of the autocorrelation curve, is related to the trap stiffness « as

follows:

T=Y/k 2-7

Additionally, in nanohole structures wall effects happen that can cause drag forces for
nanospheres trapped at the DNH aperture. Taking these boundary effects into account,

the Stokes drag coefficient is estimated using Faxén’s law:

6mNT,Y 2-8

'y:
B ) ) )]

The important factors to consider in this regard include the numerical aperture of the
objective lens, molecule size, laser power, and trapping efficiency (75). Ying et al.
(268) demonstrated a key correlation between trapping stiffness and protein size. High
molecular weight proteins such as Glycogen Phosphorylase (GPb, 180 kDa), exhibit
notably greater trapping stiffness when compared to smaller proteins like Calmodulin

(CaM - 17 kDa).

2.7.4 Integrating plasmonic effects into other single-molecule techniques

Combining the plasmonic method with additional single-molecule methods allows for
more flexibility than just depending on the plasmonic effect alone. Researchers make
use of the surface-enhanced fluorescent effect, in which fluorescence characteristics
are improved by plasmonic nanostructures altering the surrounding environment of

fluorophores, resulting in more effective light emission (270). The use of plasmonic
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nanostructures to increase fluorescence brightness has been studied extensively
through the last two decades (271-276). One limitation of surface-enhanced
fluorescence is the potential for background signals and the binding of fluorophores
to metallic surfaces. In response, Punj et al. (277) addressed this challenge by
introducing an innovative solution — an antenna-in-box plasmonic nanostructure
(Figure 2.11a). This design enhances fluorescence signals by concentrating the
electromagnetic field around the fluorescent molecules, while minimising unspecific
binding and background noise by confining the active sensing area to a localised
region near the nanostructure. This precise targeting ensures that only biomolecules
near the plasmonic hotspot contribute to the signal, reducing interference from non-
target molecules. The study examined diverse biomolecules, including the notable

analysis of cellular protein Annexin 5b and protein A.

Plasmonic technology can be integrated into solid-state nanopore structures (278).
Plasmonic "hotspots" concentrate and boost optical excitation at the nanoscale,
enabling the detection of surface-analyte interactions (278). Belkin et al. (278),
showed that plasmonic effects were utilised to study DNA by employing plasmonic
nanopores, which controlled the translocation of DNA molecules through a solid-state
nanopore, allowing for precise manipulation and detection. They integrated this
method with SERS to obtain vibrational spectra, providing information about

nucleotide composition and enabling potential DNA sequencing (Figure 2.11b).
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Figure 2.11: Integrating plasmonic approaches with other single molecule techniques (a) The
schematic shows a dimer gap antenna within a rectangular aperture. The device is milled in a
gold film (yellow) on a glass substrate (grey) and covered by a micromolar fluorescent
molecule solution (light blue). SEM and confocal images display an array of nanoantennas
with a 5 mm pitch. Reprinted with permission from (277). Copyright 2013, Springer Nature
Limited (b) Using a plasmonic nanopore device for DNA trapping and sequencing. A bowtie
gold structure on a membrane with a nanopore, submerged in an electrolyte solution, focuses
a laser beam onto hot spots near the nanopore. DNA moves through the nanopore driven by a
transmembrane potential, with the laser's optical field applying a restraining force. Switching
the laser on and off moves DNA stepwise, while surface-enhanced Raman scattering (SERS)
identifies the nucleotide sequence. Reprinted from (278). Copyright 2015 American Chemical
Society (CC BY-NC 4.0).

2.8 Conclusions and future of light-based single-molecule approaches

Existing single-molecule research methods will be used to provide quicker, easier, and
less invasive tests to comprehend the dynamics, structure, and behaviour of biological
systems (5). In this chapter, we emphasised some of the most current research in the

field of single-molecule methods and their significance to applications ranging from

61



Chapter 2: Optical Characterisation of Proteins at Single-Molecule Level

diagnostics to basic biology. Most single protein studies rely on labelled approaches
like smFRET, which provide important data on protein dynamics, conformational
changes, and intermolecular interactions at the single-molecule level. However,
photobleaching or blinking of fluorescent tags can affect the dynamics of the protein
being studied (46). In recent decades, label-free single-molecule approaches have
emerged as powerful techniques for studying small proteins (187). Single-molecule
assays based on nanoplasmonics, nanophotonics, scattering-based detection
techniques, iISCAT, and mass photometry are now possible thanks to developments in
optical imaging and nanofabrication (52). Despite iSCAT being a label-free approach,
it requires a relatively long integration time, which averages out dynamic information.
Mass photometry which is based on iISCAT offers high precision in mass measurement
but also has limitations in capturing rapid kinetic processes. There is still room for
improvement in these approaches. For example, in the case of the nanoplasmonic
approach, a major drawback is heating generation due to ohmic loss, which can affect
the dynamics and behaviour of the protein being studied (79). To address this,
dielectric nanostructures are promising as they have low absorption in the near-
infrared and visible ranges, like silicon structures (279). However, the fabrication of
these structures is complicated, and their field enhancement is lower compared to
plasmonic ones. This challenge can be addressed through the efficient design of
nanostructures, which involves optimising their geometry and material properties to

maximise performance.

Additionally, employing complementary single-molecule techniques provides a
comprehensive understanding of various aspects of the subject under study, ensuring
reliability. For instance, in a recent investigation of single proteins, Zhou et al. (280).
used SERS with a sub-10 nm aperture at the tip of a quartz nanopipette. This technique
distinguished between the oxygenated and deoxygenated states of haemoglobin,
revealing the compact (T) and elongated (R) states. Furthermore, plasmonic
nanotweezers were effective in studying the oxygenation states of haemoglobin,
capturing the transition from the T state to the slightly flattened R state. This technique
offered more precise insights into the transition kinetics between these two states by
using DNH optical nanotweezers, which provided enhanced sensitivity (268). Notably,
smFRET experiments were not feasible due to fluorescence quenching by

haemoglobin's heme groups (281). Also, in Chapter 5 of this thesis, we used two
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single-molecule approaches to characterise the fragmentation of protein and its

subunits during disassembly at pH 2, which will be explained in detail.
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Chapter 3: Methodology

3.1 Introduction

In this chapter, I will outline the methodology used to monitor protein samples with
plasmonic optical tweezers. This includes the fabrication of nanostructures, the
simulation of field enhancements, the characterisation of proteins, and the instruments
used in these processes. Additionally, I will discuss the data analysis methods
employed in this thesis. Some parts of the approach presented here have been

published in references (54) and (55).

3.2 Nanofabrication

Nanofabrication is the engineering of structures on the nanometre scale (0.1-100 nm).
These structures underpin the development of complex, multi-functional systems
across diverse fields such as life sciences, electronics, materials science, energy
technology, and nanomedicine. Nanofabrication includes a range of techniques, which
are primarily divided into "top-down" and "bottom-up" approaches (282). Top-down
methods involve the patterning and etching of materials to achieve the desired
nanostructures, while bottom-up techniques such as co-precipitation aim to build
structures from smaller units, often through chemical synthesis or self-assembly

processes that replicate natural phenomena (283).

Among different top-down nanofabrication techniques, notable methods include
electron beam lithography (EBL) (284), focused ion beam (FIB) (285),
photolithography (286), and nanoimprint lithography (287). Electron beam
lithography is well-established for applications in silicon-based technologies due to its
high resolution and precision. Focused ion beam (FIB) offers the advantage of
versatile processing capabilities, including milling, implantation, ion-induced

deposition, and ion-assisted etching.

In this thesis, I will outline the nanofabrication techniques, that [ used during my PhD,

including EBL and FIB.
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3.2.1 Electron beam lithography

During my PhD, I first learned and used EBL for fabricating nanostructures. To start,
I used silicon nanostructures which have induced the interest of many scientific
researchers for a wide range of future applications in electronics, photonics, sensing
devices, and biological applications (288,289). Silicon is an interesting material for
nanostructures because it is abundant, it has well-developed fabrication techniques,

and it is compatible with modern semiconductor technologies (290).

Silicon nanostructures can be made through various processes, including chemical
vapour deposition (CVD) (291), molecular beam epitaxy (MBE) (291), and etching
methods—of which reactive ion etching (RIE) is commonly used (292). These
methods allow one to control the size, shape, and composition of the nanostructures
with high precision, which is very important to tailor their properties for specific
applications (289,290,292). Among these approaches, electron beam lithography is a
highly versatile and precise technique to fabricate silicon nanostructures (284,293). It
involves a focused beam of electrons, which are made to inscribe patterns onto a
substrate of silicon coated with resist. The uncovered parts of the resist are then
developed to reveal underlying silicon, which may be etched or otherwise treated

further to develop the desired nanostructures (293).

Of more importance, EBL is highly valued for its capability of producing features with
resolutions down to a few nanometres, which makes it the leading research and
development technique in the field of nanoscale devices (284). In the following
sections, we will discuss EBL techniques employed during my PhD research to
fabricate silicon dielectric samples. The EBL process consists of multiple stages (284),

each of which will be elaborated upon in the subsequent sections.

It is worth noting that some of this work was conducted in the clean rooms at the
University of Nottingham using the NanoBeam nB5 EBL system. For the first time at
Nottingham Trent University, we performed nanofabrication using the Nabity NPGS,
a system installed on a scanning electron microscope that enables precise pattern
generation for nanolithography. Additionally, for the deposition of thin films and hard
masks, we used the Edwards E306 thermal evaporation machine in the clean room of
the Department of Physics at the University of Nottingham, as well as a homemade

thermal evaporation machine at MTIF at Nottingham Trent University.
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3.2.1.1 Plasma-enhanced chemical vapour deposition (PECVD) for silicon
films

Among the various thin-film deposition techniques, plasma-enhanced chemical vapor
deposition (PECVD) is one of the most widely used, particularly in the semiconductor
industry (294). The PECVD process involves activating chemical reactions with
plasma for depositing a film and thereby permits a lower temperature than other CVD
processes. It is therefore most useful for depositing films over substrates that cannot
tolerate high temperatures (295). The process involves introducing precursor gases
into the applied electric field of a reactor, thus ionising them and yielding a plasma.
Subsequently, the reactive species present in the plasma react on the surface of the
substrate, leading to film growth on the substrate surface (295). PECVD provides
controlled film composition and thickness, hence it is used for a variety of applications,
such as photoluminescence applications (294). In this thesis, the equipment used for
the PECVD process to deposit a-Si (amorphous Si) is the Corial D250 PECVD

machine.

The first step is to thoroughly clean the cover glass substrate to ensure proper adhesion
and high film quality. This is achieved through sequential rinsing: first with deionised
water to remove particulate contaminants, then with ethanol to eliminate organic
residues. After cleaning, nitrogen gas is used to rinse and further dry the substrates,
preventing water spots or residues that could cause defects during deposition. A
contaminant-free surface is essential for producing high-quality a-Si films with
uniform thickness and fewer defects. The substrates are then placed in the reaction
chamber of the Corial PECVD machine, followed by evacuating the chamber to the

base pressure to remove any residual gases that could disrupt the deposition process.

The deposition process commences by introducing the silane (SiH4) as precursor gas
into the chamber, together with a carrier gas like argon or hydrogen, which helps to
maintain plasma stability (Figure 3.1) (294). The plasma is generated from a silane
dissociation by the radio frequency (RF) power source. Reactions follow in a complex
way that leads to silicon depositing on the substrate, forming an amorphous silicon
layer. Very high control of both the gas flow rates and the chamber pressure conditions,

as well as the RF power and substrate temperature, must be ensured to achieve the
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desired film properties. The resulting a-Si layer is then ready for further processing

and characterisation as part of the silicon dielectric samples.
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Figure 3.1: Schematic of PECVD reactor for depositing thin films. Reprinted from (294).
Copyright 2021(CC BY 4.0.). Licensee MDPI, Basel, Switzerland.

In this thesis, the deposition of amorphous silicon (a-Si) on glass using PECVD with
a Corial D250 reactor is described as follows: First, the glass substrate was thoroughly
cleaned. The substrate was then loaded into the PECVD chamber, which was
evacuated to the desired base pressure. A 10% SiHs/He mixture was introduced at a
flow rate of 500 sccm. The substrate temperature was set to 275°C, and the chamber
pressure was adjusted to 1,000 mTorr. RF power of 250 W was applied to generate the
plasma. Under these conditions, the deposition rate was approximately 90 nm/min.
This method ensured a uniform a-Si layer; however, the specifics could vary based on
factors such as precursor gas purity, reactor configuration, substrate cleanliness, and
system calibration. For assessing the thickness of the sample, ellipsometry (Accurion
EP4) was used, a technique that measures the change in polarisation as light reflects

or transmits through the sample to determine the thickness of the deposited film (296).
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3.2.1.2 Electron resist coating

Before exposure to the electron beam using EBL, an important step in nanofabrication
is electron-resist coating. There are two types of electron resist: positive and negative.
Positive electron resist becomes soluble in the developer solution where it is exposed
to the electron beam, allowing those areas to be removed. Negative electron-resist
becomes insoluble in the developer solution where it is exposed, protecting those areas.
We used PMMA A4 950K, which is a positive electron resist. The PMMA was spin-
coated onto the silicon surface and then baked on a hot plate at 180°C for 2 minutes.
As we intended to use it as an electron beam resist, a conductive layer of AR-PC 5090

was spin-coated and then baked at 100°C for 1 minute.

3.2.1.3 Writing the patterns via Electron beam

This work uses EBL for maskless patterning of devices within electron resist layers.
EBL functions as a direct-write nanofabrication technique, primarily using electron
beams based on the scanning electron microscope (SEM) system (297). It overcomes
the diffraction limits of optical lithography by using the shorter wavelength of high-
energy electrons (284).

The system employs a 30 kV or 80 kV (depending on the EBL machine) electron
source to generate electrons that are subsequently focused onto the sample (electron
resist) using an electrostatic column (284,298). This column offers precise control over
the beam's position, enabling direct writing of the desired pattern onto the sample.
Beam current regulation is achieved via an aperture, which concurrently controls the

beam's spot size (297).

Resolution in EBL is not just limited by the spot size of the focused beam. Instead, the

dominant factor is the interaction between the electrons and the resist layer (297).

68



Chapter 3: Methodology

Forkard scaioring Secondary electrons
(small angle)
Dose
Forward
scattering

/ Backscattering

Cd -~

Substrate | Backscattering [ Y
(large angle) -3 -2 -1 0

X (um)

| ol
1. 2¢ 3

Figure 3.2: Electron scattering and dose distribution in electron resist. (a) Forward and
backscattering of the electron beam within both the resist and substrate layers. (b) Spatial
distribution of the electron beam dose within the resist, influenced by the forward and
backscattering phenomena. Reprinted with permission from (299). Copyright 2020 Elsevier

Inc.

Exposure of the resist primarily arises from incident electrons and the secondary
electrons produced upon electron incident on the sample. While forward scattering
from incident electrons is minimal at the high energies used in EBL, the scattering of
secondary electrons is significantly more pronounced, leading to a broadening of the

exposed regions (Figure 3.2a, b) (298).

