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Abstract

Previous research has demonstrated that cross-linking of receptors at the cell surface can drive
therapeutic payloads to intracellular locations against the flow of endogenous receptors and
ligands, thus improving cellular delivery. Gold nanoparticles (GNPs) are particularly promising
for this application due to their customisable surface chemistry, which allows for precise control

over ligand density essential for receptor cross-linking.

GNPs exhibit unique optical properties that allow their use as contrast agents in both linear and
non-linear biological imaging, offering advantages over traditional fluorophores that are limited
by autofluorescence, photobleaching and therefore time-limited imaging. Despite these
benefits, imaging GNPs in cellular environments, especially with linear imaging modalities, is

complicated by background signals and the need for live-cell compatible sample preparations.

To address these issues, this project utilised Four Wave Mixing (FWM) microscopy, a non-
linear imaging method that allows for the background-free visualisation of GNPs. This research
has developed and validated a method to quantify ligand density directly on GNPs on a single
particle basis using extinction microscopy and single fluorophore bleaching, moving beyond
traditional averaged estimates and showing that particle-by-particle quantifications strongly
deviate from averaged methodologies. The FWM setup was developed for live cell imaging and
demonstrated its utility in tracking GNPs at the single particle level in living cells, marking a
substantial step forward in understanding GNP internalisation and receptor cross-linking
dynamics. Lastly, previously reported non-colocalisation between GNPs and fluorophores was
addressed. We have examined multiple functionalisation procedures using our ligand
quantification method and live FWMi, identifying the best functionalisation procedure to be
based on utilising pre-functionalised stabilising polymers for functionalisation, resulting in high

quality resources for future studies on GNP internalisation.

These advancements pave the way for optimising GNP-based cellular targeting, offering new

insights into targeted therapeutic interventions at the cellular level.
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Introduction - Actively-targeted nanomaterials for cancer therapy

1 Introduction

1.1 Actively-targeted nanomaterials for cancer therapy

Multidisciplinary research in drug delivery has resulted in the creation of diverse forms of
therapeutic nanomaterials that are specifically engineered for the targeted delivery of diagnostic
and therapeutic agents. Their effectiveness is dependent on their efficient uptake by target cells.
Therefore, a thorough understanding of the cellular internalisation pathways is important for
the development of these nanomaterials. In general, there are two classes of cancer targeting
nanoparticles (NPs): passively targeted and actively targeted NPs!. Passive targeting in drug
delivery is primarily driven by the enhanced permeation and retention (EPR) effect?. This
phenomenon results from the poor lymphatic drainage in tumour tissue and the fenestrations in
compromised tumour blood vessels®. Fenestrations in blood vessels are pore-like structures
found primarily in the endothelial cells of capillaries, specifically in organs with rapid exchange
of molecules, facilitating the selective transfer of fluids, solutes, and nutrients between the
bloodstream and tissue interstitium®. Active targeting, or ligand-mediated targeting, involves
the use of specific molecules capable of binding to receptors predominantly expressed on target
cells. A popular strategy to treat cancer is to link drugs to ligands that recognise tumour-specific
receptors that are overexpressed at the cell surface. The utilised ligand should thereby induce
internalisation following receptor binding to direct the drug inside the cell. This has been
shown, for example, with the epidermal growth factor receptor (EGFR)*, the folate receptor”,

and the transferrin (Tf) receptor (T{R)°.

Popular NP forms are polymeric NPs (polymerosomes, dendrimers, polymer micelles,
nanospheres), lipid-based NPs (liposomes, lipid NPs, emulsion NPs), and inorganic NPs (silica
NPs, iron oxide NPs, quantum dots, and metallic NPs)!. Polymeric NPs are highly variable NP
forms that can carry their payload on their surface, or within their polymer matrix. They are
made from biodegradable preformed polymers or monomers allowing multiple functions on the
same structure as well as co-delivery of more than one therapeutic agent. On the other hand,
this class of NPs is prone to aggregation and has been reported to show toxicity’. Lipid-based
NPs consist of a lipid bilayer with one or more aqueous compartments. Due to the self-assembly
formulation of these NPs their synthesis is facile, and they can deliver large payloads to a target
site with high levels of bioavailability®. However, lipid- based NPs show challenges in
manufacturing and scalability, variable protein adsorption, subtherapeutic drug absorption
levels, and sometimes slow drug release affecting bioavailability®. Inorganic NPs can be

synthesised to precisely produce carefully controlled sizes and shapes. Thanks to their physical
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and optical properties, they can be used as optical labels or for photothermal therapy, on top of
being used as delivery vehicles'’. An in-depth comparison of these NP forms is out of the scope

of this work, but for further information refer to Mitchell ez al.!!

Gold NPs (GNPs) have mostly been the focus of research in the field of nanomedicine as
opposed to other MNPs due to their inherently low cytotoxicity'2. The optical properties of
GNPs, particularly their ability to absorb and scatter light in the visible range, additionally
render them as good biological labels. These optical properties depend on their morphology and
their surface composition, allowing for tunability and optimisation based on specific
requirements both optically and biologically!*!'*. Therefore, GNPs offer a remarkable
opportunity for directed cell targeting and drug delivery as they can be functionalised with a
variety of different biocompatible groups simultaneously and they can also be synthesised in a
variety of sizes and shapes'>. GNPs can be used to construct highly specific nanocarriers that
are able to be used as diagnostic tools, manipulate cellular pathways'¢, and eventually kill the

targeted cells!”!%,

1.2 Lysosomal targeting and receptor-crosslinking

Endocytosis, a fundamental cellular process, mediates the internalisation of extracellular
materials and membrane receptors, playing an important role in cellular signalling, nutrient
uptake, and immune responses'®. Among the various forms of endocytic mechanisms, clathrin-
mediated endocytosis (CME) is the most well-characterised, involving the recruitment of
clathrin proteins to form vesicles around the cargo?’. Alternatively, caveolin-mediated
endocytosis relies on caveolae, flask-shaped invaginations in the plasma membrane, to allow
the uptake of specific molecules?!. There are also clathrin- and caveolin-independent pathways,
which include mechanisms such as macropinocytosis and other forms of endocytosis that do
not require these coat proteins. Each pathway is defined by distinct sets of molecules and
mechanisms that dictate the budding of vesicles from the plasma membrane and their navigation
through the cell's internal environment. The specificity and regulation of these pathways ensure
the efficient and selective transport of a wide range of cargoes, underlining the importance of
endocytosis in cellular physiology and its implications for understanding disease processes and
developing therapeutics. Doherty and McMahon have classified the known endocytosis
mechanisms in 2009'° into a comprehensive review and, more recently, Rennick et al. have
done the same in 202122, An overview of the currently known pathways is provided in Figure

1.1, which was taken from Rennick et al.
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Figure 1.1 | Schematic Illustration Of Endocytic Mechanisms. CME is driven by the adaptor complex, AP2,
that recruits clathrin to cytosolic receptor domains, initiating the formation of a clathrin-coated pit. Fast
endophilin-mediated endocytosis (FEME) is triggered by ligand—-receptor interactions. Both CME and FEME
require dynamin to allow scission from the membrane. Formation of caveolae is dependent on caveolin and
cavin proteins. Endocytosis involving CLathrin-Independent Carriers and GPI-Enriched Endocytic
Compartments (CLIC/GEEC) appears to be a constitutive process and is clathrin and dynamin independent.
Macropinocytosis is generally a stimulated pathway involving uptake of large volumes of fluid from the
extracellular environment. CLIC/GEEC endocytosis and macropinocytosis are controlled by actin dynamics and
different BAR domain proteins. Phagocytosis occurs after a binding event at the cell surface that triggers actin
polymerisation and a vesicle forms tightly around the bound material. After internalisation, pathways merge
into early endosomes before undergoing sorting, where material may be sent back to the surface or onwards to
the late endosome and lysosome. [Figure and caption reproduced from Rennick et al?, reproduced with
permission from Springer Nature.]

The deep understanding of these endocytic pathways can be used to design targeted
therapeutics. The directed delivery of bioactive molecules to targeted intracellular locations is
an important feature to ensure the activity and safety of drugs targeted at subcellular sites of
action. Many therapeutics require a controlled delivery to lysosomes as their activation (or
deactivation) relies on the therapeutic’s or its target’s proteolytic degradation, a process called
lysomotropic drug delivery?>?*. Targeting the lysosome for drug activation has been
demonstrated with a number of different drug molecules®’. Lysosomes are organelles which
contain hydrolytic enzymes that degrade extra- and intracellular components that are also
capable of degrading pathogens?®. Additionally, they play a role in nutrient sensing and energy

metabolism?’.

Previous research has demonstrated that crosslinking of receptors at the cell surface can drive
therapeutic payloads into the endolysosomal pathway against the flow of endogenous receptors
and ligands, improving cellular delivery of drugs based on Tf trafficking'®. Crosslinking
receptors on the plasma membrane overrides the native internalisation mechanism and triggers

a nonspecific uptake of the crosslinked receptors, which has been shown for the TfR!®, folate
3
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receptor, and EGFR?®. Moody et al. have shown that fluorescently labelled Tf and Tf-Biotin
(Tf-Bi) followed the natural recycling pathway of Tf, whereas signals originating from Tf-Bi
crosslinked through streptavidin (SA) accumulated within the cell, indicated by an increase of
intensity within the cells after 1 h incubation (see Figure 1.2), and colocalised over time with
endolysosomal structures labelled with dextran, indicating their trafficking into lysosomes®.
This mechanism of endocytosis contrasts with the typical receptor-mediated endocytosis, where
a single binding event triggers the uptake of the ligand and the receptor. Cellular uptake by
receptor crosslinking is only triggered when at least two receptors are crosslinked making this
mechanism especially interesting when targeting cells that overexpress the targeted receptor?’.
This approach is especially compelling for cancer nanotherapy when targeting receptors that in

their normal function get recycled back to the plasma membrane or when targeting receptors

that are non- or only slowly internalising.

Tf-Bi-B Tf-Bi-647(:SA Tf-488 + SA Tf-Bi-647 + SA

0 min

10 60
min min
39 120 mi
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69 240 mi
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Low High
intensity intensity

Figure 1.2 | Recycling of Tf-488 and Tf-Bi-647, and Cellular Retention of Tf-Bi-647(:SA) in HeLa Cells
from Moody et al. Confocal fluorescence images of HeLa cells interacting with Tf-Alexa488, Tf-Alexa-Biotin,
and Tfs crosslinked via biotin. Endocytosis was inhibited by placing the cells on ice. After 15 min, the cells were
incubated with Tf-Bi-647 and Tf 488 at 10 ug/mL each (columns 1 and 2) or with Tf-Bi-647 alone, followed by
SA (column 3) on ice. Afterward, cells were incubated in pre-warmed complete medium at 37°C, and live cells
were observed through confocal fluorescence microscopy at specific time points. The images illustrate the
recycling of Tf-Bi-647 and Tf-488, both with and without streptavidin, with Tf-Bi-647:SA complexes being
retained in intracellular vesicles. Scale bars: 10 um. [Permission to reprint obtained from Journal of the American
Society of Gene & Cell Therapy'®.]
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As mentioned earlier, cancer cells adapt their membrane composition to account for their
accelerated metabolic rate as they rely on an increased supply of nutrients and energy to support
their deregulated cellular proliferation'’. The activation of the receptor crosslinking pathway is
likelier in cancer cells, which often overexpress targeted plasma membrane receptors, than in
non-cancerous cells with baseline receptor levels. This differential expression makes receptor
crosslinking a promising strategy for more selective targeting of cancer cells, potentially
enhancing the specificity of cancer therapies. For cancer therapy, receptor crosslinking has been
shown with receptors such as Her2!%?° and CD20%. The crosslinked receptors enter the
endolysosomal pathway resulting in their lysosomal degradation. While the final destination of
the crosslinked receptors has been identified to be the lysosome, this mechanism and its exact

trafficking profile are still elusive.

In order to fully understand this mechanism, the trafficking pathways that are utilised upon
receptor crosslinking at the cell surface needs to be characterised in more detail. For this, a
platform is necessary that enables the arrangement of receptor binding moieties to be presented
at the plasma membrane that simultaneously allows the tracking of this construct. Generally,
the ideal platform on which to control and define ligand arrangement that allows hyper-
crosslinking of membrane receptors would be chemically inert and non-toxic. GNPs hold
promise as platforms to control ligand surface density and therefore the crosslinking of
receptors, and can also be used as trafficking labels. There have been reports demonstrating
non-colocalisation between fluorescence and GNP signal of fluorescently labelled GNP-

31,32

constructs” <, indicating that it might be beneficial to use the GNP’s optical properties as an

imaging label in addition to fluorescence microscopy to evaluate their trafficking in living cells.

1.3 Live cell imaging techniques for GNPs

Understanding the pathway and final destination of therapeutic molecules is critical in the
development of new drug delivery systems that can improve targeting and reduce off-target
effects. The acquisition of reliable translation motion information of these potential drug
delivery systems — let alone their rotational dynamics — remains a challenging task especially
in scattering environments such as cells*>. What is needed, is a stable optical label that can be

tracked reliably over long time frames with high spatial resolution.

GNPs are exceptional imaging labels due to their unique optical characteristics, primarily
stemming from their surface plasmon resonance (SPR). SPR occurs when conduction band
electrons on the GNP surface oscillate in response to specific wavelengths of light, leading to

intense absorption and scattering at those wavelengths*. The conduction electrons are
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displaced by the incident electric field which “pushes” the electron cloud toward one side of
the particle. As the negative electron charge accumulates on one side of the particle, a positive
charge forms on the other that compensates the electron cloud displacement - or in short: a
dipole moment is induced. This interaction reaches its peak at certain frequencies known as the
localised surface plasmon resonance (LSPR), where noble MNPs exhibit enhanced scattering
and absorption, particularly in the visible spectrum, giving them their distinctive colour!®. The
strong scattering and absorption properties of GNPs enhance their visibility under various

microscopy techniques.

Despite the optical characteristics of GNP and their intrinsic capability to be used as imaging
labels, fluorescence-based methods are predominantly employed to track GNPs, requiring them
to be additionally labelled with fluorophores. However, these methods suffer from physical
limitations such as photobleaching and quenching. Differential interference contrast (DIC)
microscopy has been shown to successfully track gold nanorods as they internalise into cells as
well es their rotational behaviour®>-®. These methods are fast and don’t require an additional
label, giving a lot of information about particle movement, but they are limited to gold nanorods
as the method requires particles with large aspect ratios to measure their motion. Dark field
microscopy has also been used to study GNPs in live cells, which detects the scattering of light,
though this method suffers from strong background from any other scatterers in the field of

view (FOV)?’.

Laser microscopy techniques for GNP detection have been developed, including techniques
such as laser-illuminated (hyperspectral®®) dark field microscopy to track GNPs, but these
techniques generate extensive background in highly scattering environments, limiting them to
very thin samples®®. Additionally, the GNPs need to be sufficiently large to be visible in those
techniques and the employed sizes are reported to internalise less sufficiently or not at all*°.
Heterodyne digital holographic microscopy*!, optical diffraction tomography** and wide-field
interferometric phase microscopy* measure the refractive index distribution of biological
samples with high spatial resolution. This has enabled the detection of GNPs, but these methods
have limited axial resolution and are not suitable for detailed volumetric reconstructions. GNPs
can convert absorbed UV and near infrared light into heat, which is the basic principle that is

4346 {5 capable

exploited in photothermal imaging of GNPs**. Photothermal heterodyne imaging
of imaging GNPs using their photothermal conversion efficiency. However, this method is not

background free.
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Four-Wave Mixing (FWM) microscopy is a nonlinear imaging technique that is triply resonant
to the LSPR that cannot only measure the location of a single NP in a disordered 3D
environment, but also provides information about its geometrical anisotropy which enables
tracking of the particle rotation and diffusion*’. In a biological environment, MNPs are the only
structures that show changes in their dielectric function following excitation with a pulse of
light at their resonance wavelength which can be probed by FWM imaging, making it a
completely background free technique*®. The FWM signal originates from the change in the
dielectric function of the GNP induced by the resonant absorption of a pump pulse at the LSPR.
The set-up works in a pump probe scheme to first excite the GNP and then measure its response
to the excitation using a probe beam. The probe beam arrives at an adjustable delay time after
the pump pulse. The FWM signal is extracted from a noisy background through heterodyne
detection by recombining the signal with a reference beam while the third-order nonlinearity
provides enhanced resolution. The afore described behaviour is imprinted in the dynamics of
the FWM signal over delay time between the pump and probe beams*”*. FWM surpasses
existing detection methods as it specifically targets the GNPs optical resonance frequency,
making it selective to MNPs with a time resolution of sub-milliseconds while being indifferent
to autofluorescence and highly scattering environments. This technique, while in principle
being theoretically capable of live cell imaging, has yet to be used in combination with live

cells.

1.4 Rational nanocarrier design in the context of receptor crosslinking

There is a large number of properties that need to be considered when designing a nanocarrier,
a nanoscale vehicle designed to transport therapeutic agents directly to targeted sites within the
body. Both constituents, the GNP and the protein within the context of this project, need to be
considered and both need to fit the chosen crosslinking agent. For example, an inadequate
choice of crosslinkers or reactive groups that are included in the protein’s binding sites will
generate a non-functional conjugate or may generate a suboptimal version of the therapeutic
agent with a negatively affected affinity towards its intended target'>!®. On the other hand, the
choice of crosslinker can introduce desirable properties to the protein and, for example, enhance

its hydrophobic properties and thereby its ability to pass through the cell membrane®”.