Another factor influencing resolution is the writing step size, which denotes the
distance the beam travels before exposing the next point (298). Larger step sizes
translate to fewer exposed spots, thereby compromising resolution but expediting the
writing process (298). The proximity effect is another noteworthy phenomenon, where
electron scattering results in a higher dose being delivered to the pattern's centre
compared to its edges. However, this effect is mitigated by advances in the EBL

software (298).

The beam dose, quantified in pC/cm?, represents the quantity of electrons per unit area
to which the sample is exposed (284) Users define the dose by tailoring the beam
current and exposure time to achieve the desired outcome (284). Material properties
of the sample also influence the dose (294). Insufficient dose yields underexposed
features, preventing complete removal of the resist layer during development.
Conversely, an excessive dose can destroy delicate features as the surrounding resist

becomes accidentally exposed alongside the intended area. Optimisation of the dose
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is essential for each new sample, considering the specific material and feature size

(284,294).

Figure 3.3 illustrates the steps involved in the nanofabrication of silicon using the
EBL technique. The process begins with the deposition of a thin film of silicon by
PECVD, followed by spin coating of PMMA on the sample. After beam exposure, the
samples are developed in IPA. The next step involves applying a hard mask, such as
chromium or aluminium. In our case, we used a thermal evaporation system to deposit
a chromium mask. Following this, the samples are placed in acetone for the lift-off

process. After the lift-off step, the samples proceed to the etching stage.

3.2.1.4 Dry etching of samples

Dry etching techniques, such as Reactive lon Etching (RIE) and Inductively Coupled
Plasma (ICP) RIE, are essential for making semiconductor and optical nanostructures
(300). RIE is known for its ability to etch vertical profiles with high precision, which
is crucial for creating the detailed features needed in very-large-scale integration
(VLSI) circuits (54,300). This method uses plasma to generate reactive ions that
selectively etch the target materials, giving us a lot of control over the etching process.
This precision makes RIE particularly suitable for applications where accurate pattern

transfer and control over the etch profile are critical (301).

ICP-RIE, an advanced form of RIE, provides additional benefits by allowing
independent control of ion density and ion energy (302). This is done by using an
inductively coupled plasma source along with the traditional RF power. For
applications requiring high-throughput processing and superior surface morphology,
ICP-RIE is particularly helpful because of its independent control, which leads to
greater etch rates and smoother etched surfaces. For instance, ICP-RIE is more
appropriate for producing complicated nanostructures that require exact control over
surface smoothness and etching depth, whereas RIE is ideal for obtaining detailed

pattern transfer (303).

In this work, we employed RIE to etch our silicon nanostructures using the Corial
200IL Dry Etcher. The process involves placing the sample in a vacuum chamber,
introducing etching gases (typically a mixture of SFs and O:), and applying an RF
power source to generate plasma. This plasma creates reactive ions and radicals which

are accelerated towards the silicon substrate, facilitating anisotropic etching. For our
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etching parameters, we maintained a chamber pressure of 5 mTorr, an SFe flow rate of
25 scem, and an RF power of 100 W. The resulting etch rate was approximately 1.6
nm/sec, although it was initially slower due to the presence of an oxide layer, which

etches at a slower rate.

a b c d
Si film deposition Depositing PMMA Eletitron-i)eam J'expcisure Development
e Depositing hard f g Dryetch-RIE h Hard mask (Cr)
mask (Cr) i (anisotropic) Etching

Figure 3.3: Schematic representation of the EBL nanofabrication process. (a) First, the
substrate is deposited by a silicon thin film (b) A resist layer (PMMA) is spin-coated onto the
silicon surface. (¢) Electron beam lithography is used to pattern the resist. Red areas show the
exposed parts (d) Development of the resist reveals the patterned areas. () A hard mask layer
of chromium is deposited using thermal evaporation. (f) The lift-off process removes the resist,
leaving the chromium mask. (g) The sample undergoes dry etching to transfer the pattern into
the silicon layer. (h) The final pattern after hard mask removal. (i) SEM image cross-view of
the silicon structure patterns (cross-view to make assess the etching quality). (j) SEM image
of silicon dimer sample with a gap size of 25 nm which can be useful for single-molecule

trapping purposes.
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3.2.2 Focused ion beam (FIB)

FIB technology is an exceptionally versatile tool for nanoscale fabrication,
modification, and characterisation of materials (285). FIB system consists of three
primary components: an ion source, an ion optical system for precise beam focusing,
and a scanning unit that enables controlled movement of the ion beam (285). The most
used ion source is gallium, known for its high ion current and ability to produce a fine
beam. However, other ion sources are also employed, each offering unique
characteristics for specialised applications (304). These include gallium (Ga): the most
prevalent choice due to its efficiency in producing a narrow and intense ion beam
suitable for high-resolution imaging and milling. argon (Ar): used for its lower mass,
which can reduce damage to sensitive materials and is effective for certain types of
sputtering and etching processes. germanium (Ge) which provides high resolution and
is particularly useful in applications requiring precision and minimal damage to the
sample. neon (Ne) which is often employed for ultra-low energy applications, where

high spatial resolution and minimal surface damage are crucial (304).

The interaction between the FIB and target materials involves several key processes
such as ion implantation, which introduces ions into the material to alter its properties;
milling, which removes material to shape or modify surfaces; etching, which cleans
or patterns surfaces; and deposition, which adds material to build up structures (304).
These capabilities make FIB a valuable technique across diverse fields, including
materials science, biology, and archaeology (285). In materials science, FIB is
employed for tasks such as precision nanomachining, imaging of microstructures, and
advanced spectroscopy. In biology, it aids in the detailed study of cellular structures

and the development of nanostructures for biomedical applications (285,304,305).

The first significant use of FIB technology dates to the early 1980s when it was
initially developed for semiconductor industry applications, particularly for the
analysis and modification of microelectronic circuits (304). Its utility quickly
expanded to other fields due to its high precision and versatility. The introduction of
FIB into biophysics and materials science has allowed researchers to explore and
manipulate materials at unprecedented resolutions down to a few nanometres, leading

to numerous advancements in nanotechnology and related disciplines (305).
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FIB technology continues to evolve, with new ion sources and enhanced system
capabilities being developed to improve performance and extend applications. Modern
FIB systems can now provide three-dimensional imaging and analysis, making them

indispensable tools in cutting-edge research and industrial applications.

3.2.2.1 FIB for fabrication of DNH samples

The fabrication of the DNH structure in this work was based on the FIB techniques

(268). This process includes the following steps:

Chemical vapour deposition (LPCVD): First, a 30 nm silicon nitride (SiNx) layer was
deposited onto 550 pm thick fused silica wafers using low-pressure chemical vapour
deposition (LPCVD) at 800°C. In this process, silane (SiH4) and ammonia (NHs) gases
were introduced into the reaction chamber under a low-pressure environment,
typically ranging from 100 to 300 mTorr. The high temperature facilitated the
decomposition of these gases, allowing silicon from the silane to bond with nitrogen

from the ammonia, forming a uniform SiNx layer on the wafer surface (Figure 3.4 a).

Electron beam evaporation: After depositing the SiNx layer, a 5 nm titanium (Ti)
adhesion layer was applied to the surface, followed by a 100 nm gold (Au) film. This
process was carried out using electron beam evaporation with the Leybold Optics LAB
600H system at a substrate temperature of 190°C. The Ti layer ensures strong adhesion
between the gold film and the underlying SiNx layer, as titanium forms a good bond
with both silicon nitride and gold. During the electron beam evaporation, high-energy
electrons were directed at the titanium and gold targets, causing the materials to
vaporise and condense as a thin, uniform film on the wafer surface (Figure 3.4 b).
Once the deposition was complete, the silicon wafers were precisely diced into 10 mm
by 10 mm chips using a Disco DAD321 dicing machine, ensuring clean and accurate

edges for subsequent experimental use.

FIB for milling DNH structures: Finally, the DNH structures were fabricated in the
gold layer using a focused ion beam (FIB) with the Crossbeam 550 system with a
Gallium source. The sample was placed in the chamber at a tilt angle of 54 degrees to
face the ion beam, with a working distance of 5 mm from the SEM detector (Figure
3.4c). The DNH geometry comprised two circles, each with a diameter of 160 nm and
a centre-to-centre spacing of 200 nm. A rectangle measuring 3 nm by 40 nm was

positioned to bridge the gap between the two circles. The FIB process was conducted
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with a beam current of 1 pA and an ion beam energy of 30 kV. Dwell times were
carefully optimised: 1.25 ps for the circles and 5 ps for the rectangle, to ensure precise
milling. This meticulous control of parameters resulted in DNH structures with gap
diameters around 20 nm and no residual gold left inside the gaps, yielding clean and

well-defined DNH samples.

Figure 3.4d shows SEM images of the DNH structures in the tilted mode. The purpose
of this imaging was to ensure the quality of the gap, confirm the absence of gold
residue, and measure the gap size. Despite using the same recipe in the FIB, we
observed some variations in the gap size, which could be attributed to surface
roughness and internal FIB errors. To determine which structure provides greater field
enhancement, we conducted optical field simulation analysis. This analysis was
essential to identify the DNH structures with higher field enhancement, which are

capable of capturing proteins for longer durations.

a b
E beam evaporation
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Figure 3.4: Fabrication of DNH samples using FIB. (a) Deposition of SiNx through LPCVD
on the fused silica substrate. (b) Electron beam evaporation for depositing 5 nm Ti and then
100 nm gold on the SiNx. (c) Schematic representation of the FIB and scanning electron
microscopy (SEM) setup used for fabricating and imaging the DNH structures. The gallium
(Gat) gold layer is deposited on the silicon nitride (SiNy) substrate, while the SEM is used to
image the resulting structures. (d) SEM images of DNH structures fabricated using the same
FIB recipes mentioned in the text with a 20° tilt angle. Adapted from (54). Copyright 2023
The Authors (CC-BY 4.0)
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3.3 Simulations and modelling

To analyse the impact of the DNH geometry and gap size, we simulated the optical
field distribution within the DNH structure using COMSOL Multiphysics 6.1, which
employs finite element simulation. We used an 852 nm laser polarised perpendicular
to the line connecting the two holes. We considered a material stack with a refractive
index (RI) of 1.333, surrounded by water and composed of a 100 nm Au layer, a 5 nm
Ti layer, and a 30 nm SiNx layer on a fused silica substrate. Upon examining the gap
geometry, we observed that it has a trapezoidal structure. This trapezoid has a base
measuring 20 nm, though this value can vary between 15 and 25 nm (based on the gap
size of DNH from SEM images). To account for the tapering in the DNH structures,
we implemented an 'n-side truncated pyramid' structure (Figures 3.5a-c, upper panel)
with a refractive index (RI) of 1.333, transitioning from a ~20 nm gap width at the

bottom to ~45 nm at the top of the Au layer.

As mentioned in the previous section fabricating DNH due to the internal errors of
FIB can give inconsistency in the gap size of the DNH Figures 3.5a-c display the
electric field distribution for three structures with gap sizes of 15 nm, 17 nm, and 25
nm, corresponding to #2, #3, and #6, respectively. The colour bar scale indicates that
field enhancement reduces as the gap size increases. Considering the hydrodynamic
size of the protein under study, which in our case is Ferritin with a size of 10-12 nm,
we target a DNH with a 20 nm gap size to create a narrow trapping well while allowing
the protein to enter the hotspot. When the laser beam polarisation is parallel to the
connecting line of the two holes, as shown in Figure 3.5d, there is little to no field
enhancement in the DNH gap. This polarisation dependency helps distinguish the

DNH from other structures.

75



Chapter 3: Methodology

y-z plane, x=0
20 nm JI== N

y-z plane, x=0

y-z plane, x=0
20 nm (2NNl water

Transmission (a.u.)

600 650 700 750 800 850 900 950 1000
Wavelength (nm)

Figure 3.5: Simulated optical properties and field enhancement distribution of DNH structures.
(a-c) Electric field distribution in DNH structures with gap sizes of 15 nm, 17 nm and 25 nm
corresponding to a, b, and ¢ respectively. The top panels display the electric field distribution
in the y-z plane at x = 0, while the bottom panels show the x-y plane at z= 0 (gold-Ti interface).
The incident laser is polarised along the y-axis. (d) The top and bottom panel descriptions are
equivalent to (a-c), but the incident laser polarisation is aligned with the x-axis. (e) Simulated
normalised transmission spectra of the DNH structure with a 17 nm gap size, with laser
polarisation as depicted in panel b. Adapted from (54). Copyright 2023 The Authors (CC-BY
4.0)

It should be noted that the plasmonic optical trapping demonstrated here is based on
SIBA trapping, which operates effectively at an off-resonance wavelength (255). The
excitation laser wavelength of 852 nm is near the off-peak of the LSPR, as indicated

in the transmission spectra in Figure 3.5¢ (around 700 nm). Additionally, according
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to the findings of Ghorbanzadeh et al. (306), another resonance is expected in the near-
infrared spectrum. Despite being at an off-resonance position, the electric field in the
DNH gap remains significantly amplified. This off-resonance measurement confirms
the robustness of SIBA trapping, indicating that the DNH structure can provide tightly
confined field amplification within the hotspot to trap individual proteins without

imposing strict limitations on the excitation wavelength.

3.4 Characterisation

In this section, I will outline the characterisation techniques employed in this thesis,
beginning with the optical nanotweezer setup details. I will describe how we
characterised the trapping of single ferritin molecules, including the relevant
parameters and experimental conditions. Following this, I will detail additional
characterisation methods used for proteins, such as size exclusion chromatography

(SEC) and mass photometry (MP).

3.4.1 Optical nanotweezers setup for characterising single proteins

In this thesis, we utilised an optical tweezer setup to characterise single proteins. A
crucial component of this setup is the fluidic system, which we integrated into the
optical tweezers to deliver protein and buffer solution. Thus, our system comprises
two main parts: the optical tweezer module and the microfluidic module, both of which

will be detailed in the following sections.

3.4.1.1 Optical setup

All optical components for the experiment were procured from Thorlabs. The laser
used was an 852 nm diode laser, chosen for its specific wavelength requirements. This
laser was focused onto the sample using a 60x Plan Fluor objective with a numerical
aperture (NA) of 0.85, provided by Nikon (Tokyo, Japan). The high magnification and
numerical aperture of the objective allowed for precise focusing, achieving a spot
diameter of approximately 1.2 pm. A half-wave plate, a device that shifts the
polarisation of light, was used to adjust the laser polarisation. The power density at the
DNH sample was carefully controlled to be 19 mW/um?, which was achieved from an
incident laser power of 32 mW before it entered the objective lens. This controlled
power density was crucial for maintaining the accuracy and consistency of the

experimental measurements.
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The transmitted light through the DNH structures was detected by a silicon avalanche
photodiode (APD120A) from Thorlabs. An avalanche photodiode (APD) is a highly
sensitive light detector that uses the photoelectric effect to convert light into an
electrical current. When photons strike the APD, they generate electron-hole pairs
within the semiconductor material. The diode operates at a high reverse voltage, which
causes these carriers to accelerate and multiply, resulting in an avalanche of charge
carriers and a larger current. This amplified current is then converted into a voltage
signal. The voltage signal from the APD was captured using a data acquisition card
(USB-6361, National Instruments), operating at a high sampling rate of 1 MHz. This
high sampling rate was essential for accurately capturing the rapid variations in the
signal. The recorded data was processed and analysed using a customised LabVIEW

program, designed specifically for this experiment.

A schematic illustration of the entire optical setup, including its microfluidic
component, is depicted in Figure 3.6. This system closely resembles the configuration
shown in Figure 2.9a of Chapter 2, providing a consistent basis for comparison and

analysis.

3.4.1.2 Fluidic system

The flow cells utilised in this study are consistent with those described in earlier
reports (268). These flow cells were fabricated using a FormLab 2 printer, employing
Clear V4 resin at a 50 um resolution (Formlabs Inc., USA). A two-component silicone
glue (Twinsil, Picodent, Germany) was applied to seal the samples within the flow cell,
which was covered with a glass slide of 0.17 mm thickness. The DNH sample was
separated from the cover slide by double-sided tape with a thickness of 50 pum
(ARcare92712, Adhesive Research, Inc.), forming a fluidic channel with a volume of
3.5 puL. A 12-port valve (Mux Distrib, Elve Flow, France) and a syringe pump (Harvard
Apparatus, US) regulated the flow rate and direction. To exchange the buffer after
trapping a protein, a buffer was introduced into the flow chamber at a rate of 4.5
uL/min. Based on the internal diameter of the tubing in the flow control system, the
buffer solution reached the flow chamber after 25 pL (or 6 minutes post-injection) had
passed through the flow controller. Figure 3.6 clearly illustrates our system, which
consists of two parts: the microfluidic section and the optical section, along with the
SEM image of the sample placed in the flow cell. In the next subsection, I will detail

the protein buffers and solution recipes that were used throughout the fluidic system.
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Figure 3.6: Diagram of the optical nanotweezer configuration. A syringe pump draws various
buffers through a 12-port valve and subsequently injects them into the flow cell at adjustable
flow rates. The flow cell houses a fused silica chip with a double-nanohole (DNH) in a thin
layer of gold. A collimated laser beam with a wavelength of 852 nm is focused on the DNH
using a 60x air objective with a numerical aperture (NA) of 0.85. The transmitted light is
captured by a 10x objective and detected by an avalanche photodiode (APD). The right inset
displays an SEM image of a DNH structure in a 100-nm gold film, taken when the stage is
tilted 20° for better visualisation of the gap of DNH. Adapted from (54). Copyright 2023 The
Authors (CC-BY 4.0)

¢ Protein and buffer solution preparation

Below are some recipes we used in this thesis for preparing buffer solutions and

proteins in buffers, as used in chapters 4 and 5.

Protein buffers: Commercially available apo-ferritin (equine spleen, A3660) and holo-
ferritin (equine spleen, F4503), along with all other chemicals, were obtained from
Sigma-Aldrich (UK). Trapping experiments employed either 0.5 uM apo-ferritin or
0.5 uM holo-ferritin in 0.1 M phosphate buffer (PB) at pH 7.4.
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Fe’* and Fe*" buffers: For the ferrous solution (2 mM), deoxygenation of the media
was achieved by initially preparing a 2 mM Na»S>04 solution in the PB buffer (307).
Subsequently, ammonium iron (II) sulphate was added, and the mixture was stirred

magnetically for approximately 10 minutes.

A control experiment employing PB buffer with Fe** was conducted. Here, the 2 mM
ferrous solution was prepared as described above. However, to oxidise Fe?" to Fe”,
the solution was bubbled with compressed air for at least five minutes. A clear colour
change from green to yellow was observed following this step. Freshly prepared
solutions were used for each experiment and were filter sterilised through a 0.22 um

pore size membrane before use.

Solutions with varying pH levels: 0.1M hydrochloric acid (HCl) (Fisher Scientific,
product code 15697310) was added to a phosphate buffer (PB) at pH 7.4 to change the
pH and generate solutions at different pH levels. Experiments were conducted in both
a PB at pH 7.4 and a 0.1 M Glycine-HCI buffer at pH 2.0. The Glycine-HCI buffer

was used as a control to examine the effects of an abrupt pH change from 7.4 to 2.0.

Ascorbic Acid-Buffer Solution: L-Ascorbic acid (A5960) was dissolved in a PB buffer
at pH 7.4 to prepare solutions at three different concentrations (1 mM, 5 mM, and 10

mM). These solutions were freshly prepared before each experiment.

3.4.1.3 DNH for trapping single ferritin molecules

DNH structure used in the optical nanotweezer generates a tightly confined optical
field, as illustrated by the field distribution of various DNHs in Figure 3.5. This field
creates a sufficient gradient force to trap a single protein within a nanoscale hotspot
(308). The intensity of light transmitted through the DNH structure is continuously
measured in real-time by an APD. The optical signal detected by the APD provides
information about the protein conformations and the trapping stiffness, which is
influenced by the size of the molecule (309). Once individual proteins are trapped, a
specially designed micro-channel flow system introduces different solutions to study

their effects on protein conformation.

We successfully trapped both apo-ferritin and holo-ferritin using six identically

fabricated double-nanohole (DNH) structures (#1-#6), all created with the same

80



Chapter 3: Methodology

focused ion beam (FIB) parameters. The signals from these trapping events will be
analysed in detail in Chapter 4. Figure 3.7 illustrates the trapping events for each

structure, demonstrating their effectiveness in trapping both apo- and holo-ferritin.
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Figure 3.7 Trapping events in distinct DNH structures. Panels (a), (b), (c), (d), (e), and (f)
correspond to DNH structures #1, #2, #3, #4, #5, and #6, respectively. Each panel shows the
transmission signals for both trapped single apo-ferritin (blue traces) and single holo-ferritin
(red traces). All data were acquired at 1 MHz (represented by the grey trace) and subsequently
subjected to digital filtering with a 1 kHz cutoff frequency (blue and red traces). Adapted from
(54). Copyright 2023 The Authors (CC-BY 4.0)

Figure 3.8 presents the SEM images of the six DNH structures used in this study
before (only #2, #3, and #6 are available) and after the trapping experiments. Apart
from surface contamination, the edges and cusps of the DNH structures became
smoother, and the gap sizes increased after usage. The gap sizes for #2, #3, and #6
changed from 15, 17, and 25 nm to 28, 34, and 37 nm, respectively (indicated by black

circles in Figure 3.8b). The boxplot in Figure 3.8b includes gap sizes measured from
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all DNHs, including structures not used in this work but fabricated under the same
conditions (SEM images in Figure 3.4). We observed an increase in the median gap
size from 24.4 nm to 35.6 nm after two to three weeks of use, with typical laser

illumination durations of 4-5 hours.

a |« I, :
Before use Distribution of gap sizes
#1 #4 #5
Not Taken Not Taken || Not Taken

Figure 3.8: Potential DNH geometry change after trapping experiments (a) SEM images of
three DNH nanostructures (#2, #3, and #6) captured before their use in trapping experiments.
SEM images of DNHs #1, #4, and #5 are not included. The bottom row displays SEM images
of all six DNH structures following typical illumination of the laser beam and trapping
experiments for 4-5 hours. (b) Boxplot depicting the distribution of gap sizes within the DNH
structures before and after experimental use. Data points marked with black circles represent
the gap size measurements for DNHs #2, #3, and #6. Adapted from (54). Copyright 2023 The
Authors (CC-BY 4.0)

We analysed the duration between activating the laser and successfully trapping a
ferritin protein. Figure 3.9 illustrates the waiting times for 25 trapping events from
various DNHs. The histogram shows that ferritin is mostly trapped within 10-15
minutes after the laser is turned on. The time required to trap a single protein is
influenced by several factors, including the characteristics of the DNH structure, the
size of the protein being trapped, and the laser power used. Additionally, surface
repulsion between the negatively charged protein and the negatively charged gold

surface can extend the trapping duration (266).
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Figure 3.9: Histogram showing the waiting time to trap a ferritin protein after the laser is

activated. Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0)

3.4.1.4 Experimental challenges and artifacts in trapping single ferritin
molecules using optical nanotweezers

Some challenges and artifacts were encountered during our optical nanotweezer
trapping experiments. A significant issue was the tendency of proteins to stick to the
DNH structure, which often prevented effective trapping. For instance, Figure 3.10a
illustrates a scenario where the ferritin protein was released when the laser was turned
off, but in Figure 3.10b, the protein remained in the trap location even after turning
the laser off, indicating that it was firmly attached to the DNH. It is important to note
that protein adhesion to the DNH depends on several factors, including the protein's
charge, isoelectric point (pI), buffer solution, and the material of the nanostructure. To
mitigate against this issue, some studies suggest coating the surface of samples with

polymers such as PEG, which can reduce protein adhesion (310).

Another challenge we encountered was double trapping (Figure 3.10c) within the
DNH, where one protein was trapped, and a second protein entered the trap. This
typically occurred at higher laser powers or with higher protein concentrations (in
micromolar ranges) in the buffer. When double trapping was observed, we excluded
the data from our analysis to maintain accuracy. Contaminants in the chamber caused
significant fluctuations in the transmission signal, as shown in Figure 3.10d. The SEM
image in the right panel of Figure 3.9d shows the sample covered in contamination
after use. These fluctuations made trapping difficult and compromised the analysis of

signals post-trapping. To address the contamination problem, we should ensure that
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the fluidic system and tubing are cleaned and washed after use with appropriate
solvents like DI water and IPA. The sample should also be rinsed with DI water or IPA.
These challenges emphasise the importance of careful experimental conditions and the

complexities involved in nanoscale trapping experiments.
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Figure 3.10: Artifacts in single ferritin trapping using optical nanotweezers. (a) Protein release
after turning off the laser from the DNH structure. (b) Protein remains in the DNH structure
even after the laser is turned off. (¢) Double trapping event, where a second protein is trapped
after the first one. (d) Transmission signal of the baseline (no protein trapped) and the effect
of contamination, resulting in an unstable signal. The right inset shows an SEM image of the
DNH structure after use in a contaminated chamber. Data was collected at 1 MHz and

Gaussian-filtered to 1 kHz.

3.4.2 Size exclusion chromatography analysis

Size exclusion chromatography (SEC) was employed to investigate the pH-dependent
disassembly of ferritin. A Superose 6 Increase 3.2/300 column facilitated the

separation of molecules based on their size. Elution volumes of ferritin and its
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disassembly products under various pH conditions were compared to those of
commercially available standard proteins (Sigma-Aldrich) with known molecular
weights including Aprotinin (6.5-22 kDa, Sigma-Aldrich A3886), Carbonic
Anhydrase (29 kDa, Sigma-Aldrich C7025), Bovine Serum Albumin (66 kDa, Sigma-
Aldrich A8531), Alcohol Dehydrogenase (150 kDa, Sigma-Aldrich A8656), Beta-
amylase (200 kDa, Sigma-Aldrich A8781), Apo-ferritin (443 kDa, Sigma-Aldrich
A3660), and Thyroglobulin (669 kDa, Sigma-Aldrich T9145) to determine their
molecular sizes. Notably, all standards except ferritin were used at a consistent
concentration of 0.165 mg/ml for a reliable comparison. Due to ferritin's larger size, a

higher concentration of 1.65 mg/ml was used.

For accurate peak identification at pH 2, pepsin (35 kDa), a protein known for its
stability under acidic conditions, was included as an internal control at a concentration
of 0.4 mg/ml. The mobile phase consisted of two buffers: a neutral 10 mM phosphate
buffer (PB) with 50 mM sodium chloride at physiological pH (7.4) and a more acidic
100 mM glycine-HCI buffer at pH 2. The AKTA-Explorer FPLC system facilitated all
SEC experiments, with protein detection achieved through absorbance monitoring at

280 nm.

3.4.3 Single-molecule mass photometry (MP) analysis

Mass photometry (MP) measurements were conducted using a TwoMP instrument
(Refeyn) following the manufacturer's recommended calibration procedures. Native
MarkTM standard (Thermo Fisher Scientific) served as the calibration reference in
T50 buffer at pH 7.4. The calibration achieved a high accuracy of 1.5%, demonstrated
by a strong correlation coefficient (R* = 0.99997).

Experiments were performed on standard microscope cover glasses (Marienfeld, No.
1.5H) cleaned with a rigorous protocol: rinsing with deionised water (five times) and
isopropanol (five times), followed by drying under a nitrogen gas flow. A silicon
elastomer gasket (Grace Bio-Labs) defined the sample volume and prevented
evaporation. Each measurement utilised a 20 pL aliquot of ferritin solution in buffer
(50 nM) introduced into a clean well formed by the gasket. To minimise contamination,

all MP measurement buffers were pre-filtered through 0.22 pm syringe filters.
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Protein adsorption events were recorded for 60 seconds per sample using the
AcquireMP software (Refeyn). Subsequent data analysis employed DiscoverMP
software (Refeyn) alongside OriginPro 2021 (OriginLab).

3.5 Data analysis

A key aspect of this thesis is the data analysis, particularly the examination of trapping

signals. The data analysis specific to Chapters 4 and 5 is as follows:

Chapter 4: All data presented in this work were analysed using MATLAB scripts. The
raw data were filtered with a zero-phase Gaussian low-pass filter to the desired cut-
off frequency (1 kHz or 5 kHz) using the filtfilt.m function. Probability density
functions (PDF) were calculated with the ksdensity.m function. To compare two
trapping signals, we aligned the signals by subtracting the median value from the trace
(Figure. 4.1c). Normalised RMS values (Figure 4.2) were determined by dividing the

standard deviation of a 1-second trace by its mean value.

Chapter 5: In this study, MATLAB scripts were utilised for analysing all the presented
data. Raw data were filtered using a zero-phase Gaussian low-pass filter with a
specified cut-off frequency (1 kHz or 5 kHz) by applying the filtfilt.m function.
Probability density functions (PDFs) were determined using the ksdensity.m function
and filtered at 10 Hz. Normalised root mean square (RMS) values (Figures 5.2, 5.6)
were calculated by dividing the standard deviation of a 0.5-second trace by its mean
value. These values are statistically represented as a boxplot for a 5-second trace at
different time intervals. The trace length for the last Figure 5.13 was 0.015 seconds

due to the short duration of each step.
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Chapter 4: Monitoring the Dynamic of
Single Ferritin Molecules upon Iron
Loading

In this chapter, we explore the use of plasmonic optical nanotweezers to understand
the effects of iron loading on single ferritin molecules. By using this advanced
technique, we successfully trapped single apo- and holo-ferritins indefinitely,
distinguished between them, and monitored their structural dynamics upon iron

loading in real-time. The findings presented here have already been published in (54).