Therefore, having sufficient knowledge of the chemical, structural, and reactive characteristics
of each component to be conjugated is important when designing these nanocarriers. Surface
reactions on GNPs are critical for determining their physicochemical properties and functional
performance. The high surface-to-volume ratio of GNPs enhances their reactivity, making their

surface interactions particularly significant®!. Functionalisation of GNPs is a key aspect, often
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achieved by binding molecules such as thiols, which form strong covalent bonds with the gold
surface, enabling tailored chemical properties for specific applications®?. Adsorption of ions or
molecules onto the surface plays an important role in modifying their catalytic, optical, and
electronic properties. GNPs can catalyse redox reactions due to the unique properties of their
surface atoms>. The SPR, as mentioned previously, is highly sensitive to changes in the local
environment, making GNPs useful in sensing and diagnostic applications>*. Additionally,
surface reactions can influence the charge and stability of GNPs, as seen in citrate-capped
nanoparticles stabilized by electrostatic repulsion®>. These surface interactions can be exploited
for bioconjugation, enabling the attachment of biomolecules for use in biomedical and
nanotechnology applications®. Understanding and controlling these surface reactions is

essential for optimising the design and application of GNP-based systems.

Considering the accessible functional groups — including the active site constituents — on the
protein surface that will be conjugated to the GNPs is essential to understanding how to build
a functional construct for drug delivery'®. If multiple biomodifications are desired, the
crosslinkers must be matched to the intended application and ensure that the ligands are attached
through different functional groups of the protein®’. The following section will explore the main
aspects one should consider when attempting to design GNP-protein conjugates for cell

targeting.
1.4.1 Particle size and shape

Choosing the correct size of the core GNP of the construct is an important step as it will affect
the mechanism of internalisation it can induce due to there being a limit to the maximum size
of protein/particle a cell is capable of internalising®®. The properties of the ligand additionally
influence the hydrodynamic radius of the construct. The optimal size of functionalised GNPs
for cell uptake largely depends on the intended application. GNP internalisation studies suggest
a diameter between 20 nm and 50 nm for internalisation by human cancer cell types (such as
PK-1, PK.45, Panc-1, HepG2), which offers a balance between effective cellular uptake and
potential cytotoxicity as very small GNPs of diameters below 5 nm have been shown to induce
apoptosis**>*% Particles of diameters of up to 50 nm are typically internalised faster and in
larger quantities®. In this project, clathrin-mediated endocytosis is the main driver of particle
internalisation. Clathrin-coated pits have an average diameter of approximately 100 nm,
representing the upper size limit for nanoparticles internalised via this route?’. When rationally
designing nanocarriers, the clathrin-coated pit size limitation as well as the hydrodynamic

radius of the entire construct must be carefully considered.
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Figure 1.3 | Effects of GNP Curvature, Size, Shape, and Ligand Density. The figure schematically depicts the
combined influence of the size and surface curvature (top) and the shape and ligand density (bottom) of GNP on
the particle’s ability to present binding moieties to the plasma membrane. The larger the particle, the flatter the
gold surface seen by the plasma membrane (grey) and the receptors (black), allowing different levels of ligand
(purple) presentation.

The ligand valency around GNPs can be influenced by considering the particle’s size and shape,
a factor that becomes critical in studies aiming to achieve receptor crosslinking. Both
parameters largely affect the surface coverage with the desired ligands. Surface ligands are
subjected to different levels of electrostatic repulsion and steric hindrance in relation to their
own size and charge. As curved surfaces leave more room for bigger ligands, both sterically
and electrostatically, they allow a denser adsorption of surface ligands. The average spacing
between ligands on curved GNPs with a very small diameter and therefore higher surface
curvature increases drastically compared to the average spacing of ligands on planar gold
surfaces®!. The effect of surface curvature and particle shape is visually highlighted in Figure
1.3. Furthermore, the ligand valency can be influenced by utilising any of the various
bioconjugation approaches offered for GNPs. They are commercially available with a large
library of functional groups conjugated to the peptides that are anchored onto their surface. This
allows experimenters to choose their preferred approach of functionalisation. The choice of a
suitable conjugation reaction is important to ensure the functionality of the ligand and therefore

its recognition by its respective receptor!>!%.

1.4.2 Choice of target receptor

Choosing a well-studied target receptor when studying uptake mechanisms in cells is
advantageous because an extensively researched receptor offers a rich knowledge base that

simplifies experimental design and interpretation. Previous studies on the receptor ensure that
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new findings can be cross-referenced and validated more easily, strengthening the reliability of
the research. The Transferrin receptor 1 (TfR1) is overexpressed in many cancer cells and is an
intensely studied receptor®%3. The overexpression is a consequence of an elevated need for iron
by cancerous cell types due to accelerated proliferation®. This characteristic overexpression
can serve as a distinguishing feature between cancerous and non-cancerous cells, positioning

TfR1 as a good therapeutic target. TfR1 is the receptor for Tf.

Tf is a protein that regulates iron homeostasis in the human body. Its recycling pathway is
schematically shown in Figure 1.4, which is taken from Rodak's Hematology Clinical Principles
and Applications (2020)%. Each Tf molecule can bind two ferric iron ions (Fe*") at specific
binding sites. In its normal pathway, once iron is bound, the holoTf complex binds TfR1 and
undergoes receptor-mediated endocytosis, realised by clathrin-coated pits. Within the endocytic
vesicles, the pH drops, triggering a conformational change in Tf that leads to the release of its
bound iron. The Fe*" is subsequently reduced to its ferrous (Fe?") state and transported across
the endosomal membrane into the cytosol by the divalent metal transporter 1 (DMT]1). After
releasing iron, the apotransferrin-TfR1 complex is recycled back to the cell surface. The neutral
pH of the extracellular environment triggers the release of apoTf, after which Tf is ready to

partake in another cycle of iron binding and transport®’.

Extracellular
space (pH 7.4)
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Clathrin-coated /
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Figure 1.4 | Intracellular Trafficking Pathway of Transferrin. A critical mass of transferrin receptor 1 (TfR)
with bound transferrin (Tf) will initiate an invagination of the membrane that ultimately fuses to form an
endosome. An influx of hydrogen ions (H) inside the endosome causes a drop in pH which releases the iron
from Tf, and once reduced, it is transported into the cytosol by divalent metal transporter 1 (DMT1). In the
cytosol, iron may be stored as ferritin or transferred to the mitochondria, where it is transported across the
membrane by mitoferrin (not shown). The TfR with apotransferrin (ApoTf) is returned to the cell membrane,
where the ApoTf releases and the TfR is available to bind more Tf for iron transport into the cell. [Figure and
caption reproduced from Rodak's Hematology Clinical Principles and Applications®®]
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1.4.3 Stabilisation and functionalisation mechanisms

To gain insight and access to the afore mentioned pathways, it is necessary to choose an optimal
functionalisation mechanism when preparing GNPs with ligands for targeted cell
internalisation, as it impacts the efficiency, specificity, and safety of the construct. A well-
executed functionalisation ensures that the GNPs are stable, biocompatible, and can effectively

reach and interact with the targeted cells or tissues.

The first step of ligand exchange or conjugation procedure on GNPs is determined by the nature
of the already attached capping agent. GNPs are capped with a preliminary ligand which is
determined by their synthesis procedure. GNP synthesis is realised using gold salts (usually
HAuCl) and a reducing agent that reduces the gold salt to neutral gold atoms®. Different
surfactants (e.g. citrate, CTAC, CTAB) can be used to induce directed growth. This is done by
selective adsorption of molecules on different crystallographic planes of the gold seed and can
lead to the preferential growth of certain crystallographic facets®’. Additionally, the presence
of these capping agents on the GNP surface provides structural and colloidal stability during
and after their synthesis®. Unprotected GNPs are prone to aggregation due to the strong van
der Waals forces between them. Their aggregation is irreversible and renders them unusable for
further experiments®. To be used in vivo, GNPs need to be stable in physiological aqueous

environments containing high concentrations of biologically relevant ion concentrations.

The synthesis capping agents are usually not strong enough to stabilise the GNPs within a
cellular environment and, in some cases, are even cytotoxic. Therefore, to ensure the stability
and biocompatibility of GNPs, further surface modification and biofunctionalisation are
important steps while these characteristics are also influenced by the GNP’s geometry**7°,
Coating GNPs with polymers, such as polyethylene glycol (PEG) helps prevent aggregation,
stabilise the NPs, and improve their colloidal stability’'. Preventing the aggregation of GNPs
leads to an extended circulation period in the bloodstream’?. PEGylation is one of the most
common practices in preparing therapeutic GNPs since first being reported for NP coating in
20047, Furthermore, it has been shown that PEG density will influence the organisation of the
polymer on the surface. A low density coating forms a so-called “loose mushroom-coating”,
whereas a dense coating results in a “brush-formation™ that is more accessible for further
functionalisation of the polymer’. Liu ef al. have shown that there is an optimal PEG density
for different lengths of the polymer to increase the cell viability of functionalised GNPs. They
tested 0.55-5 kDa HS- methyl-terminated polyethylene glycol (mPEG), reporting a
hydrodynamic radius of 15 to 38 nm, equating to a PEG-layer of 4.4 —16.4 nm with a 6 nm

11



Introduction - Rational nanocarrier design in the context of receptor crosslinking

GNP core’”. Another study showed that 20 nm GNP expressed increased stability with

increasing PEG length, decreasing NP diameter, and increasing PEG mole fraction’,