4.1 Introduction

Ferritin is a vital iron-storage protein found in large quantities across bacteria, plants,
and the blood of many mammals, including humans (311-313). This intracellular
protein plays a critical role in storing and releasing iron in a controlled manner. In
humans, ferritin helps prevent diseases and detoxifies metals (311). Iron deficiency
can lead to anaemia, while excess iron may cause oxidative stress in cells, potentially
resulting in neurodegenerative diseases like Alzheimer's (312). When iron is loaded
into ferritin, the protein undergoes conformational changes, shifting from its iron-free
(apo) form to its iron-containing (holo) form (313,314). This conversion enables
ferritin to function as an iron buffer within cells (315,316). However, the precise
dynamics of this transformation remain unclear, as no current single-molecule
techniques can observe these conformational changes without modifying the

properties of ferritin.

Conventionally, iron accumulation in ferritin has been studied using ensemble
measurements such as nuclear magnetic resonance (NMR) spectroscopy (317), X-ray
diffraction (318), circular dichroism (319), and infrared spectroscopy (320). These
methods are effective for analysing large quantities of proteins. While these techniques

have provided valuable insights into ferritin's structure and function (318,321,322),
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they are restricted in detailing the dynamic structural changes during iron loading and
the interactions between iron and ferritin. Consequently, single-ferritin molecule
characterisation techniques have gained attention for their potential to clarify
molecular mechanisms, dynamic chemical processes, and molecular heterogeneity

(323-325).

Electron microscopy (EM) techniques, like Cryo-scanning transmission EM (Cryo-
STEM), have been used to study the crystallisation process of ferritin by capturing
various conformations of individual ferritin proteins and reconstructing their dynamic
pathways (326). However, the requirement for a vacuum environment in EM prevents
study of proteins in their native liquid state. Additionally, the sample preparation
process poses significant challenges in this procedure. Graphene liquid cell-
transmission electron microscopy (GLC-TEM) has been employed by Narayanan et
al. (327), to observe biomineralisation within individual ferritin proteins. This
technique, however, requires encapsulating ferritin between graphene sheets to
maintain a liquid environment, which can impact protein dynamics and potentially
damage the protein structure (327). Conductive probe atomic force microscopy (CP-
AFM) has demonstrated that holo-ferritin exhibits higher conductivity than apo-
ferritin due to its metal core (328). Yet, the high stiffness of the AFM cantilever
restricts its ability to detect minor domain movements or conformational changes in

proteins (329).

Despite the invasive nature of these single-molecule characterisation techniques, they
have provided significant insights into ferritin. Structurally, ferritin is a spherical
protein consisting of 24 identical subunits, with an outer diameter of approximately
12 nm and an inner diameter of about 8 nm (330). These subunits self-assemble to
form two types of channels—three-fold and four-fold—which facilitate the entry and
exit of ions or molecules (331). The three-fold channels play a crucial role in ion
transport and contain the ferroxidase activity site, where Fe?" is oxidised to Fe*" using
O2 or H207 (330) Furthermore, the acidic residues within the ferritin cavity generate a
negatively charged environment, facilitating the incorporation of up to 4500 Fe** ions

and the formation of inorganic crystals (92,330).

Recent advancements in molecular dynamics (MD) simulations and theoretical

predictions have provided deeper insights into ferritin, particularly regarding the
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dynamics of metal ion accumulation and the conformational changes in amino acid
side chains (332). The mechanisms of metal-binding and biomineralisation within the
ferritin cage have been explored through theoretical calculations and simulations.

However, MD studies are generally limited to short timescales (nanoseconds).

This study presents the first direct observation of dynamic differences between
individual, unmodified apo- and holo-ferritin molecules within a liquid environment.
We used a custom-built characterisation setup to employ optical nanotweezers based
on a double nanohole (DNH) (308,309,333,334). This setup as discussed in previous
chapters, concentrates light into nanoscale hotspots using the DNH, generating a
strong electric field gradient that traps single proteins, preventing them from diffusing
away. Importantly, the nanoaperture approach allows for label-free detection, enabling
us to monitor the dynamics of the trapped protein within a physiological solution (309).
Our findings demonstrate that holo-ferritin exhibits a more rigid and compact

conformation compared to apo-ferritin.

Significantly, this work represents the first real-time, dynamic tracking of iron
mineralisation within individual ferritin molecules without protein modification.
Controllable loading and release of iron ions (or other targeted ions and biomolecules)
are crucial for applications related to iron regulation and nanotechnology using ferritin
(335). Additionally, the hollow shell structure of apo-ferritin makes it a promising
candidate for drug delivery and bioimaging in cancer cells (336-338). In-situ
observation of iron loading in ferritin offers not only a deeper understanding of iron-
related diseases but also potential avenues for their treatment. The ability to monitor
the structural dynamics of ferritin during iron loading opens doors for the discovery

of innovative strategies in these areas.

4.2 Optical nanotweezers distinguish between apo and holo-ferritin

When a dielectric object, such as ferritin, enters the hotspot of the DNH, the
transmitted intensity through the DNH changes due to the higher refractive index of
the protein compared to its surrounding environment, a phenomenon known as

dielectric loading (308,339,340). Figures 4.1a and 4.1b illustrate the capability of the

89



Chapter 4: Monitoring the Dynamic of Single Ferritin Molecules upon Iron Loading

developed setup to detect and distinguish between apo-ferritin (a) and holo-ferritin (b)

based on the transmitted optical signals through the DNH structure.
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Figure 4.1: Single-molecule dynamics of apo- and holo-ferritin revealed by DNH. (a,b)
Transmission measured through the DNH upon trapping a single apo-ferritin (a, blue) and
holo-ferritin (b, red) for 12 seconds. Inset Figures depict the crystal structures of apo-ferritin
(PDB: 2W00) and holo-ferritin (PDB: 6TRZ), with curved lines illustrating their hypothesised
structural fluctuations within the trap. (c) Left panel: Magnified 1-second traces from panels
a and b, normalised to the transmission value with the highest probability for each trace. Right
panel: Boxplot showing the interquartile range alongside a violin plot of two 1-second traces
filtered at 1 kHz. (d) The probability density function (PDF) of the transmitted optical signal
was calculated from the 12-second trapping traces of apo-ferritin (panel a, blue) and holo-
ferritin (panel b, red). All traces were digitally filtered with a 1 kHz cutoff frequency. Data
acquisition occurred at 1 MHz. Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0)

A single DNH structure was used for trapping both apo- and holo-ferritin proteins
within each experiment. Notably, the data presented in Figures 4.1a and 4.1b were
specifically obtained using DNH #3. The observed transmission signal from the DNH

trapping apo-ferritin (Figure 4.1a) displayed a greater magnitude of fluctuation
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compared to that of holo-ferritin (Figure 4.1b). This finding of a more stable optical
signal for single-molecule holo-ferritin supports previous hypotheses suggesting a
more rigid structure for the holo form compared to the apo form (341,342). To the best
of our knowledge, this work presents the first experimental evidence of differential

structural rigidity at the individual protein level for native ferritin molecules.

Figure 4.1c further reveals the distinction in structural dynamics between apo- and
holo-ferritin by comparing 1-second transmission signals recorded by the DNH during
the trapping of apo-ferritin (blue) and holo-ferritin (red). The transmission intensity of
apo-ferritin exhibits a broader distribution in comparison to holo-ferritin (Figure 4.1c,
left panel), suggesting a less stable structure for the apo form. This observation is
confirmed by the right panel of Figure 4.1c, which presents the kernel density
distribution of the two filtered (1 kHz) traces alongside a boxplot depicting the

interquartile range.

Figure 4.1d presents the probability density function (PDF) for the change in
transmission signal through the DNH (47) recorded before and after trapping
individual apo-ferritin and holo-ferritin molecules. Notably, trapping holo-ferritin
resulted in a larger change in transmission amplitude compared to its apo counterpart.
We propose that this increased 47 for holo-ferritin can be attributed to its enhanced

polarisability caused by the presence of a ferrihydrite core.

Two potential mechanisms might explain this observation. First, the ferrihydrite core
in holo-ferritin likely increases the protein's overall conductivity by introducing two
tunnelling barriers within the protein shell (328). As established by the Drude model
(343), a direct correlation exists between a particle's conductivity and its polarisability.
Second, existing research suggests a potential size difference between apo- and holo-
ferritin, with holo-ferritin being approximately 2 nm larger (327,344,345). As
documented in various studies, the size of a particle directly influences its

polarisability (346—348).

The larger size and enhanced conductivity of individual holo-ferritin molecules are
clearly identified by the higher A7/Tp in the optical signal, attributable to their
increased polarisability. Table 4.1 provides the 47/Ty data for the proteins, measured
across all six sets (trapping events in DNH #1-#6) of DNH structures which were

shown in chapter 3. V) denotes the average APD signal for the empty DNH, and V;
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indicates the average APD signal when the protein is trapped. The transmission signal
changes (47/Ty) were determined using the formula (V;-Vy)/Vy. Notably, four out of
the six structures showed a greater 47/70 value for holo-ferritin compared to apo-

ferritin.

Table 4-1. Change in the transmission signal of six different DNHs upon trapping apo and holo-
ferritin proteins. Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0)

DNH Protein form Vo Vi ATITy
41 Apo 1621 1715 0.057
Holo 1838 1895 0.031

4 Apo 909 960 0.056
Holo 874 1040 0.189

3 Apo 644 695 0.079
Holo 653 724 0.108

44 Apo 776 853 0.099
Holo 704 752 0.068

45 Apo 620 659 0.062
Holo 755 825 0.092

46 Apo 660 760 0.151
Holo 813 939 0.154

Figure 4.2 presents the normalised root mean square (NRMS) and the probability
density function (PDF) of the normalised voltage, both reflecting fluctuations in the
transmission signal when individual ferritins are trapped. The results shown in Figure
4.2 indicate that the differences in trapping dynamics between apo- and holo-ferritins
are independent of potential geometrical variations or the resonant behaviour of DNH
structures (333,349). Previous studies have shown that the hydrodynamic movement
of particles in a harmonic trap result in a linear relationship between the protein's
molecular weight and the RMS of the trapping signal. Consequently, trapping holo-
ferritin is expected to yield a higher NRMS due to its larger molecular weight
compared to apo-ferritin. However, in our experiment, four out of the six DNH
structures (#1, #2, #3, #5) reported significantly lower RMS values for holo-ferritins
(p-value < 0.0001, Figure 4.2a). Also, the binding of iron to the negatively charged
interface of holo-ferritin reduces its overall motion, resulting in a more stabilised

conformation and, consequently, a lower NRMS in the trapping signal.
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Figure 4.2: Characterisation of single-molecule trapping dynamics for apo- and holo-ferritin.
(a) Normalised root mean square (NRMS) of the transmission signal obtained during the
trapping of individual apo-ferritin (blue) and holo-ferritin (red) molecules within six distinct
DNH structures. (b) Probability density function (PDF) of 20-second transmission signal
traces recorded for apo-ferritin (blue) and holo-ferritin (red) trapped in six different DNH
structures. All data were acquired at 1 MHz and subsequently subjected to Gaussian filtering
at 1 kHz. Statistically significant differences are represented by asterisks (****p < 0.0001).
Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0)

We conducted a control experiment to show trapping signal from the same DNH
structure is generally consistent when acquired within a narrow time frame. We
trapped the same protein—two single apo-ferritin molecules—within a short time
frame (3 minutes) using the same DNH structure (Figure 4.3 a-b). Both the RMS and
the normalised change in transmission signal (AT/To) exhibited a high degree of
similarity between the two trapping events (Figure 4.3 c-d). This consistency in the
dynamic characteristics of identical proteins trapped within the same DNH structure

highlights the reproducibility of our measurement technique.

93


https://creativecommons.org/licenses/by/4.0/

Chapter 4: Monitoring the Dynamic of Single Ferritin Molecules upon Iron Loading

¥
(9]

0.012
0.010 |
0.008

Voltage (V)

s & o

[->] (5] ~
Norm RMS

0.006 |
7 18 19 20
8 9 10 11 12 13 14 15 16 1 -
Time (s)
0.002 |
b - - , d 0
— a b
S 07
S ‘ -
8 0.65 Trapping V, v, ATIT,
= 06 event
= a 629 689 0.095
9 10 1 12 13 14 15 16 17 18 19 20 b 618 678 0.095

Time (s)

Figure 4.3: Two trapping events of apo-ferritin within the same DNH structure. (a) the first
trapping event and transmission signal of single apo-ferritin in DNH #2, (b) the second
trapping event and transmission signal recorded 3 minutes after the first trap, (c) a comparison
of the normalised RMS values for the two traces with apo-ferritin trapped, and (d) a
comparison of the changes in the transmission signal (AT/T,) between the two consecutive

trapping events of apo-ferritin.

Figure 4.4, the power spectral density (PSD) graph illustrates the dynamic behaviours
of apo-ferritin and holo-ferritin under various trapping scenarios. Figure 4.4a shows
the APD signal over time, with trapped apo-ferritin exhibiting larger fluctuations than
trapped holo-ferritin. Figure 4.4b presents the PSD derived from the Fourier transform
of the time-domain signal to the frequency domain. This graph shows apo-ferritin
exhibits significantly higher PSD values in the 3—150 Hz (lower frequencies) range,
indicating larger conformational fluctuations compared to holo-ferritin (350). These
fluctuations are captured by the optical signal and reflected in the RMS values, which
are similar to the root mean square deviation (RMSD) in molecular dynamics
simulations. Higher RMS values for apo-ferritin suggest lower structural stability,
while lower RMS values for holo-ferritin indicate a more rigid and stable structure due

to the ferrihydrite core (351).

94



Chapter 4: Monitoring the Dynamic of Single Ferritin Molecules upon Iron Loading

apo-ferritin trapped holo-ferritin trapped

a5
%:_“ apo-feritin added  holo-ferritin added
I 0
a
<

50

0.5s
b 10° ; [ ~ — baseline without proteins
i — baseline after adding apo-ferritin |

. 107 — baseline after adding holo-ferritin
B — apo-ferritin trapped ]
E 10°F — holo-ferritin trapped
=
2 102F 1
a b ]

104F 1

10%F

107 100 10° 102 103 104 10° 108
Frequency (Hz)

Figure 4.4: Noise comparison across different frequency domains for the same DNH (#3)
under various conditions. (a) Shows baseline before protein addition, after adding apo-ferritin,
and after adding holo-ferritin, with no protein trapped. Data are presented in raw form (light-
coloured) and digitally filtered at 1 kHz. (b) Displays the power spectral density (PSD) of the
baselines and transmission traces from panel (a). The grey area highlights the frequency range
where the transmission signal of trapped apo-ferritin exhibits larger fluctuations compared to
holo-ferritin. Baselines show no significant differences except for slightly higher line noise
(50 Hz and 100 Hz) after adding holo-ferritin, possibly due to alignment variations. Data were
recorded at a sampling rate of 1 MHz. Adapted from (54). Copyright 2023 The Authors (CC-
BY 4.0)

It is worth noting that at the same time, we were working on this research, another
group at Nanjing Normal University was clarifying the differences in the dynamics of
ferritin (323). Using ferritin and apo-ferritin as models, they demonstrated that
nanopores of comparable size can effectively discriminate proteins based on dwell
time and fraction distribution. Smaller nanopores achieve discrimination through
current fluctuations caused by protein vibrations. The major challenge of using
nanopores to study ferritin or single proteins is the rapid protein translocation,
occurring within microseconds, which prevents tracking large domain protein

movement and kinetics (352).
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4.3 In situ iron loading on single apo-ferritin molecules

The findings in Figures 4.1 and 4.2 establish a robust technique for differentiating
between individual apo- and holo-ferritin molecules based on their distinct structural
dynamics. Figure 4.5 further underlines this technique's exceptional capability to
monitor real-time, global conformational changes within apo-ferritin during iron ion
loading, describing the link between structural dynamics and the folding/unfolding of
pore channels. This experiment involved monitoring the transmission signal of a

trapped apo-ferritin molecule as Fe** ions were introduced via a microfluidic system.

Figure 4.5a depicts the 30-minute transmission trace of a single apo-ferritin trapped
within a DNH structure, along with magnified views presented in Figures 4.5b-e.
These Figures illustrate the in situ iron loading process. Following the trapping of
apo-ferritin, the solution was replaced with a 2 mM Fe?" ferrous solution using a flow
rate of 4.5 pL./min within the microfluidic system. The arrows in Figure 4.5a designate
specific time points: protein trapping, initiation of iron injection (flow rate change
from 0 to 4.5 pL/min), a point before the ferrous solution reaches the protein (Figure
4.5b), and time points after the protein's exposure to the ferrous solution for varying

durations (Figures 4.5c-¢).

Prior to the ferrous solution reaching the protein (Figure 4.5b), the apo-ferritin's
trapping signal exhibits relatively stable fluctuations, consistent with the observations
in Figure 4.1a. Once the ferrous solution arrives at the trapping site (Figures 4.5¢c and
d), non-uniform patterns emerge in the transmission signal. Notably, certain segments
(highlighted in purple) display reduced fluctuations, suggesting a potential correlation

between iron loading and conformation dynamics of the trapped protein.

These "on-off" (seen as blue-purple) patterns in the signal are explained by the folding
of eight gated pores, or three-fold channels, in ferritin, which is created by assembling
24 identical subunits. Ferritin's three-fold channels, which are hydrophilic due to the
polar side chains aspartate and glutamate lining them, serve as the main channel for
iron ion transport (331,353). Due to the ion channels' unfolding, the apo-ferritin is
dynamically unstable, which causes large-magnitude fluctuations in the trapping

signals (blue segments).
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Figure 4.5: In-situ iron loading into a trapped apo-ferritin. (a) This panel shows the
continuous transmission trace of a single apo-ferritin trapped in the hotspot of a DNH,
which was then exposed to a ferrous solution for over 20 minutes. Turning off the laser
for 5 seconds caused the transmission signal to return to baseline, indicating the
protein was released. (b) Displays a 20-second transmission trace of the trapped apo-
ferritin before the ferrous solution reached the hotspot, along with the probability
density function (PDF) of the trace on the right (blue). For comparison, the red dashed
curve represents the PDF from panel e. (c, d) Show 20-second transmission traces after
the apo-ferritin was exposed to the ferrous solution. Segments with lower RMS are
highlighted in purple, identified by RMS changes as detailed in Figure 4.6. The PDF
plot on the right presents the PDFs of the purple and blue segments, as well as the PDF
of the entire trace (cyan dashed curve). (e) Illustrates a 20-second transmission trace
after the apo-ferritin was exposed to the ferrous solution for more than 20 minutes,
accompanied by the PDF of the trace (red) and the PDF from panel b (dashed blue).
Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0)

When Fe?* binds to all the channels' available sites, the channels fold, making the

protein more rigid and reducing the fluctuations in the trapping signal (purple
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segments). The three-fold channels transport the resultant Fe** to the protein cavity
following the first oxidation of Fe?" at the ferroxidase sites. When the transfer is
complete, these channels unfold again, causing the protein to relax and increasing the
trace's fluctuations (blue segments). The "on-off-on" patterns in the trapping signal are

produced by repeating the mentioned actions.
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Figure 4.6: Level detection using standard deviation changes. Red lines with green circles at
both end mark segments with lower RMS values. A custom MATLAB program was developed
to identify low RMS segments within the trapping traces presented in Figure 4.5. This
program identified the steps based on changes in standard deviation (STD). The red represents
stability regions with similar STD values across traces. A threshold of 0.5 times the maximum
standard deviation (0.5 x max (STD)) was established for step identification. This algorithm
validated segments longer than 500 milliseconds as lower RMS segments. The program
successfully identified these segments and marked them in purple. Following automated
identification, some very closely spaced segments were manually connected to ensure accurate

representation. Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0).

It is noteworthy that the average duration of the on-off cycle observed in this study
aligns with the binding times previously reported through bulk measurement
techniques (353). As reported previously, when ions occupy all ferritin metal binding

sites, it takes approximately 10-20 seconds for the metal to be transported to the
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ferroxidase centres, where it binds and undergoes oxidation to Fe*" (353). The traces
presented in Figures 4.5¢-d suggest that the dwell time for the on and off states ranges
from 2 to 5 seconds. Notably, these dwell times exhibit variability between individual
ferritin molecules, as evidenced by repeated experiments using different DNH
structures, which revealed distinct dwell times of approximately 20 seconds (Figure

4.7).
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Figure 4.7: Two repeat experiments of iron (Fe*") loading on a single apo-ferritin molecule.
(a) The top trace displays a two-minute transmission signal while a single apo-ferritin is
trapped in the DNH structure. The bottom trace shows the transmission signal after the apo-
ferritin is exposed to the ferrous solution, resulting in distinct "on" (blue) and "off" (purple)
patterns. (b) The top trace depicts a twenty-second transmission signal while a single apo-
ferritin is trapped in the DNH structure. The bottom trace illustrates the transmission signal
for twenty seconds after the apo-ferritin is exposed to the ferrous solution, again showing "on"
(blue) and "off" (purple) patterns. All data were acquired at a sampling rate of 1 MHz and then
digitally filtered with a cut-off frequency of 1 kHz. Adapted from (54). Copyright 2023 The
Authors (CC-BY 4.0)
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Furthermore, the observed repetitive on-off patterns, likely induced by ferroxidase
pore gating (conformational change), not only facilitate the entry of additional Fe**
ions into the protein cage but also assist in the translocation of Fe*" from the

ferroxidase centre to the ferritin's internal cavity (313,354).

We ensured that the ferrous solution was continuously supplied to the protein site to
maintain a ratio of Fe?* to ferritin greater than 200:1 (355,356). Following 22 minutes
of iron delivery to the trapping site, the transmission signal amplitude exhibited a
decrease accompanied by reduced fluctuations (Figure 4.5¢). This observation is
confirmed by the decrease in median RMS from 6.8 mV to 5.4 mV (see RMS bar plot,
Figure 4.8), suggesting increased protein rigidity upon iron mineralisation within its

core. This finding aligns with the observations presented in Figures 4.1 and 4.2.

Apo-ferritin Apo-ferritin after 20
before FeZ* min Fe2*

Figure 4.8: Transmission signal RMS before and after biomineralization. (a) RMS of the
transmission signal for a single trapped apo-ferritin (blue) after 20 minutes of exposure to the
Fe?* solution (red) (from Figure 4.5). The asterisks denote that these two data sets are
significantly different with a p-value of 0.0002. Adapted from (54). Copyright 2023 The
Authors (CC-BY 4.0)

Previous studies employing GLC-TEM reported the initiation of iron oxide core
formation within apo-ferritin after 1 hour of biomineralisation (327). However, our
single-molecule data indicate that this biomineralisation process occurs within
approximately 20-30 minutes (marked by the red arrow in Figure 4.5a), significantly

faster than the previously reported timeframe. This accelerated process may be
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attributed to the elevated temperature (~49.8 °C) at the trapping site due to laser
heating.

4.4 Temperature at the trapping site

It is important to note that due to the high absorption at metallic nanostructures, we
ohmic losses happens which result in heating (79). To determine the temperature at
the trapping site, we performed finite-element simulations using COMSOL
Multiphysics (85). Figure 4.9 shows the simulated temperature profile of a double
nanohole at the laser power of 32 mW used in this study. Considering the best-case
scenario, where all the absorbed laser power is converted to heat, the temperature in

the DNH structure is estimated to be 49.8 °C.

this temperature remains below the 56 °C threshold at which ferritin pores have been
observed to melt (357). Additionally, the global structure of ferritin exhibits stability
up to 85 °C (357), suggesting that laser-induced heating does not significantly affect

the overall protein structure.
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Figure 4.9: Simulation estimates of laser heating. (a) Finite-element simulation illustrating
the temperature within the DNH gap as a function of laser power. (b) Finite-element simulation
depicting the temperature profile of the DNH structure when illuminated by a focused 32 mW
laser beam. Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0)

4.5 Control test of iron loading on single ferritin molecules

Control experiments involving the injection of a phosphate buffer solution containing
Fe*" (instead of Fe?") into a DNH containing a trapped apo-ferritin did not yield the
(358)
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Figure 4.10: Introducing iron (Fe**) to the trapped single ferritin molecule. (a) Continuous
transmission trace of a single apo-ferritin trapped within the hotspot of a DNH structure. The
apo-ferritin was subsequently exposed to the ferrous solution for an extended period exceeding
20 minutes. Following laser deactivation for 5 seconds, the transmission signal returned to
baseline, indicating the release of the protein molecule. (b) A 20-second segment of the
transmission trace was recorded before the ferrous solution reached the hotspot, capturing the
behaviour of the trapped apo-ferritin alone. (c) & (d) 20-second segments of the transmission
trace acquired after the apo-ferritin was exposed to the ferric solution. These segments
illustrate the response of the apo-ferritin to the presence of ferric ions, which is expected to
differ from the response to ferrous ions (as shown in Figure 4.5). (e) A 20-second segment of
the transmission trace was recorded after prolonged exposure of the apo-ferritin to the ferric
solution (over 20 minutes). This segment provides additional information about the interaction
between the apo-ferritin and ferric ions. Adapted from (54). Copyright 2023 The Authors (CC-
BY 4.0)

observed on-off pattern (Figure 4.10). As the iron-binding sites in ferritin specifically bind to

ferrous (Fe*") ions (358), we conducted a control experiment where apo-ferritin was exposed
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to ferric iron (Fe**) solutions. Figure 4.10a shows the transmission signal of the DNH with
apo-ferritin trapped in the PB solution. We then replaced the solution in the chamber with a 2
mM ferric solution while keeping the protein trapped. Figures 4.10b-d illustrate the optical
trace after the apo-ferritin was exposed to the ferric solution for 8 minutes, 15 minutes, and
20 minutes, respectively. No “on-off” patterns were observed. Figure 4.11compares the RMS
of the optical trace obtained before apo-ferritin was exposed to the ferric solution (trace shown
in Figure. 4.10b) and after 20 minutes of exposure (trace shown in Figure 4.10e). The lack of
significant difference in the RMS between the two traces suggests that apo-ferritin retained its
relatively flexible conformation, indicating no iron loading occurred. These Figures confirm

that the “on-off” patterns observed in Figure 4.5 are due to the iron-loading activity of ferritin.

Apo-ferritin Apo-ferritin after 20
before Fe3* min Fe®*

Figure 4.11: RMS of 20-second transmission traces was measured for a single apo-ferritin
molecule both when trapped in PB solution and after exposure to a Fe** solution for over 20
minutes. The analysis showed no significant difference (p = 0.119) between the RMS values

from these two conditions. Adapted from (54). Copyright 2023 The Authors (CC-BY 4.0)

4.6 Conclusion

This study presented the first experimental demonstration of the dynamic differences
between individual, unlabelled apo- and holo-ferritin molecules using an optical
nanotweezer system. This precise optical setup facilitated the differentiation of apo-
and holo-ferritin at the single-molecule level and enabled the label-free monitoring of

a single apo-ferritin's real-time conversion into holo-ferritin.
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Detailed analysis revealed that the optical trapping signals from the same DNH
structure, when trapping different protein forms (apo- or holo-ferritin), provided two
effective parameters for discrimination between these two forms: 1) RMS of the
trapping signal: consistent with the inherent structural stability of holo-ferritin, it
exhibited a lower RMS compared to its apo counterpart. 2) Transmission signal change:
trapping holo-ferritin resulted in a 41% larger average change in the transmission
signal (Table 4.1) compared to apo-ferritin. This can be attributed to the higher

polarisability of holo-ferritin due to its larger size and increased conductivity.

Furthermore, this work provides the first experimental evidence for in situ iron loading
into a single, unmodified apo-ferritin molecule. By analysing the transmission signals,
we tracked the structural dynamics of ferritin related to the gating behaviour of its
three-fold channels. These channels undergo unfolding (on) and folding (off) cycles,
allowing Fe*" entry into the ferroxidase centres (unfolding) and facilitating the transfer
of Fe** to the protein core (folding). Monitoring this process associated with the
biomineralisation of iron ions within ferritin opens exciting possibilities for precise
control of protein cages for drug delivery in living systems and metal nanoparticle

encapsulation.
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Chapter 5: Structural Dynamics and
Disassembly of Single Ferritin

Molecules

In the previous chapter, we extensively explored the structural dynamic differences
between apo- and holo-ferritin and the effect of iron loading on single ferritin
molecules. In this chapter, we investigate the effect of iron loading on single ferritin
molecules using optical nanotweezers. Additionally, we analyse the impact of acidic
pH on the structure of ferritin and track the disassembly of individual ferritin
molecules in acidic environments. Notably, the results of this chapter are published in

reference (55).

5.1 Introduction

Ferritin comprises a spherical cage formed by 24 identical subunits (24-mer) (359,360).
It sequesters iron in the form of a ferrihydrite (Fe**) core, strategically located within
its central cavity. Upon cellular demand, ferritin releases iron as ferrous iron (Fe?*)
through a controlled mechanism (361,362). This released Fe*" is vital for cellular
function, particularly in preventing oxidative damage (361,362). Its participation in
the Fenton reaction, involving the decomposition of hydrogen peroxide and interaction
with reactive oxygen species (ROS), highlights its importance in maintaining cellular

redox balance (361,362).

The mobilisation of iron from the ferritin core is facilitated by various reductants
interacting with the protein through its 3-fold channels (93,363). Ascorbic acid (AA),
a key player in cellular metabolism, acts as a reducing agent to promote iron release
from ferritin (364). Notably, patients with hemochromatosis, a genetic disorder
characterised by iron overload, exhibit lower ascorbate levels compared to healthy
individuals (365) This deficiency necessitates ascorbate supplementation during

chelation therapy, a treatment strategy for iron overload. However, high ascorbate
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levels can be detrimental, as the Fenton reaction can generate free radicals, potentially
damaging proteins, lipids, and DNA (366). Additionally, high ascorbate concentrations
can create an acidic environment, potentially impacting ferritin dynamics and iron
release mechanisms (87). Studies have shown that ferritin disassembles under
extremely acidic conditions (pH < 2), but it can reassemble at higher pH values due to

electrostatic interactions (367).