The introduction of chemical moieties through biofunctionalisation enables the attachment of
ligands on the GNP surface, facilitating specific binding to desired targets, such as receptors on
cells or disease markers>®. Such chemical moieties can be included on the proximal end of the
PEG molecule used for stabilisation of the particle and serve as anchoring points for further
functionalisation schemes. N-Hydroxysuccinimide (NHS)-based reaction chemistries have been
widely used in conjugation reactions®’. The reaction mechanism is schematically represented
in Figure 1.5A and B. Reagents that contain NHS or sulfo-NHS react with nucleophilic residues
in the target protein chain by attacking at the electron-deficient carbonyl of the active ester
whereby the NHS (or sulfo-NHS group) is released. The NHS group reacts preferentially with

primary and secondary amines forming stable amide and imide linkages. NHS esters can also
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Figure 1.5 | Reaction Mechanism of EDC-NHS and sulfo-SMCC. Schematic illustrations of the reaction
mechanism of the chosen functionalisation chemistries. (A and B) When combining EDC with sulfo-NHS, an
amine-reactive derivative with active ester groups can be obtained. The mechanism allows for two entry points:
(A) -COOH terminated GNPs for EDC activation to conduct the entire mechanism in house or starting with (B)
pre-attached NHS groups on GNP for a one step reaction, conjugation to primary amines in the target molecule.
Sulfo-SMCC is a bifunctional crosslinker, attaching through NHS one end to amine-terminated GNPs and with
a maleimide on the other side that conjugates to sulfhydryls. Reaction scheme modified from Hermanson®'.
Representations of GNP and molecules are not to scale.
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react with sulthydryl or hydroxyl groups, but these reactions result in unstable bonds that further
react with nearby primary amines or hydrolyse in aqueous environments. Therefore, they react
either with the amine residue of lysine, or the a-amines at the N-terminal side of protein
chains””78, Particles with terminal carboxyl groups allow NHS-attachment via EDC(1-Ethyl-3-
[3-dimethylami-nopropyl]-carbodiimide hydrochloride)-NHS reaction chemistry.

On the other hand, there are particles available with pre-conjugated terminal NHS groups which
allow a one-step reaction (Figure 1.5B). Another possible approach of linking GNP and proteins
is to use an NHS ester on one end of a crosslinker and maleimide on the other, such as sulfo-
Sulfosuccinimidyll 4-(N-maleimidomethyl)cyclohexan-1-carboxylat (SMCC) (Figure 1.5C).
The NHS ester will react with primary amines whereas the maleimide group will react with
sulthydryls. Maleimide is a frequently used functional group in crosslinking agents creating
stable thioether bonds. This reaction is specific to sulfhydryl groups in a pH environment of 6.5
to 7.0 and formed by an alkylation reaction between the double bond and sulthydryl®. In this
case, GNPs with pre-attached amine groups can be attached to such heterobifunctional
crosslinkers reacting with the NHS ester. After purification of the sample, the maleimide-
activated GNP can react with cysteine residues in the protein chain of Tf. It should be noted
that, in many cases, vendors use NHS esters to attach fluorescence markers to proteins targeting
lysine residues in the protein chain which may block possible primary amine reaction sides. In
this case, carboxyl groups of aspartic acid and glutamic acid can be targeted by EDC-sulfo-
NHS reactions resulting in a reaction scheme as depicted in Figure 1.5A. Here, proteins that do
not offer any accessible primary amines can react with the carbodiimide EDC to form an amine-
reactive protein derivative that contains active ester groups that further react with sulfo-NHS.
This protein derivative can then further be used to react with GNPs with pre-attached primary

amine residues®!.
1.4.4 Ensuring target protein functionality

To design a functional therapeutic construct that can bind its target in a cellular environment,
the functionality of the ligand that binds the target needs to be ensured. As previously
mentioned, it is important to take the protein structure and the amino acids into account that are
central to Tf’s iron binding site as well as it’s receptor binding site'®. Tf has two iron binding
sites that are identical in the N and C lobe, respectively. The binding site is comprised of aspartic
acid632, two tyrosines Tyr457 and another Tyr (number not defined in the references), and one
His585 that provide a carboxylate oxygen, two phenolate oxygens, and one imidazole nitrogen
for Fe*" ion binding®®. Residues identified as contributing to TfR1 binding are Prol142-

Pro145, and Pro142-Arg143-Lys144-Pro145%% Wally et al. mention lysine as crucial residue
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in TfR1 interaction with rare mentions of cysteine®’. Amine-directed functionalisation may
therefore more likely cause functional impairment of the protein than thiol-directed chemistry.
While making sure that the reaction chemistry does not affect the active sites, there need to be
enough accessible ligands available for functionalisation. Tf’s primary structure, consisting of
679 amino acids in total, include the following primary amine containing amino acid residues:
58 lysines, 27 arginines, 35 asparagines, and 17 glutamines. However, only lysines, being the
sole nucleophilic amine of the four, may be relevant; the others might react slowly or not at all
under the conditions necessary for the conjugation mechanism®’. For thiol-directed reaction

mechanisms, cysteine is the sole option, 38 of which are present in Tf*s amino acid chain.

1.5 Ligand valency determination on GNPs

Receptor-crosslinking, and therefore internalisation, is only achieved when the spatial
arrangement of the receptor-targeting ligands allows for sufficient ligand display at the local
level of the plasma membrane to interact with the cellular receptors. Thereby, the number of
conjugated ligands is an important feature when designing these therapeutic constructs as at
least two ligands need to be presented to the cell to allow receptor crosslinking. However,
receptor-crosslinking-mediated endocytosis showed to be more effective when more than two

ligands are involved?’.

The accurate assessment of ligand surface density is important for interpreting data derived
from GNP studies, their application as imaging agents, and their advancement into clinical
settings. Typically, the quantification of ligands on MNPs starts with estimating the total

surface area of the particles either by determining the ensemble's average MNP size using

85,86 87,88

dynamic light scattering or through gas adsorption techniques®’*°, scanning electron
microscopy®’, or transmission electron microscopy (TEM)® !, After the assessment of the

average NP size, the total number of ligands in the sample is established using methods such as

91,92 91,94

thermogravimetric analysis®'*%, optical spectroscopy®®, nuclear magnetic resonance’’*, or
vibrational ~spectroscopy®. Ligand detachment followed by solution concentration
measurement has also been reported®*®. The derived average particle size and total ligand

count allow the calculation of ligand density on an average sized MNP within the sample®’.

Although knowing this density can indicate the success of a conjugation reaction, additional
data on sample heterogeneity are important for accurate experimental interpretation.
Functionalisation of NPs with ligands typically results in a sample with diverse characteristics,
including NPs with different numbers and distributions of biomolecules, ligand-induced NP

aggregates, and ligand-only aggregates. Studies have highlighted instances of absent
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colocalisation between NPs and presumed surface-bound fluorescent ligands®'**2. This
complicates the analysis of how functionalised NPs are taken up by cells. For instance, ligand-
only aggregates might emit fluorescence mistaken for NP attachment to cell membranes, while

cross-linked NPs could become too large for cellular internalisation*®7-%

Techniques to assess the variability in NP size and the ligand number per NP on an individual
basis are currently not available. For NPs, our capability is restricted to averaged measurement
approaches that provide an average count of biomolecules attached per particle’’. Advancing
our understanding of experimental outcomes involving functionalised GNPs would be
significantly enhanced by creating a methodology capable of identifying the degree of particle
crosslinking, determining ligand density individually per particle, and quantifying the

components of unconjugated constructs within a sample®’.

1.6 Thesis Qutline

This multidisciplinary project aims at paving the way for an in-depth study of the mechanism
behind receptor crosslinking. To allow this characterisation, a method to quantify ligand density
on a particle-by-particle basis have been developed. Given the clear differences between the
recycling pathway of Tf and TfR1, and TfR1 when crosslinked by a complex containing
multiple binding sites towards the receptor, TfR1 was deemed a good model for the GNP
internalisation studies of this project. In its normal pathway, assuming physiological
concentrations of the protein, only low levels of Tf should be localised in lysosomal structures,
while crosslinked TfR complexes will show elevated levels within lysosomes'¢. This elevated
concentration of Tf-signal within lysosomal structures can therefore serve as a distinguishable
validation of inducing the mechanism of interest. The developed methodologies will be studied
in human cervical carcinoma (HeLa) cells using GNPs as primary imaging labels to allow FWM
microscopy. Bearing the factors of particle size limitations for cell internalisation in mind,

20 nm GNP were chosen for the experiments. The thesis will be structured as follows:

Chapter 2 provides the theoretical background for existing GNP imaging techniques,
beginning with a physical description of the optical properties of GNPs, before progressing to
explain the principles underlying FWM. It will furthermore describe the importance of
understanding internalisation pathways in great detail as well as rational nanocarrier design and
how different characteristics of GNP-protein constructs influence their effectiveness as agents

with therapeutic relevance.

Chapter 3 details the sample preparation process, the experimental procedures, and the setup
of the multimodal FWM system at Cardiff University.
15
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Chapter 4 focuses on the development of a ligand quantification method using extinction
microscopy for single GNP detection and single fluorophore bleaching for protein number
determination. This method was tested on spin-coated GNP-protein samples. The validation of
the developed method was achieved by testing three GNP-protein construct samples with
different GNP to protein ratios, confirming that higher ratios lead to particle crosslinking and

lower ratios result in singular GNP-protein constructs.

Chapter S discusses the upgrade of the FWM imaging modality to include live cell imaging

capabilities and its validation for long-term imaging of living HeLa cells.

Chapter 6 evaluates various GNP functionalisation procedures for producing effective GNP-
protein constructs capable of internalising into HeLa cells. It explores reaction mechanisms
targeting primary amines and thiols in protein chains, GNPs pre-conjugated with stabilising
polymers, and in-house functionalisation techniques. The chapter concludes that stabilising
polymers pre-attached to proteins yield the highest quality constructs, as evidenced by methods

developed in Chapters 5 and 6.

Chapter 7 summarises and concludes the findings from Chapters 4, 5, and 6, placing them in

the context of existing research and proposing directions for future investigation.

Chapter 8 proposes two project ideas proceeding from the outcomes of this thesis, offering

potential studies for further exploration based on the research conducted.
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2 Fundamentals

2.1 Optical properties of GNPs
2.1.1 Linear optical characteristics of GNPs

Unique physical properties can be observed in noble MNPs that cannot be found in macroscopic
scales of the same material. The change in physical behaviour is most noticeable in the optical
properties of nano sized noble MNPs!'?. Scientific research on MNPs dates back at least

101 A famous and in this context often mentioned example is the

150 years to Michael Faraday
Lycurgus cup (see Figure 2.1). The cup appears a greenish grey colour in reflective light
conditions, whereas it appears red when light is transmitted from the inside of the cup. This
optical far-field effect of increased absorption and scattering of light at specific wavelengths is
caused by the artistic implementation of gold and other MNPs that are interspersed in the
glass'%%. The optical effect originates in the specific interaction of the MNPs upon irradiation
with light. Namely, morphologically dependent collective oscillations of the conduction band
electrons are induced when an electromagnetic wave propagates along the particle surface that

are known as ‘plasmon’!3103,

These linear optical properties of GNP can be related to the magnitude of absorbed or scattered
light by the particle and are physically described by an optical cross section Gaps, an elastic
scattering cross section Gsca Which in their sum result in the extinction cross section Gex, which

can be described by:

Oext = Oabst Osca

(2.1)

Figure 2.1 | Lycurgus Cup. Lycurgus cup in (left) reflective and (right) transmission light conditions®’. The
optical effect stems from MNPs interspersed in the glass.
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These optical cross-sections carry information about the particle’s geometric characteristics as
well as their composition. In 1908, Gustav Mie presented a theory that described the extinction
spectra composed of the combined influences of scattering and absorption effects of spherical

particles of different sizes!'®.
2.1.2 The dielectric function of GNPs

The dielectric function, represented as &(w), has two parts - the real part, €i1(®), and the
imaginary part, €2(®). The real part deals with how the particles polarise in response to an

electric field, and the imaginary part defines how they lose energy, primarily through heat!%*,

The observable effects of GNPs in relation to light can be explained using the Drude model,

suitable for metals like gold with free electrons!®. The Drude model equation is:

2

g
gw)=1-—F——
w? + iypw

(2.2)
Where, w,, is the plasma frequency, linked to the density of electrons, v is the damping factor,
related to how the electron oscillations lose energy, and o is the frequency of the incoming
light. To give an intuitive explanation, the Drude model simplifies how electrons behave in
metals to explain electrical and thermal conductivity. It describes metals as containing free
electrons that move around (plasma frequency) and conduct electricity when an electric field is
applied (frequency of the incoming field). However, these electrons can occasionally interact

with the fixed atoms in the metal, which slows them down and causes resistance (damping

factor).

The Drude model needs some adjustments for describing MNPs correctly because at the
nanoscale, different effects come into play!%’. The confinement of electrons to a small volume
significantly affects their dynamics. This confinement leads to increased electron scattering
from the NP’s surface. The model needs to incorporate size-dependent damping to accurately
describe this enhanced surface scattering effect, which is not observed in bulk metals. This is
factored in by adjusting the damping term Y, to consider both the inherent damping and the
effects of the NP's size!%. This model yields precise outcomes for infrared frequencies;
however, it is less effective in the visible spectrum as it does not account for interband
transitions in the plasmonic NP!?7, Interband transitions describe the movement of electrons
from the valence band to the conduction band'%®. The conduction band is the range of electron

energy levels in a material where electrons are free to move, allowing electrical conductivity.
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The valence band comprises energy levels filled with electrons that are bound to atoms and
responsible for the chemical properties of the material. If this band is fully occupied, the
material is an insulator, but if electrons gain enough energy to jump to the conduction band, the
material can conduct electricity'®®. To account for the interband transitions, a frequency

dependent extra term €;;, (w) has to be included in equation 2.2.

2

Wp
g(w) =gp(w)+1 - o T o0
(2.3)
And the complex dielectric function can be represented as:
g(w) = & (w) + igy(w)
(2.4)

1.1%% where Figure 2.2 is taken

For more detailed information, one can refer to Derkachova et a
from. It shows the real and the imaginary part of the dielectric function of gold, taking into

account the interband transitions as described in equation 2.3.

-150- —o— Experimetal data [4]
--- 6,(0)
£"(w)
-200 . , . : ,
1 2 9

w[eV] o [eV]
Figure 2.2 | Comparison of the Real (a) and (b) Imaginary Part of the Dielectric Function for Gold
Resulting from Different Models. Black dashed lines: €p;(®) with parameters €y = 9.84, w, =9.010 eV, y
=0.07 2eV. Red solid lines: ¢ ““() with the same parameters £y, w,, and y but supplemented by Ae“W (@)

(shown in the insertion) accounting for the interband transitions over 1.8 eV. [Figure taken with permission
from Derkachova et al.®®. Reference [4] in the image refers to Johnson ef al.'3°]

19



Fundamentals - Optical properties of GNPs

2.1.3 Localised surface plasmon resonance

In an optically isotropic, dielectric medium, when conductive nanostructures are subjected to
an oscillating electromagnetic field, plasmonic excitation can be observed. This phenomenon
occurs due to the curvature at the interface between the particle and the dielectric medium,
leading to the direct excitation of plasmons. The curved geometry of this interface exerts a
restoring force on the displaced electrons, generating an opposing dipole moment. This process
results in enhanced electromagnetic fields near the particle. The plasmons generated in this
context are highly spatially confined, do not propagate, and because of this are considered
localised. This is referred to as LSPR with this phenomenon being dependent on the

morphology of the nanostructure'®.

The amplitude of the induced electric dipole moment is the highest depending on the
polarisability of the NP material. These LSPR bands of enhanced scattering and absorption
often occur in the visible spectrum for noble metal NPs which results in their characteristic
colour and the effect as visible in the Lycurgus cup (Figure 2.1)!319%192 The specific equations,
for the optical cross sections for particles, from a quasi-static approximation of radius R, Gabs

and Gsca can be expressed as

g, — €
Oaps = 4TKR3 <u>

g + 2¢p,
(2.5)
€, — €
= 8nk*R® [-2—"
Osca = OT &y + 28
(2.6)

With g, defining the dielectric function inside the particle, €, as the dielectric function of the

surrounding medium, and k defining the wave number of light in the medium''°.

By replacing Gabs and Gsca in equation ( 2.1) with equations (2.5) and (2.6), it becomes evident
that maximal extinction is achieved when the denominator is at its minimum, which is reached

at —2¢&,,.

The frequency at which the relationship described is valid is the LSPR, a predominant feature
in the spectra of noble MNPs. As depicted in Figure 2.3 (top), the LSPR is characterised by the
collective oscillation of the free electron gas within the NP, triggered by an external
electromagnetic field. This oscillation results in a dipole due to the charge separation between

the free electrons and the lattice. The intensity, position, and bandwidth of the LSPR are
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significantly influenced by the material of the NP, its size, shape, and the refractive index of
the surrounding environment (see Figure 2.3, bottom)'®. The asymmetry of the UV-Vis spectra
is characterised by a plateau at shorter wavelengths. This feature is attributed to the absorption

caused by interband transitions within the NPs.

Other than size, the optical properties of plasmonic NPs are significantly influenced by the
medium surrounding them. This effect on the spectra of plasmonic NPs is evident when
observing their absorption spectra in mediums with varying refractive indices, showing a red

shift and an increase in the intensity in the LSPR wavelength when the refractive index of the

medium increases’*.
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Figure 2.3 | Illustration of Plasmon Formation. (Top) Schematic illustration of conduction electron oscillation
in MNPs in the quasistatic approximation®>. In this process, the conduction band electrons in the metal undergo
collective oscillation when they interact with light. The oscillation amplitude reaches its peak at the surface
plasmon resonance frequency, a value dependent on the nanoparticle's shape, size, and the dielectric properties of
the surrounding environment. (Bottom) UV-Vis spectra of spherical GNPs of different sizes, exemplifying the
size-dependency of the LSPR position. [Bottom figure taken from Cytodiagnostics'*2.]
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2.2 Nonlinear optical responses of GNPs

2.2.1 Nonlinear microscopy

Nonlinear optics is a branch of optics that deals with the behaviour of light in nonlinear media,
where the response of the material to the electromagnetic field of the light is nonlinear. This
nonlinearity typically becomes significant at very high light intensities, such as those provided
by lasers. Unlike in linear optics, where the response of a medium is directly proportional to
the electric field of the light, in nonlinear optics, the response can depend on the square, cube,

or higher powers of the electric field'!".