These unique properties of ferritin, particularly its ability to store and release iron in a
controlled manner, make it a promising candidate for various biomedical applications.
Its potential application spans drug delivery systems (96,99) and imaging techniques
(368,369). However, to fully harness its potential for these applications, a deeper
understanding of ferritin's behaviour under diverse conditions, including the influence
of various reductants like ascorbate, is essential (98). This knowledge will help in

developing optimised ferritin-based therapeutic strategies.

Ferritin's response to pH changes has been extensively studied using various analytical
tools. Techniques like gel electrophoresis (370) circular dichroism (371)
ultracentrifugation (372) and fluorescence microscopy (373) have provided valuable
data on the reversible disassembly and assembly of ferritin at different pH levels.
Additionally, small-angle X-ray scattering (SAXS) has offered detailed insights into
the pH-dependent structural alterations and assembly kinetics of ferritin at the
population level (367). However, a key limitation of these bulk measurement
techniques is that they only offer an averaged response for the entire protein population,

failing to capture the heterogeneity present within the sample (374).

Recent advancements have witnessed the application of high-speed atomic force
microscopy (HS-AFM) and molecular dynamics (MD) simulations to investigate
ferritin disassembly and reassembly at a single-molecule level (324). Maity et al. (324)
employed these techniques to observe the real-time behaviour of individual ferritin
molecules under acidic conditions. Their study revealed a two-stage disassembly
process involving pore formation through the 3-fold channels and fragmentation into
dimers. This work provides significant insights into the dynamics of subunit-subunit
interactions during ferritin disassembly. Nevertheless, HS-AFM is limited by the
rigidity of its cantilever, potentially hindering the capture of certain intermediate steps

and subtle domain movements within the disassembly process (29). Conversely,
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although MD simulations offer valuable information on protein behaviour, their short
simulation times (typically nanoseconds) pose a challenge in accurately tracking large
domain movements within biological entities such as ferritin (375). Therefore, fully
grasping the dynamic and kinetic behaviours of single, native ferritins—particularly
their iron binding, release, and interactions with other biomolecules—remains difficult

with these methods.

Building upon our previous work (Chapter 4) demonstrating the use of optical
nanotweezers to monitor dynamic changes in individual, unmodified ferritins during
in-situ iron loading (54), this study investigates the structural flexibility and
disassembly kinetics of single ferritin molecules under two distinct conditions:
exposure to ascorbic acid (reducing agent) and acidic environments. Our findings
reveal that ferritin exhibits increased structural fluctuations at ascorbic acid
concentrations approaching saturation, attributable to substantial iron release caused
by the reducing agent. Additionally, when exposed to a highly acidic environment (pH
2), ferritin shows evident instability, that ultimately leads to a stepwise disassembly
process. This work represents the first instance where the disassembly pathway of
single ferritin molecules has been tracked, along with the temporal duration of each
intermediate fragment during the disassembly process. Furthermore, to validate the
existence of these intermediate fragments at pH 2, we employed a recent application
of interferometric scattering known as Mass Photometry (MP) (189). This
complementary technique confirmed the presence of the intermediate fragments at pH
2. Understanding the disassembly process of ferritin at a single-molecule level sheds
light on a critical initial step for exploiting ferritin's potential in nanotechnology-based

applications, such as drug delivery and bio-imaging (96,98,99).

5.2 DNH structures used in this study

In this study, we employed five different DNH nanostructure designs, detailed in
Figure 5.1. Although we used the same FIB parameters described in the materials and
methods section, variations in gap size were observed. As previously explored in our
research, these differences in gap size can potentially affect the transmission signal

(54).
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#1 #2 #3 #4 #5

Figure 5.1: Scanning electron microscopy (SEM) images of the five DNH structures utilised
throughout this study. All images are captured at a 20° tilt angle for optimal visualisation of
the gap. The inset within panel #1 indicates the polarisation direction of the incident light
beam. For clarity, the specific DNH structures employed in each subsequent Figure are
explicitly identified within the corresponding Figure captions. Adapted from (55). Copyright
2024 The Authors.

5.3 Effect of ascorbic acid (AA) on the dynamic of single ferritin molecules

Ascorbic acid (vitamin C) acts as a reducing agent, facilitating the conversion of ferric
iron (Fe*") into ferrous iron (Fe?*). This reduction process, however, is accompanied
by an increase in the production of reactive oxygen species (ROS), particularly
hydroxyl radicals (*OH). (376) As depicted in Eq. 5-1, this oxidation reaction leads to

the formation of ascorbyl radicals and ferrous ions:
Fe (IID+ AscH — Fe (I) + AscH" 5-1

The ascorbyl radical, a transient intermediate, subsequently reacts with molecular
oxygen (0O2) in a regeneration step (Eq. 5-2). This reaction reforms ascorbic acid and

generates the superoxide anion (O2 ~¢):
AscH + O, = AscH-+ 0, ** 5-2

Both the superoxide radical and the ascorbate radicals interact with ferritin, the
primary iron storage protein within cells. These interactions facilitate the conversion
of ferric iron stored within the ferritin core to ferrous iron, thereby promoting the

mobilisation of iron from the protein (Eqgs. 5-3 and 5-4): (377,378)

AscH+ Fe (III) — Asc™ + Fe (II) 5-3
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02 * + Fe (III) — O, + Fe (1) 5-4
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Figure 5.2: Impact of ascorbic acid on the dynamics and iron release of ferritin. (a) The
cartoon depicts a schematic representation of ferritin before and after exposure to ascorbic
acid. The illustration highlights the permeation of ascorbate and ferrous iron (Fe*") through
the 3-fold channels of the protein. (b) Continuous transmission traces acquired during the
trapping of a single ferritin molecule within a phosphate buffer (PB) solution. The traces depict
the sequential introduction of increasing ascorbic acid concentrations at the trapping site,
followed by the eventual release of the ferritin. (c) Five-second selections of the transmission
traces from panel (b) for the same trapped ferritin exposed to various ascorbic acid
concentrations. The positions of these selections are indicated by arrows within panel (b). (d)
The box plots represent the normalised RMS values calculated every 0.5 seconds from the
five-second traces shown in panel (c). The data were Gaussian-filtered at a cut-off frequency
of 1 kHz. White lines within each box plot show the median value for the corresponding
dataset. The boxes represent the interquartile range, covering the 25th and 75th percentiles of
the data. (e) This panel displays the PDF for the five-second transmission traces of a single
ferritin molecule exposed to different ascorbic acid concentrations. The data were acquired at
a sampling rate of 1 MHz and subsequently Gaussian-filtered at cut-off frequencies of 1 kHz
and 10 Hz. Statistical significance testing (p < 0.0001 for all comparisons) was performed on
the normalised RMS data presented in this Figure. DNH structure #1, whose SEM image is
shown in Figure 5.1, was used for this experiment. Adapted from (55). Copyright 2024 The
Authors.

Figure 5.2a depicts the proposed mechanism of ascorbate-mediated iron release from
ferritin. Ascorbic acid diffuses into the ferritin core through the 3-fold channels, where
it binds to ferric ions (Fe**) at the ferroxidase centre (379). This binding facilitates the
reduction of ferric ions to ferrous iron (Fe*"), leading to their subsequent release from
the protein (379). Figures 5.2b and 5.2c show the transmission signals of a trapped
ferritin molecule exposed to different ascorbic acid concentrations. The intensity of
the transmitted light correlates with the conformation of the trapped protein. Therefore,
the RMS of the optical signals reflects the fluctuation in protein conformation (54).
The RMS values of the traces in Figure 5.2d, along with a repeat experiment presented
in Figure 5.3, reveal a significant increase in the dynamic behaviour of ferritin at

higher ascorbic acid concentrations.
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Figure 5.3. Repeating test on the effect of AA on the dynamics of a single ferritin molecule.
(a) This panel displays the transmission signal recorded during the trapping of a single ferritin
molecule within DNH structure #2 (refer to Figure 5.1 for the SEM image). The signal depicts
the response to varying AA concentrations (1 mM, 5 mM, and 10 mM). (b) This panel presents
the normalised RMS values calculated from 5-second segments of the transmission signal in
panel (a). The RMS values were obtained while the trapped ferritin was exposed to different
ascorbic acid concentrations within a phosphate buffer (PB) solution. The data were collected
every 0.5 seconds and subsequently subjected to Gaussian filtering at a cut-off frequency of 1
kHz. The box plot illustrates the interquartile range, encompassing the 25th and 75th
percentiles of the data. (c) This panel illustrates the probability density function (PDF) for the
5-second transmission traces acquired from the single ferritin exposed to different ascorbic
acid concentrations. The data were initially acquired at a sampling rate of 1 MHz and then
processed using a Gaussian filter with cut-off frequencies of 1 kHz and 10 Hz. Adapted from
(55). Copyright 2024 The Authors.

Introducing 1 mM and 5 mM ascorbic acid solutions to the trapped ferritin resulted in
21% and 110% increases in RMS, respectively. This observation suggests an

accelerated rate of iron chelation and subsequent release of ferrous ions at higher
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ascorbate concentrations (377). The enhanced protein dynamics likely arise from the
opening and closing of 3-fold channels as ascorbate anions cross these channels and
interact with residues like cysteine (380,381). A concentration of 10 mM ascorbic acid
resulted in an RMS value that remained higher than 1 mM but lower than 5 mM
(Figure 5.2d). This can be attributed to saturation kinetics, where the available binding
sites for interaction between ascorbate and the iron core become limited, leading to
the formation of surface complexes, as reported previously (377). Furthermore, the
opening of channels facilitates the permeation of ascorbate and ferrous iron, ultimately
accelerating the dissolution of the ferric core (380). The reduction of the ferric core,
which acts as a ligand for ferritin, destabilises the protein due to diminished ligand
binding (54). Also, the transmission trace for 10 mM ascorbic acid (Figure 5.2¢)
following exposure for more than 40 minutes displays slower fluctuations with larger
amplitudes, further evidenced by the wider distribution of the probability density
function (PDF) at 10 mM AA (Figure 5.2¢).

This channel-gating behaviour mentioned above is also observed when apo-ferritin is
exposed to AA. Figure 5.4 investigates the effect of AA on a single apo-ferritin
molecule, which lacks an iron core. The experiment involves trapping the apo-ferritin
in the absence of ascorbic acid, followed by exposure to 5 mM AA solution in different
time sets. We observed a subsequent increase in the RMS value of the transmission
signal upon exposure. This change in RMS suggests fluctuations in the protein
conformation, potentially due to the opening and closing of ferritin channels. We
attribute this dynamic behaviour to the interaction between electron donors, such as
superoxide anion (O2+—) or ascorbate anion (AscH-), previously reported, or ascorbate
radical (Asce-) (380), with the residues present within the ferritin channels (381).
Notably, Figure 5.4 demonstrates that these interactions can occur within the channels

even when the iron core (Fe*") is absent.
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Figure 5.4: Effect of AA on single apo-ferritin (a) This panel presents the continuous
transmission signal recorded during the trapping of a single apo-ferritin molecule within the
hotspot of a DNH structure #5 (refer to Figure 5.1 for the SEM image). The apo-ferritin,
initially trapped within a phosphate buffer (PB) solution, is subsequently exposed to 5 mM
ascorbic acid. (b-f) These panels display magnified selections (5 seconds each) of the
transmission signal from panel (a). Each selection corresponds to a specific time point
indicated within panel (a). (g) The normalised RMS values calculated for the transmission
traces are presented in this panel. The RMS values were obtained for every 0.5-second
segment of the traces shown in panels (b-f) after applying a digital filter with a 1 kHz cut-off
frequency. The box plot illustrates the interquartile range, encompassing the 25th and 75th
percentiles of the data. (h) This panel shows the PDF for the 5-second transmission traces
presented in panels (b-f) after applying a Gaussian filter with a 10 Hz cut-off frequency.
Adapted from (55). Copyright 2024 The Authors.

5.3.1 Impact of high AA concentration on the single ferritin transmission
signal

Exposing ferritin to high AA concentrations (1.5 M) resulted in a strongly acidic

solution (pH = 2) and triggered the disassembly of the protein (Figure 5.5a). This
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disassembly process proceeded in a stepwise manner, with the complete escape from
the trap taking approximately 12 minutes after high concentrations of AA solution
arrived at the trapping site. Notably, the RMS value exhibited a simultaneous increase
during this timeframe, potentially reflecting the unfolding of ferritin channels due to
their destabilisation (Figure 5.5b-d). Furthermore, to explore the specific effects of an
acidic environment on ferritin structure, we investigated the conformational dynamics
of individual ferritin molecules subjected to controlled variations in pH within the

trapping environment which we will discuss in following sections.
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Figure 5.5: Disassembly of a single ferritin exposed to 1.5 M AA. (a) The trace highlights the
trapping event for the ferritin molecule (marked by a star), subsequent exposure to 1.5 M
ascorbic acid (indicated by an arrow), the disassembly process (magnified in the inset), and
finally, the release of the ferritin upon laser deactivation. (b, ¢) These panels display magnified
20-second selections of the transmission signal from panel (a). Panel (b) focuses on the pre-
exposure period (marked by the arrow), while panel (c) represents the behaviour during
exposure to 1.5 M ascorbic acid. (d) This panel presents a boxplot depicting the normalised
RMS values calculated for the 20-second transmission traces shown in panels (b) and (c) at
0.5-second intervals. Data acquisition was performed at a sampling frequency of 1 kHz.
Asterisks indicate statistically significant differences between datasets (***p < 0.0015). DNH
Structure #2 used in this experiment (as depicted in Figure 5.1). Adapted from (55). Copyright
2024 The Authors.
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5.4 Effect of acidic pH on the dynamic of single ferritin molecules

To clarify the influence of pH on ferritin dynamics, individual ferritin molecules were
trapped at a neutral pH of 7.4. Subsequently, the surrounding environment was
sequentially exposed to acidic solutions with decreasing pH values ranging from 6.0
to 2.0 (as depicted in the transmission traces of Figures 5.6a, b). The normalised RMS
values calculated from the traces at pH 7.4 to 3.0 remained relatively stable, ranging
between 0.005 and 0.01 (Figure 5.6¢). This observation suggests a structurally stable

conformation of ferritin within these solutions.

Ferritin is a protein complex composed of 24 subunits categorised as either heavy (H)
or light (L) chains. The L-chains exhibit greater structural stability due to the presence
of hydrogen bonds and salt bridges between subunits (367,382). Consistent with this,
the equine spleen ferritin used in this study displayed a relatively stable structure at
acidic pH values, likely attributable to the predominance of L-chain subunits
(360,367,382). However, a significant increase in RMS (140%) was observed upon
transitioning to a pH of 2.0 (Figure 5.6¢). This dramatic rise indicates a substantial

increase in protein dynamics in this acidic condition.

The observed mechanical instability of ferritin at pH 2.0 is thought to be a consequence
of protein swelling, followed by monomer rotation and subsequent dimer movement
within the 3-fold channels, ultimately leading to channel opening (324,367,383). As
previously reported, this channel opening mechanism might facilitate the dissolution

of the ferrihydrite core before disassembly (324,384,385).
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Figure 5.6: Conformational dynamics of a trapped ferritin under varying pH conditions (a)
This panel presents a continuous transmission trace recorded during the experiment. The trace
depicts a single ferritin molecule initially trapped at pH 7.4. Subsequently, solutions with
progressively decreasing pH values (6.0, 5.0, 4.0, 3.0, and 2.0) were introduced sequentially
at the trapping site. Notably, the transmission signal displayed a decrease in intensity over
time following exposure to pH 2.0, eventually returning to baseline levels. (b) This panel
showcases magnified 5-second segments of the transmission signal from panel (a). Each
segment corresponds to a specific pH value (7.4, 6.0, 5.0, 4.0, 3.0, and 2.0) experienced by
the trapped ferritin molecule in sequence. (¢) The boxplots in this panel depict the interquartile
range for the normalised RMS values calculated every 0.5 seconds from the 5-second traces
shown in panel (b). The data were subjected to Gaussian filtering at a cut-off frequency of 1
kHz. The inset cartoon illustrates the hypothesised opening of the 3-fold channels within the
ferritin structure upon exposure to the highly acidic environment (pH 2.0). Statistical
significance testing revealed p-values less than 0.0001 (p < 0.0001) when comparing the

normalised RMS at pH 2.0 with all other pH values. Comparisons between the remaining pH
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values did not yield statistically significant differences. (d) This panel displays a PDF for the
5-second transmission traces presented in panel (b) after applying a Gaussian filter with a cut-
off frequency of 10 Hz. The data were initially acquired at a sampling rate of 1 MHz and
subsequently processed using Gaussian filters with cut-off frequencies of 1 kHz (panels b and
¢) or 10 Hz (panel d). DNH structure #1 (refer to Figure 5.1 for the SEM image) was used for
this experiment. Adapted from (55). Copyright 2024 The Authors.

5.5 Tracking disassembly kinetic and fragmentation of single ferritin

molecules

Our approach tracks the complete disassembly kinetics of ferritin upon exposure to an
acidic solution (pH 2.0) within the trapping chamber (Figure 5.7a). The stepwise
reductions observed in the transmission signal (Figure 5.7b) directly correlate with
the sequential dissociation of ferritin subunits. As this dissociation progresses, the
molecular weight of the remaining protein fragment in the trap decreases,

consequently affecting the transmission signal.

The transmission signal intensity in DNH structures is directly influenced by the
trapped biomolecule's refractive index, which is in turn determined by the molecule's
polarisability (386). Three key parameters contribute to the overall polarisability of a
single protein: dielectric constant, volume, and shape (387). In this study, the ferritin
subunits exhibit similar dielectric constants due to their predominant composition of
L-chains (382,387). Additionally, assuming a uniform mass density for the oligomers,
their volume scales linearly with their molecular weight. Furthermore, approximating
the protein shape as spherical, a linear relationship is expected between the particle

volume and the transmitted signal within DNH structures, as previously reported (268).

This linear relationship is further validated by the finite element method (FEM)
simulation presented in Figure 5.7c-d. Consequently, our approach enables
quantitative monitoring of the ferritin disassembly process. Spherical particles (with a
refractive index of 1.8) with radii ranging from 1 to 8 nm in 1 nm intervals were
positioned at the bottom of the DNH gap (Figure 5.7c). A plane-wave incidence along
the z-axis at 852 nm was used as the light source, with the polarisation indicated by
red arrows in Figure 5.7c. We consider the transmission value without the particle as
the baseline (7)). The relative transmission difference was calculated as (7-7))/ 7o,

where T is the transmission value for different spheres. Figure 5.7d demonstrates a
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clear linear correlation between these parameters. This finding reinforces the
reliability of our method in tracking the disassembly process by confirming the
expected linear relationship between particle size and transmission signal within the

DNH hotspot.
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Figure 5.7: Disassembly kinetics of single ferritin molecules. (a) Continuous transmission
trace depicting the complete disassembly of a single ferritin molecule upon exposure to pH
2.0. The trace exhibits distinct reductions in intensity, signifying sequential disassembly
events. The insets show magnified segments potentially corresponding to the presence of a
single tetramer (orange) or the co-existence of two dimers (red) within the trapping site. The
normalised RMS values for these potential intermediates are displayed on the right, with
asterisks indicating statistically significant differences compared to the baseline (p < 0.005).
Crystal structures retrieved from the Protein Data Bank (PDB: 1IER) are included alongside
the insets. These structures represent potential protein conformations corresponding to the
observed transmission levels. (b) This panel provides a magnified view of the blue-shaded
region in panel (a), focusing on the ferritin fragmentation process during disassembly. The "+"
symbols highlight specific points in the trace that potentially correspond to remaining protein
fragments, including 24-mer, 22-mer, 16-mer, and either a tetramer or two dimers. These

potential disassembly stages are further supported by the peaks observed in the probability
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density function (PDF) on the right (with the magnified PDF region shown in transparent blue).
DNH structure #2 (refer to Figure 5.1 for the SEM image) was used for this experiment. (c)
Simulation of the electric field enhancement distribution in the DNH structure in both the y-z
and x-y planes, with a spherical particle of 1.8 refractive index and a 6 nm radius positioned
in the DNH trap. (d) Illustration of the correlation between particle size (ranging from 1 nm
to 8 nm in radius) and the transmission signal within the DNH hotspot. Adapted from (55).
Copyright 2024 The Authors

The maximum transmission intensity observed during the disassembly process (24mer)
corresponds to the signal from a fully assembled ferritin molecule containing 24
subunits. Conversely, the transmission level at which the protein is released from the
trap is denoted as Vpnu. To facilitate quantitative analysis, the transmission signal
(APD signal) was linearly normalised. Here, the signal from trapped ferritin (¥24mer)
was assigned a value of 100%, while the signal from the empty DNH structure (Vpnn)
was set to 0%. Under the assumption of a spherical protein shape, each individual
subunit is estimated to contribute approximately 4.17% to the overall optical signal.
Based on this assumption, we correlated each distinct decrease in the APD signal with

the dissociation of a specific number of subunits.

Table 5.1 summarises the obtained mean values of the APD signals for each plateau
observed in Figure 5.7, along with their corresponding normalised values and the
estimated number of remaining subunits. The initial drop in the signal by 10% suggests
the dissociation of a dimer, leaving behind a 22-mer ferritin complex. This is followed
by a series of reductions in the trapping signal — 30%, 45%, 70%, 80%, and 95-100%
— attributed to the sequential dissociation of subunits, resulting in 16-mer, 12-mer, 8-
mer, tetramer, and dimer forms, respectively. Disassembly steps were identified by
analysing deviations from the mean value of the transmission signal, with zoomed-in

views of these steps presented in Figure 5.8.
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Table 5-1: Disassembly of single ferritin molecules when exposed to pH 2.0. Adapted from
(55). Copyright 2024 The Authors.

Vimean (mV) VX mer — VD NH Ferritin

Vaamer = Vonn Fragments

1200 100% 24-mer
1154 91% 22-mer
1024 68% 16-mer
943 53% 12-mer
890 44% 10-mer
810 29% 8-mer
730 16% 4-mer
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Figure 5.8: Disassembly stages of single ferritin at pH 2.0 (expanded view). This Figure

presents magnified views of the disassembly trace observed for a single ferritin molecule upon
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exposure to pH 2.0 (corresponding to the disassembly trace displayed in Figure 5.7). The grey
horizontal lines indicate the mean transmission levels for each plateau identified in Table 1.
The dashed vertical lines highlight the duration between the time point when the filtered (1
kHz) transmission signal deviates from the upper level and the time it reaches the lower level.
The data are presented in three forms: raw (blue), digitally filtered at 50 kHz (yellow), and
digitally filtered at 1 kHz (red). Adapted from (55). Copyright 2024 The Authors.

Figure 5.8 offers close-up views of the transitions between different steps as depicted
in Figure 5.7. These transitions occur within a timescale of 12 ms to 70 ms. However,
this transition time encompasses both the dissociation of the ferritin subunits and the
departure of the smaller fragments from the trapping site, rather than solely reflecting

the dissociation dynamics.

We observed that ferritin subunits primarily dissociate in units of single or multiple
dimers. This behaviour can be attributed to the structural stability of the protein's 2-
fold axis. The 24 subunits within a ferritin molecule interact through hydrogen bonds
and electrostatic interactions, forming structures with 2-, 3-, and 4-fold symmetries.
(367,388,389) Among these, the 2-fold axis exhibits the greatest stability due to the
presence of the highest number of interaction sites. Conversely, the 3-fold axis,
characterised by the fewest interaction sites, is the weakest point in the structure.
(367,389) Consequently, the initial disassembly of ferritin is highly likely to occur
within one of these 3-fold channels (367).

Out of five individual ferritin disassembly experiments, four displayed a characteristic
stepwise disassembly signal (excluding one instance where the protein was suddenly
released from the trap, detailed in Figure 5.9). These experiments are designated as
Tests 1, 2, 3, and 4. Test 1 corresponds to the data presented in Figure 5.7 and Table
5-1. The disassembly traces for Tests 2 and 3 are provided in Figures 5.10 and 5.11,
respectively. Additionally, Test 4 investigates the disassembly process of apo-ferritin
(ferritin without an iron core) at pH 2.0, with the corresponding transmission trace

shown in Figure 5.12.
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Figure 5.9: A trace of single ferritin disassembly when exposed to pH 2, exhibiting non-
stepwise behaviour. Data was acquired at 1 MHz, with 1 kHz filtered data displayed in this

Figure. (DNH structure #2 was used for this test, as shown in Figure 5.1). Adapted from (55).
Copyright 2024 The Authors.
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Figure 5.10: Complete trace of stepwise disassembly for test 2. Data was acquired at 1 MHz

and filtered to 1 kHz. (DNH structure #3 was used for this test—refer to Figure 5.1). Adapted
from (55). Copyright 2024 The Authors.
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Figure 5.11: Disassembly trace of test 3. (a) The transmission trace illustrates the disassembly
of ferritin at pH 2.0, including the process of turning off the laser to release the dimer
fragments from the trap. (b) A magnified view of the ferritin disassembly highlights the
distinct stepwise progression. The right panel provides an enlarged section of the trace,
emphasising the disassembly steps. (c) An enlarged section of the transmission signal captures
the moment when two dimer fragments are present in the DNH hotspot. The right panel shows
the normalised RMS of the 2-second transmission segments marked in the trace, indicating
the presence of one tetramer and two dimers in the trap. (DNH structure #4 was used for this

test—refer to Figure 5.1). Adapted from (55). Copyright 2024 The Authors.

Figure 5.12 illustrates the effect of pH 2 on the disassembly of apo-ferritin (previous
experiments in this chapter were on holo-ferritin). To enable a more detailed
comparison, individual apo-ferritin molecules were trapped and exposed to the acidic
environment of pH 2, revealing a stepwise disassembly pattern similar to that seen
with holo-ferritin (Figures 5.7, 5.10, and 5.11). This disassembly process is attributed
to protonation within the protein shell, which facilitates the dissociation of the
structure (367). As depicted in Figure 5.12b, the 24-mer ferritin dissociates into 16-
mer and 12-mer fragments. After reaching the 12-mer state, there is a sudden drop in

the transmission signal (marked with an asterisk in Figure 5.12b). This decrease in the
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transmission signal is likely due to a change in the shape of the 12-mer ferritin
fragments, which affects the molecule's polarisability and thus alters the transmission
signal. Despite this change, the fragments appear to revert to their original

conformation before ultimately breaking down into even smaller subunits.
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Figure 5.12: Exposure of Single apo-ferritin to pH 2. (a) The transmission trace captures the
behaviour of a DNH structure with an apo-ferritin protein initially trapped at pH 7.4, which is
then subjected to an acidic environment of pH 2. The gradual decrease in the transmission
signal over time signifies the protein's disassembly process. (b) The highlighted segment in
panel (a) demonstrates the step-by-step disassembly of the 24-mer apo-ferritin into smaller
fragments. The right panel zooms in on one of the disassembly steps highlighted on the left.
(c) The table lists the average values of the disassembly steps and the ferritin fragments that
remained within the DNH trap. (d) The normalised RMS values, associated with the
disassembly stages from the 12-mer state to when the DNH is empty, are presented. The data,
filtered using a Gaussian filter at 1 kHz, includes the 25th and 75th percentiles. (DNH structure
#3 was utilised for this test—refer to Figure 5.1). Adapted from (55). Copyright 2024 The
Authors.
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All four transmission traces exhibit distinct reductions in signal intensity upon
exposure to pH 2.0, followed by complete protein release reflected by a return to

baseline levels.

Figure 5.13a uses Equation 5-5 to estimate the number of remaining subunits based
on the observed transmission level during the disassembly process, as described

previously.

(= Vxmer —VDNH 5-5

Va4mer — VDNH

The high sensitivity of optical nanotweezers allows for the high resolution of the
ferritin disassembly pathway, revealing the formation of distinct intermediate
fragments (Figure 5.13a). This level of detail surpasses the capabilities of other single-
molecule techniques. Our observations consistently demonstrate that holo-ferritin
disassembly initiates with the dissociation of a single dimer, resulting in a 22-mer
intermediate trapped within the optical nanotweezers. Notably, the 22-mer fragment
can further dissociate into various smaller structures during the disassembly process.
Despite the observed variability in the fragmentation pathways across three
independent holo-ferritin disassembly experiments (tests 1-3), specific subunit
assemblies (22-mer, 12-mer, 4-mer, and 2-mer) consistently maintain their structural

integrity throughout the disassembly process, as highlighted in Figure 5.13a.

It is crucial to mention that the above analysis relies on the assumption that the
oligomers possess a spherical shape. However, anisotropic (non-spherical) shapes can
lead to a greater change in transmission compared to their spherical counterparts (268).
In Figure 5.13a, lines were drawn connecting the 24-mer state to the 0-mer state for
each of the four datasets. While the majority of data points closely follow these lines,
there are slight deviations observed, with some points falling above the linear trend.
These somewhat higher transmission values might be attributed to the anisotropic
shape of the disassembled fragments. An anisotropic shape could lead to a higher
overall polarisability compared to a perfect sphere, potentially explaining the observed

deviations.