Most nonlinear optical behaviours are explained through the concept of polarisation, which is

related to the applied electric field. In linear optics, the polarisation density P in a dielectric
. . d . ) C :

medium is quantified as P = ﬁ. This equation denotes the variation in the dipole moment dp

within a given volume element dV in the substance. This polarisation is linearly dependent on

the magnitude of the applied electric field E and can be expressed by the following equation,

known as the first order susceptibility!!?:

P(t) = goxVE(t)
(2.7)
The nonlinear polarisation of the medium is described by:
P(t) = g[xPE®) + XPE®) +xPE®) +...1 = PP () + PP () + PO (t)+...

(2.8)

Here, gy defines the permittivity of free space, and 2, %’ are the second-order and third-order
nonlinear susceptibility of the medium, respectively. These susceptibilities are tensors, and their

values depend on the properties of the material and the frequencies of the interacting waves'',

One of the most studied nonlinear optical phenomena is second harmonic generation, where
two photons of the same frequency interacting with a nonlinear material are combined to
generate a new photon with twice the frequency of the original photons. The efficiency of this

process is governed by the second-order susceptibility y2.!!!

Nonlinear optics include a variety of phenomena besides SHG, including third harmonic

generation, four-wave mixing, two/three photon luminescence, CARS, and more'!!.
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2.2.2 Four Wave Mixing microscopy

This project uses phase-resolved triply resonant FWM microscopy to detect and reveal the
pathway of GNPs within a cellular environment. It uses a third-order nonlinear optical process
that is characteristic to noble MNPs, which will be further elaborated in this section. Central to
understanding this technique is the concept that %> nonlinearities alter the dielectric function of

the material under examination.

The optical set up uses three laser beams that all operate at the same wavelength, a scheme that
is also called degenerate. These equal frequencies (01 = ®2 = ®3 = ®yp), are close to the LSPR
of the GNPs. The beam sequence arrives at the sample in a pump probe scheme with an
adjustable delay time in the picosecond regime between the two fields. The absorption of the
pump beam causes ultrafast changes in the real and imaginary parts of the dielectric function
of GNPs, which have been shown on the FWM set up with GNP diameters ranging from 5 nm
to 40 nm*. The model accounts for the transient changes in electron and lattice temperatures
within the GNPs, including considerations of both intraband and interband transitions. These
transitions are critical for understanding the energy absorption and scattering mechanisms at
play, which in turn influence the NPs’ optical properties. This set-up was developed by the
Biophotonics and Quantum Optoelectronics group at Cardiff University. The set-up itself with
its optical parts will be explained in more detail in the methods section and explanations in this

section are based on the descriptions of Masia et al.*.

The pump and probe fields in the FWM imaging scheme are represented as E; and Ea,

respectively. The induced polarisation p at the particle can be described by
p = &gpak,

(2.9)

where a defines the polarizability of a spherical GNP that is much smaller than the wavelength
that excites it. The polarizability of a GNP in this regime was defined in equation (2.5) and can

now be written as follows:

g, —¢€
a = 4meyR3 <u) = 4mR3¢
&+ 2ep,

(2.10)

with & defining the effective dielectric constant.
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When the NP is excited by the intensity-modulated pump field Ei, there is an alteration in the
dielectric function. This modification, that is referred to as A&, leads to the generation of a FWM
field Erwm which is directly related to the change in polarisation. Since A& changes in
proportion to the intensity of the pump, denoted by 1) = |E;|> = E, E}, the resulting FWM signal
is therefore linked to Erwwm and is proportional to E; E; E,. This relationship highlights the third-

order nonlinearity characteristic of the process.

On the electronic level, the absorption of the pump beam leads to the formation of a non-
equilibrium electron distribution with a fast energy transfer from the oscillating electrons to
single electron excitation. There is a thermalisation of the hot electron gas through electron-
electron scattering that in turn leads to a lattice thermalisation. Finally, through heat diffusion
into the environment, the lattice cools down!%®. These dynamics take place over a few hundreds

of picoseconds and they are plotted in Figure 2.4 as measured by Masia et al.*.
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Figure 2.4 | Transient Changes of the Real (AZg) and Imaginary (Ag;) Parts of the Dielectric Function of a

Single Gold NP Resonantly Excited and Probed at 550 nm for Different NP Diameters as Indicated. Pump
(probe) fluence is 0.60 J/m? (0.11 J/m?) for the 15- and 20-nm NPs and 0.65 J/m? (0.05 J/m?) for the 38-nm particle.
Acquisition time per point is 200 ms. Dashed lines are corresponding calculations, with the green lines neglecting
the heating by interband absorption. Curves are vertically displaced for clarity. The top sketch illustrates the SPR
excitation by the pump (E:) and the subsequent heating and cooling dynamics monitored by the probe. The inset
shows coherent phonon oscillations for the 38-nm NP. [Figure and caption from Masia et al. with permission.*’]
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3 Materials and Methods

This chapter incorporates content that has been previously published in

N. Slesiona, L. Payne, 1. Pope, P. Borri, W. Langbein, P. Watson, Correlative Extinction and
Single Fluorophore Bleaching Microscopy for Ligand Quantification on Gold Nanoparticles.
Adv. Mater. Interfaces 2023, 10, 2300568.%

3.1 Sample Preparation

3.1.1 Functionalisation procedures of GNP

The functionalisation procedures in the method section do not mention concentrations as
different samples were functionalised using different concentrations of crosslinkers, particles,
quenchers, and/or proteins. The concentrations will be mentioned in the main text of the

chapters when discussing and comparing the samples.
3.1.1.1 functionalisation using GNPs with pre-attached NHS-groups

Spherical 20 nm GNP with a coating of a stabilising polymer (unknown) and pre-attached NHS
residues were purchased freeze-dried from Nanopartz (California, USA) to which human,
Alexa647-labelled Tf (TfA) (5 mg/mL, Invitrogen™, California, USA) were conjugated
following the suggested procedure by the vendor. In short, the vendor recommends 100 mg in
ImL phosphate buffered saline (PBS) (BupH™, Thermo Scientific, Germany) of a 150 kDa
antibody to load 20 mg onto the particles. The needed amount of TfA was diluted into 1 mL
PBS which was adjusted to a pH of 8. The solution was added to the freeze-dried particles. The
particles were resuspended by sonication in an ultrasonic bath (FB15047 Fisher Scientific, UK)
for 30 seconds, followed by 30 seconds of shaking by hand, repeating both steps three times.
The reaction was left for 30 min at 30°C on a shaker. The sample was then purified by
centrifugation at 12,000 relative centrifugal force (rcf) for 10 min, the supernatant discarded,
and the particles resuspended in 1 mL 1% PBS 0.1% Tween 20 (Sigma-Aldrich, Darmstadt,
Germany) solution. The purification step was conducted three times in total, whereby after the
last step of supernatant removal 1 mL PBS was added. The functionalised particles were stored

in the fridge at 4°C until usage.
3.1.1.2 EDC-NHS reaction

Spherical GNPs of 20 nm core diameter with pre-attached carboxyl groups (Nanopartz,
California, USA) were taken from stock (30 nM) which was sonicated prior to use to ensure
uniform dispersion and detachment of GNP from tube walls. The NPs were centrifuged at
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12,000 rcf for 20 min to produce a pellet. The supernatant was removed, and the pellet
resuspended in MES buffer (pH 6, (BupH™, Thermo Scientific, Germany). This wash step was
repeated twice with a final resuspension of the GNPs in MES buffered saline. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, Pierce™, Thermo Scientific, Darmstadt, Germany)
was added together with sulfo-NHS (Thermo Scientific, Germany). The reaction was left on a
shaker at room temperature (RT) for 15 min, followed by a centrifugation step at 12,000 rcf for
20 min. The supernatant was removed and replaced with PBS. The sample was subjected to
another round of centrifugation, after which the supernatant was replaced with PBS containing
TfA at concentrations as stated in the main text. The sample was left on a shaker at RT for 2h
and protected from light. To quench the reaction, hydroxylamine was added to a final
concentration of 50 uM. The sample was washed by centrifugation at 12,000 rcf for 20 min

three times, replacing the supernatant with PBS buffer in an equivalent volume.
3.1.1.3 sulfo-SMCC reaction

Spherical GNPs with an average diameter of 20 nm and a proprietary hydrophilic polymer
coating featuring terminal amine groups (2 attachment sites (ASs) per nm? as specified by the
manufacturer) (Nanopartz™ Ntracker™, California, USA), were employed in this project. For
the conjugation process, TfA (Invitrogen™, California, USA) was conjugated to the GNPs
using sulfo-succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (sulfo-SMCC)
(Thermo Scientific, Darmstadt, Germany). Initially, GNPs were conjugated to the NHS
functional group of sulfo-SMCC in a 100:1 sulfo-SMCC to amine residue excess, and the
mixture was left on a shaker at RT for an hour before being purified by centrifugation at
12,000 rcf for 20 min. Subsequently, 90% of the supernatant was replaced with PBS (pH 7)
containing TfA and incubated for 2 hours at RT on a shaker, shielded from light. After
incubation, centrifugation at 12,000 rcf for 20 min was repeated to eliminate unbound TfA,
discarding 90% of the supernatant and resuspending the GNPs in a 1% PBS and
0.01% Tween20 solution. Where sulfo-SMCC's remaining maleimide groups were quenched,
mercaptoethanol (Thermo Scientific, Darmstadt, Germany) was added at a 100:1
mercaptoethanol:AS ratio and left to react for an hour at RT, shielded from light. This step was
omitted in reactions that did not employ quenching. Following three centrifugation and
supernatant removal steps, the GNP-TfA constructs were resuspended in PBS to their original
volume and briefly sonicated for 1 second between each centrifugation to ensure proper

resuspension. The functionalised GNPs were then stored in the dark at 4°C, for up to one month.
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3.1.1.4 Dithiol-PEG-NHS

20 nm GNPs (BBI solutions, Crumlin, Wales; Sigma-Aldrich, Darmstadt, Germany) were
subjected to centrifugation at 12,000 rcf for a duration of 10 min. Following centrifugation, the
supernatant was carefully removed and replaced with an equivalent volume of distilled water
(dH20) or dimethylsulfoxide (DMSQO) (Thermo Scientific, Darmstadt, Germany). Next, PEG-
NHS (Sigma-Aldrich, Darmstadt, Germany) was dissolved in DMSO at a concentration of
20 mM. DMSO was chosen as the solvent to prevent the hydrolysis of the NHS group. The
PEG-NHS solution was then mixed with the GNPs at varying molar ratios to test for the best
outcome of functionalisation. This mixture was allowed to incubate for 1.5 hours at RT. After
the incubation, a second round of centrifugation was performed at 12,000 rcf for 10 min. The
supernatant was removed, and the same volume of PBS or dH>O was added to remove excess
NHS-PEG-thiol. Subsequently, TfA in PBS (final conc. 62.5 nM) was added to the GNPs, and
the mixture was allowed to incubate for 3 hours. Finally, another two rounds of centrifugation
at 12,000 rcf for 10 min were conducted, followed by resuspension of the particles in dH,O
with an equivalent volume. The functionalised GNPs were stored in the dark at 4°C until usage

for a maximum of one month.
3.1.1.5 ortho-Pyridyldisulfide-PEG-NHS

Prior to functionalising the GNPs, TfA was conjugated to OPSS-PEG-NHS (OPN)
(Iris Biotech, Marktredwitz, Germany). A 10 mM OPN solution was prepared by dissolving the
OPN in 100mM sodium bicarbonate buffer (pH 8.6). The prepared OPN solution was added to
TfA at a molar ratio of 150:1 (OPN:TfA) immediately after preparing the solution. The mixture
was incubated overnight at 4°C in a dark environment. Following incubation, a dialysis was
performed to eliminate unreacted reagents. The reaction mixture (1 mL) was transferred to a
20kDa MWCO dialysis membrane (Slide-A-Lyzer™, Thermo Scientific, Darmstadt, Germany)
and dialyzed against 3x1 L PBS at 4°C for 24 hours in the dark. The dialysis buffer was changed
three times during this 24-hour period. The OPSS-PEG-TfA (OPT) concentration was
quantified by BCA assay (Pierce™, Thermo Scientific, Germany). This involved preparing
protein standards using Bovine Serum Albumin (BSA) and a serial dilution of OPT in a 96-well
plate. The BCA working reagent was added to each well. After incubation at 37°C for 30 min,
absorbance was measured at 590 nm using a FLUOstar OPTIMA microplate reader (BMG
Labtechnologies, Ortenberg, Germany). Protein concentrations were determined by comparing
sample absorbance to the BSA standard curve. Blank wells with PBS were included for

background correction. The conjugates were stored in the dark at - 20°C until needed.
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GNPs suspended in citrate of 20 nm and 60 nm diameter (Sigma-Aldrich, Darmstadt, Germany)
were functionalised with OPT. For this, the GNPs were centrifugated three times at 10,000 rcf
(20 nm GNPs), or 900 rcf (60 nm GNP) for 30 min and 95% of their supernatant removed and
replaced with 10 mM citrate to the original volume supplemented with 0.01% Tween20 after
the first two rounds of spinning. After the third round, the particles were added to OPT and
incubated for 2h at RT, while protected from light. The concentrations of the constituents were
formulated as follows: one TfA per 40 nm? i.e. 32 TfAs per 20 nm particle (surface area:
1260 nm?), and 283 TfAs per 60 nm particle (11,310 nm?). After this, 2kDa mPEG-SH (Sigma-
Aldrich, Darmstadt, Germany) was added for PEG-backfilling at a ratio of 4 PEGs/nm?. The
constructs were incubated overnight in the dark at 4°C. The next day, two washing steps were
conducted, spinning the particles down at the speeds as stated above and removing approx. 95%
of the supernatant, replacing it with PBS supplemented with 0.01% Tween20. After a third
round of centrifugation, the particles were resuspended in PBS with an equivalent volume and

stored at 4°C in the dark until further use.
3.1.2 Cell culture

HeLa cells, a human cervical carcinoma cell line, were obtained from the American Type
Culture Collection (ATCC, USA). The cells were cultured in cell culture petri dishes (310 cm)
with Dulbecco's Modified Eagle Medium (Gibco™, UK) supplemented with non-essential
amino acids and GlutaMAX™ with 10% (v/v) fetal bovine serum (Life Technologies, UK) at
37°C and 5% CO> in a humified incubator. The cells were regularly checked for infections and
growth under a brightfield microscope. Upon reaching a confluency of 80% the HeLa cells
were passaged in sterile culture conditions typically in a time frame of 4 days. Passaging was
done in a cell culture hood under sterile conditions. Prior to and following any work in the cell
culture hood, all surfaces were disinfected with 70% ethanol. In the passaging procedure, the
cells were washed with 1 mL of 0.25% trypsin (Thermofisher, UK) followed by a 5 min
incubation step with 1 mL of 0.25% trypsin at 37°C to detach the adherently growing HeLa
cells from the culture dish. The cells were resuspended in 9 mL culture media and plated onto
new petri dishes (@10 cm) in 1:10 and 1:20 dilution for continuous culturing. For next day
experiments, the cells were plated on @35 mm glass bottom dishes (MatTek, USA) to a
concentration of 5,000 cells per mL to a total of 2 mL. Cells were passaged to a maximum
passage number of 25. The cell concentration of the resuspension was determined via counting
the average cell number in a haemocytometer. Prior to counting, the chamber and cover slip
were washed with 70% alcohol. After fixing the cover slip in position, 10 pL. of the cell

suspension was added to the hemocytometer and the cell number determined by counting the
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cells in the four corners of the gridded square (1 mm?) and averaged. This average was
multiplied by 10* to estimate the number of cells per mL and the necessary dilution of the

suspension was calculated using the following equations:

1) Number of cells per ml = Average cell number per square x Volume of square (ml)

2) Volume of cell suspension (ml) = Desired cell number per ml / Number of cells per ml
3.1.3 Pulse Chase Experiments on HeLa cells

Pulse-Chase experiments in HeLa cells were conducted to determine the fate of free TfA and
TfA-functionalised GNP. The day after plating the cells onto ¥35 mm glass bottom dishes
(MatTek, USA), the HeLa cells were serum-starved by removing their normal growth media
and adding 500 pL fresh, non-supplemented and serum-free FluoroBrite DMEM (FB), (Life
Technologies™, California, USA). All incubation steps were conducted at 37°C and 5% CO
in a humidified incubator. After 30 min incubation and aspiration of the media, the cells were
incubated in FB containing either TfA or construct for 30 min. Subsequently, the cells were
incubated in normal growth media for varying chase times that are stated for each experiment
within the main text. After the incubation time the media was replaced by FB supplemented
with non-essential amino acids and GlutaMAX™ with 10% (v/v) fetal bovine serum (Life
Technologies, UK) for imaging in live cell experiments, or by 4% paraformaldehyde (PFA) to
fix the cells for 30 min, followed by two washing steps of PBS. Fixed cells were then mounted
on a glass slide using Mowiol. The cells were then imaged in epifluorescence and in

transmission on an inverted wide field microscope, or on the FWM set up.
3.1.4 Glass cleaning procedure

Prior to spin-coating TfA, GNP-TfA, or GNP onto coverslips, the coverslips and glass slides
for later mounting were cleaned by a hydrogen peroxide (H>0O>) procedure as follows: First, the
coverslips were marked to allow reliable identification of the same area on two different set-
ups. For this, a diamond pen was used to scratch a crosshair into the surface. This procedure
was developed within this project and is further detailed in Section 4.2.5. The glassware was
then scrubbed with acetone (Carl Roth, Karlsruhe, Germany) and submerged in toluene (Carl
Roth, Karlsruhe, Germany). The coverslips were sonicated (Ultrasonic Bath 3510 MTH,
Bransonic) for 20 min after which they were immersed in acetone for another round of
sonication for 20 min. The glassware was then thoroughly rinsed with DI water and placed in a
clean beaker filled with DI water and placed into a microwave to bring to a boil. Additionally,

a toothpick was placed in the beaker to prevent sudden release of vapor due to superheating.
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Once at boiling temperature, the microwave power was reduced to gently boil for 3 min. After
letting the glass cool down, the coverslips were submerged in 30% H2O- for final sonication

for 20 min. The glassware was then stored in fresh H>O- until usage.
3.1.5 Spin-coating procedure