The normalised RMS values presented in Figure 5.13b, show the transition from 12-mer

structures to the release of disassembled fragments, aligning with previous studies
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Figure 5.13: Kinetic analysis of single ferritin molecule disassembly. (a) Estimated number
of remaining subunits within the trap during disassembly across four experiments: three for
holo-ferritin (tests 1-3) and one for apo-ferritin (test 4). The number of subunits at each stage
was calculated using Equation 5 from the manuscript, with red dashed lines connecting the
24-mer state (100% transmission) and the O-mer state (0% transmission). (b) This panel
presents the normalised RMS values for the disassembly steps observed in the three holo-
ferritin experiments (tests 1-3), covering the transition from the 12-mer fragment stage to the
point of protein release from the trap. (c) The dwelling time of individual subunits within the
trap is shown for tests 1-3 (holo-ferritin disassembly), excluding tetramer and dimer data due
to the potential coexistence of dimers from tetramer dissociation. (d) This panel displays mass
photometry (MP) results for ferritin at pH 2.0 at 1, 3, and 60 minutes, along with a reference
measurement at pH 7.4. The PDF is normalised to the maximum count for a fair comparison.
The asterisk and circles highlight the disappearance of intermediate subunit peaks at pH 2.0.
Sample interferometric contrast images for ferritin at both pH 7.4 and pH 2.0 are provided on
the same contrast scale, with a field of view of 10.8 x 6.8 pm. See Figure 5.14a for MP graphs
related to buffer (pH 7.4) with and without ferritin (e) Size-exclusion chromatography (SEC)
results are shown for ferritin at pH 7.4 (blue), pH 2.0 (red), and pepsin at pH 2.0 (black) for
comparison, with peak positions of protein markers in pH 7.4. See Figure 5.14b for the peak

positions of protein markers in pH 7.4. Adapted from (55). Copyright 2024 The Authors.
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demonstrating that the RMS value of the transmission trace decreases as the size of
trapped globular proteins reduces (386). Interestingly, our observations suggest that
smaller fragments exit the trap immediately following their disassembly. This is
supported by the consistent RMS values within each transmission level. If two
fragments were to co-exist within the trapping site, their Brownian motion would
introduce additional noise into the transmission trace compared to that observed for a
single entity. However, except for tetramers (or potentially two co-existing dimers),
we did not detect instances of two fragments simultaneously residing within the trap.
Tetramers, or pairs of dimers, exhibit identical sizes, and their presence can indeed
lead to a noticeable increase in noise within the transmission trace, as exemplified in

Figure 5.7a and Figure 5.11c.

The high RMS value observed for the 12-mer fragment can be attributed to its large
accessible surface areas at subunit interfaces. These extensive interfaces result in a
reduced number of hydrogen bonds formed by inter-dimer interactions, as reported
previously (383). While prior investigations into ferritin disassembly and assembly
kinetics have utilised techniques such as circular dichroism with SAXS and native
PAGE (390-392), these methods primarily focused on bulk measurements.
Disassembly kinetics at the single-molecule level remained largely unexplored. The
application of optical tweezers offers the unique advantage of resolving the dwell time
of each subunit during disassembly, with a sensitivity reaching millisecond timescales
(Figure 5.13c). Our observations unveil a cooperative disassembly process, where the
disassembly of individual subunits facilitates and accelerates the overall disassembly
of the entire structure. This cooperative mechanism has been previously supported by
simulation studies (393). It is important to note that the dwell time measurements for
tetramers and dimers may not be entirely accurate. Tetramers can dissociate into two
dimers, and these fragments might coexist within the trap, as illustrated in Figure

5.13a.

To further validate our findings on single-molecule ferritin fragmentation at pH 2, we
employed mass photometry (MP) as a complementary single-molecule approach. The

results are presented in Figure 5.13d.
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Figure 5.14: Mass photometry analysis of ferritin at buffer pH 7.4 and FPLC profiles of
protein markers. (a) MP of T50 buffer pH 7.4 with and without 50 nM ferritin (b) FPLC
chromatograms of protein markers with ferritin (blue) and without ferritin (red) were used to

verify the peak position of ferritin. Adapted from (55). Copyright 2024 The Authors.

At a neutral pH (pH 7.4), the ferritin population primarily exhibited a mass of
approximately 460 kDa, consistent with the fully assembled 24-mer structure.
However, a minor population of small fragments around 60 kDa was also observed.
The presence of these fragments is potentially attributable to minor impurities within
the protein sample, which aligns with the Fast Protein Liquid Chromatography (FPLC)

data presented in Figure 5.13e (blue trace).

In contrast, at pH 2.0, the dominant peak in the MP data shifted to a lower mass,
approximately 110 kDa. Additionally, two intermediate mass species were identified
in the ferritin sample at pH 2.0, potentially corresponding to 12-mer (marked with an
asterisk) and 18-mer (marked with a circle) intermediates. These intermediate
fragments showed a decrease in abundance with extended exposure of ferritin to pH

2.0, further supporting our observations of a stepwise disassembly process.

While MP ofters valuable insights into the impact of acidic pH on the mass of ferritin
fragments, it is limited in its ability to provide details on the dynamic behaviour and
dwell time of individual subunits during the disassembly process. Furthermore, as
shown in Figure 5.13e, the technique cannot resolve the presence of tetrameric and
dimeric states of ferritin at lower molecular weights. This limitation stems from the
inherent technical limits of the instrument when operating under extreme conditions

such as low pH. However, by using FPLC, we confirmed the presence of the dimeric
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state of ferritin at pH 2.0 (36 kDa) by its co-elution with pepsin, a stable protein at pH
2.0 with a molecular weight of 35 kDa (Figure 5.13¢).

5.6 Conclusion

This study employed optical nanotweezers with DNH and microfluidic to investigate
the behaviour of single ferritin molecules in situ under varying conditions of ascorbic
acid concentration and acidic pH. At the single-molecule level, we observed a gradual
increase in ferritin dynamics as the concentration of ascorbic acid increased, reaching
a saturation point at 5 mM. This suggests a higher rate of Fe** reduction to Fe** within
the ferritin core at this concentration. Exposure to a highly acidic environment (pH
2.0) resulted in significant structural fluctuations in both ferritin and apo-ferritin.
These changes are likely due to protein swelling and protonation of hydrogen bonds,
ultimately leading to disassembly. We were able to identify the number of subunits
present during the disassembly pathway and highlight the most consistently observed
fragments: 22-mer, 12-mer, 4-mer, and 2-mer. Notably, the 12-mer fragment exhibited

the highest level of protein dynamics among all observed subunits.

Furthermore, this study provides insights into the kinetic parameters of single ferritin
disassembly at acidic pH, revealing a cooperative disassembly process. These single-
molecule findings offer valuable knowledge for the potential engineering of ferritin
structures to achieve desired functionalities, such as in the design of molecular
machines and drug delivery platforms (394,395). Additionally, this work highlights the
quantitative analytical potential of optical nanotweezers in biomolecule analysis. This
capability extends to a wide range of protein applications in future research and paves
the way for the application of other single-molecule techniques, including solid-state
nanopores and atomic force microscopy (AFM), in the investigation of ferritin

(323,396).
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Chapter 6: Thesis summary and future

work

6.1 Thesis summary

In this thesis, the use of optical nanotweezers is presented as a single-molecule
approach to study proteins, specifically single ferritin molecules. The study begins by
introducing single-molecule techniques, highlighting their importance and potential
impact on the understanding of protein dynamics. Unlike ensemble measurements,
which average the behaviour of many molecules, single-molecule techniques allow
for the observation of detailed dynamics and interactions of individual molecules,

providing deeper insights into their conformational changes and functions.

In Chapter 2, I explored the literature related to various optical-based single-molecule
approaches for studying proteins. We discussed several techniques, including smFRET,
single-molecule Raman spectroscopy, iISCAT and mass photometry, optical tweezers,
whispering gallery mode single-molecule techniques, and plasmonic optical tweezers
(optical nanotweezers). For each method, we explored their advantages and
disadvantages and how they have advanced our understanding of the dynamic and
conformational behaviour of single proteins. By comparing these techniques, I
demonstrated the unique capabilities of optical nanotweezers in providing precise
manipulation and measurement at the single-molecule level, paving the way for

significant advancements in molecular biology and biophysics.

In Chapter 3, I detailed the methodology used in our study of single ferritin molecules
with optical nanotweezers. The chapter begins with an overview of the nanostructure
fabrication techniques I used during my PhD, including electron beam lithography
(EBL) for creating silicon nanostructures and focused ion beam (FIB) techniques for
fabricating DNH structures. I provided a thorough account of the fabrication steps
involved in each technique, along with an explanation of the simulation methods used

to model the DNH structures and assess field enhancement across varying gap sizes.
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Following this, I discussed the characterisation processes, which included the optical
setup integrated with microfluidic systems and the analysis of single ferritin trapping
events. The chapter also covers the impact of laser irradiation on the DNH structures,
other protein characterisation techniques such as size-exclusion chromatography (SEC)
and mass photometry (MP) and concludes with an explanation of the data analysis

methods used in this thesis.

Chapter 4 explored the dynamic differences between individual, unlabelled apo-
ferritin and holo-ferritin molecules using an optical nanotweezer system. This
approach allowed for the crucial differentiation of apo- and holo-ferritin at the single-
molecule level and enabled the label-free monitoring of a single apo-ferritin molecule
converting into holo-ferritin in real-time. Detailed analysis identified key parameters
for discrimination based on the optical trapping signals from the same DNH structure
when trapping different protein forms. The RMS of the trapping signal indicated that
holo-ferritin had a lower RMS, reflecting its inherent structural stability. Additionally,
the transmission signal change was significantly larger (41%) for holo-ferritin

compared to apo-ferritin, due to the higher polarisability of holo-ferritin.

The chapter further presented the first experimental evidence for the in situ loading of
iron into a single, unmodified apo-ferritin molecule. By carefully analysing the
transmission signals, researchers tracked the dynamic structural changes of ferritin
related to the gating behaviour of its three-fold channels. These channels underwent
cycles of unfolding ("on") and folding ("off"), allowing Fe®" ions to enter the
ferroxidase centres and facilitating the subsequent transfer of Fe*" ions to the protein
core. The significance of this study lies in its potential to enable precise control of
protein cages for targeted drug delivery within living systems and the encapsulation

of metal nanoparticles.

Chapter 5 examined the behaviour of single ferritin molecules in sifu under varying
conditions of ascorbic acid concentration and acidic pH using optical nanotweezers
with DNH and a microfluidic setup. At the single-molecule level, we observed a
gradual increase in ferritin dynamics as the concentration of ascorbic acid increased,
reaching a saturation point at 5 mM. This indicated a higher rate of Fe** reduction to
Fe** within the ferritin core at this concentration. Exposure to a highly acidic

environment (pH 2.0) caused significant structural fluctuations in both holo-ferritin
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and apo-ferritin, likely due to protein swelling and protonation of hydrogen bonds,

ultimately leading to disassembly.

We identified the number of subunits present during the disassembly pathway and
highlighted the most consistently observed fragments: 22-mer, 12-mer, 4-mer, and 2-
mer. The 12-mer fragment exhibited the highest level of protein dynamics among all
observed subunits. This study also provided insights into the kinetic parameters of

single ferritin disassembly at acidic pH, revealing a cooperative disassembly process.

The impact of this study lies in its potential to enhance the design of ferritin-based
drug delivery systems. Understanding the disassembly kinetics at the single-molecule
level is crucial for engineering ferritin structures with desired functionalities.
Additionally, this work highlighted the quantitative analytical potential of optical
nanotweezers in biomolecule analysis, offering valuable knowledge for the

development of molecular machines and other advanced applications.

6.2 Future work

There are several challenges in using optical nanotweezers as a single-molecule
technique and addressing these challenges could significantly advance the field of
single-molecule science and serve as important paths for future research. Key issues
include the heating effects caused by plasmonic nanostructures, surface interactions
with the molecules under study, and the challenge of analysing a diverse range of

molecules.

In this thesis, we used plasmonic DNH structures to trap single proteins. However, the
high absorption of metallic structures like gold at visible and near-infrared ranges
causes significant heating, impacting protein studies (79). Heat and plasmonic
absorption can disrupt the function of biological samples such as enzymes, membrane
proteins, signalling proteins, and antibodies, all of which are sensitive to temperature
changes (397-399). This sensitivity can compromise their binding affinity and
specificity, affecting experimental accuracy and reliability (397-399). To minimise
heat effects, new optical nanotweezer designs with reduced optical absorption are

necessary.

In response to the challenges associated with traditional plasmonics, recent advances

have emerged in an alternative nano-optics approach using subwavelength, high
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refractive index dielectric nanostructures, known as all-dielectric nanoantennas. These
devices generate near-field hotspots with significantly lower absorption losses

compared to conventional plasmonics (103,279).

Recent studies have shown significant progress in this field, including the trapping of
polystyrene particles ranging from 20 to 100 nm using all-silicon nanoantennas (400),
trapping small particles such as quantum dots (401), or on simulations proposing the
trapping of viruses (402). However, there is a gap in using these techniques to study

proteins in real conditions and to understand them at the single-molecule level.

Several challenges remain in achieving this goal. The local field enhancement
generated by dielectric antenna structures is generally weaker than that produced by
metal plasmonic structures (400). While high-throughput designs, such as multi-ring
structures, have been proposed and simulated to achieve significant field enhancement
in dielectric systems, these designs have yet to be realised experimentally (400).
Another challenge is variations in design parameters which can affect the target
resonance wavelength. Consequently, trapping small molecules may not occur due to
fabrication defects. In the future, the goal should be to reduce this sensitivity to
fabrication defects and develop dielectric nanostructures for optical trapping that are

robust.

Additionally, the development of hybrid nanostructures, specifically dielectric-
plasmonic nanostructures, is a promising idea. Recent simulations suggest that field
enhancement using plasmonic nanoantenna-dielectric nanocavity hybrids can achieve
an order of magnitude higher field enhancement in the gap compared to individual

antennas (403).

Optical nanotweezers have mainly been used to trap globular proteins, but extending
their application to a wider range of protein types could provide significant insights in
protein structure and biology science. To achieve this, several steps are necessary:
designing nanoaperture structures to improve field localisation and interaction
strength for various proteins, adapting the size and spacing of the nanoholes to suit
different protein shapes and sizes; functionalising the surfaces of the nanostructures
with specific chemical or biological coatings to enhance selectivity and reduce
nonspecific binding; optimising experimental conditions such as pH and ionic strength

to better mimic the physiological environment of the target proteins; and incorporating
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advanced detection methods like fluorescence or Raman spectroscopy to enhance
sensitivity of the system to fast protein movements and obtain more detailed
information about protein behaviour and interactions. By addressing these factors,
optical nanotweezers could be adapted to trap and analyse a broader spectrum of

proteins, offering new opportunities for research in molecular biology and biophysics.

Finally, in the field of single-molecule protein detection, it is crucial to use various
approaches to ensure the reliability of studies. Investigating proteins from multiple
single-molecule perspectives provides a comprehensive understanding by looking at
the problem from different angles. Since these techniques are currently limited to
laboratory settings and are often expensive, efforts should be made to reduce costs and
increase accessibility for researchers. Making these advanced single-molecule
detection technologies more available will facilitate broader research opportunities

and speed up scientific discoveries.
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