A hydrogen peroxide-cleaned cover slip (24x24 mm, thickness 0.16-0.19 mm, Menzel-Glaser,
#1.5, Braunschweig, Germany) was positioned on the chuck of a spin coater (WS-650MZ-
23NPPB, Laurell, USA) and secured by vacuum. The procedure involved spinning the disc for
35 seconds at 2000 rpm, followed by an additional 30 seconds at 4000 rpm. At the onset of
rotation, 20 uL of the sample was dispensed onto the centre of the cover slip. Due to their size,
single TfAs and GNP-TfA constructs are smaller than the resolution limit of diffraction-limited
optical imaging systems, rendering their fluorescence signals as spots determined by the
microscope's point spread function (PSF). The PSF size depends on the objective's numerical
aperture (NA), the wavelength of illumination, and the refractive index of the medium. If two
nano-objects are closer together than the size of the PSF, they are indistinguishable as separate
structures. To reduce the occurrence of such overlaps, TfA, GNP, and GNP-TfA constructs
were diluted to a concentration of 10°/mL prior to spin-coating. The resulting density was
approximately 0.035 particles/um?, translating to an average particle separation of about 5 um,
assuming an even distribution. Diamond scribe markings were made on the cover slip before
spin-coating to allow reidentifying of specific areas across different microscopy platforms. For
imaging, the sample was attached to a glass slide, spin-coated side facing the slide, using a
0.12 mm thick adhesive gasket (Grace Bio-labs SecureSeal) modified to include channels for

injecting index-matching oil, essential for extinction microscopy.

3.2 Multimodal imaging set-up

Bright field, Extinction, FWM microscopy, DIC and confocal fluorescence were conducted on
the same multimodal imaging set up. The set up consists of a Nikon Ti-U inverted microscope
with a set of microscope objectives. Wide-field illumination is provided by a halogen tungsten
lamp (V2-A LL 100 W; Nikon, Tokio, Japan) with a set of bandpass filters available in the
illumination path. Additionally, different polarisers and sliders are available that can be inserted
into the optical pathway for dark field illumination and DIC microscopy. Two condensers were
available, an oil condenser of 1.1-1.34 NA, and a long working distance dry condenser of
0.52 NA, as well as two tube lenses of 1x and 1.5x magnification. The samples are moved by
an xyz piezoelectric stage (NanoLP200, MadCityLabs, Madison, WI, USA) with a range of 200

pm. Images were acquired with a water-cooled scientific Complementary Metal-Oxide—
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Semiconductor (sSCMOS) camera (PCO Edge 5.5, Excelitas, Waltham, MA, USA), with 2560 x
2160 pixels and 16-bit digitisation, 0.54 electrons per count, and a full well capacity of 30 000
electrons. For FWM (and CARS) measurements, a laser beam can enter the microscope through
its right port. The microscope and its optical components were operated remotely by a custom-
written software called MultiCARS which is implemented in LabWindows CVI (written by W.
Langbein, Cardiff School of Physics and Astronomy).

3.2.1 Extinction

A technique for measuring the extinction cross sections of individual NPs was developed in our
group and is further described in Payne et al. employing Extinction Suite Macro (ESM) as
analysis software''®. In this method, transmission images of GNPs are obtained using wide field
microscopy using a lateral shift and a rapid reference method. This way, a large number of
frames can be obtained in a short period of time. These frames are averaged and subtracted,
creating a differential transmission image A. From this, the extinction cross sections of each

particle in the FOV can be calculated by
O-ext = fAi AdA,

with A; denoting the area used in which the particle is centred. The high number of frames lead
to exceptionally high sensitivity, even for very small NPs down to 5 nm and a shot noise limited
cross-section sensitivity of 0.4 nm?. Wavelength-dependent measurements are possible with the
available band-pass filters in the excitation light path. Wide-field extinction measurements are
recorded using the 100 W halogen lamp as illumination source. The 1.34NA oil-immersion
condenser (Nikon MEL41410) and 1.45 NA oil immersion objective (Nikon MRD00405) are

used coupled with the 1x tube-lens.
322 FWM

FWM is a third-order nonlinear phenomenon that arises from light-matter interaction of three
interacting light waves that generate a fourth wave that can be modulated in the presence of
plasmonic NPs. The Four Wave Mixing imaging FWMi scheme consists of such three optical
pulses of 150 fs duration (80 MHz repetition rate) with the same centre frequency close to the
LSPR of spherical GNP at 550 nm that are denoted as pump, probe, and reference. All three
beams are generated by the same laser source, stemming from an optical parametric oscillator
(OPO, Inspire HF 100, Spectra Physics, Newport, CA, USA) pumped by a Ti:Sapphire laser
(Mai Tai HP, Spectra Physics, Newport, CA, USA). To aid with visualisation of the setup, a

schematic overview of the involved optical components is provided in Figure 3.1. The laser
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power of the set-up was regulated by modulating the radio-frequency wave amplitude with
Acousto-Optic Modulators (AOMs, ASM-802B67, IntraAction Corp. Illinois, U.S.A), with
output power measurements between the Dichroic Beam Splitter (DBS1) and the microscope
port. The output beam from the OPO is initially linearly polarised in a horizontal direction (H)
in respect to the laboratory's reference system. This beam first goes through a polariser (P) and
a M2 plate (AM/2-1) to adjust the power of the beam. This serves as an initial attenuation factor.
The beam then goes through prism pulse compressor, which is used to adjust for chirp caused
by the optics in the beam path. Following the pulse compressor, the beam passes through
another A/2 (A/2-2) waveplate. This waveplate rotates the beam's linear polarisation by 45
degrees. After this, the beam enters a polarising beam splitter (PBS1), where it is divided into
two separate beams (50:50 split). One of these is a H polarised transmitted beam, and the other
is a vertically polarised (V) reflected beam. These two beams have equal intensity and serve

different functions: The V polarised (reflected) beam acts as pump and excites the GNPs at the
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Figure 3.1 | Schematic Representation of the Optical Components in the FWMi Set-Up. This figure provides
a schematic overview of the optical components utilised in the FWM setup, part of a multimodal imaging system
that also includes CARS and IGOR modalities. The illustration focuses exclusively on the components relevant to
FWMi. Components not depicted are either not integral to the FWMi pathway or do not require adjustment during
alignment. All components that are subject to adjustment in the FWMi configuration are specifically highlighted
and labelled in the schematic. A comprehensive description of the entire setup is provided in the main text of the
document as well as the alignment procedure.
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LSPR. The change in the NP’s optical properties is resonantly probed by the H polarized
(transmitted) probe beam. The delay time t between the pump and the probe beams is adjustable
thanks to a motorised delay stage (M403.8, Physik Instrumente (PI) GmbH, Karlsruhe,
Germany) that is incorporated into the pump beam's path. The pump and probe beams are
recombined using a second polarising beam splitter (PBS2) and then directed by a non-
polarising beam splitter (BS) with an 80:20 transmission-reflection ratio. A pair of A/2 (A/2-4)
and A/4 waveplates is employed to transform these beams into circularly polarised light at the
sample plane. These recombined beams are further reflected by DBSI1 into the right port of the
Nikon Ti-U inverted microscope stand. The pump and probe pulses are combined and focused
onto the sample by a high NA microscope objective. This generates a FWM field that is
proportional to E1E*E,. This FWM field (FWM?), along with the reflected probe field (REFL),
are collected in reflection by the same microscope objective, travel back through the waveplates
and are transmitted by the BS. As a result, if the probe is reflected by a planar sample surface
without any NP, the REFL returns V polarised in the laboratory system. The reference beam,
which is also temporally adjustable using a motorised delay stage (M403.6, Physik Instrumente
(PI) GmbH, Karlsruhe, Germany), is polarised at a 45-degree angle by A/2-3 before being
recombined with the epi-detected signal via a non-polarising beam splitter (NPBS) to achieve
equal photocurrents on V and H diodes of the balanced detector. A Wollaston prism then
vertically separates the H and V polarisations. The interference between the epi-collected FWM
field and the reference field is detected using two pairs of balanced silicon photodiodes
(Hamamatsu S5973-02), which provide polarisation-resolved detection. The detection scheme
distinguishes the FWM field from the pump and probe pulses, using a heterodyne technique.
The heterodyne detection scheme, characterised by radio-frequency shifts combined with lock-
in amplification, stands as a cornerstone of the experimental setup, facilitating the
differentiation of pump, probe, and FWM signals. Sharing an identical wavelength and being
both focused and collected by the same objective lens, these signals are indistinguishable based
on wavelength or propagation direction. The heterodyne technique enables us to overcome this
challenge by modulating the frequencies of the interacting light beams, thereby allowing for
the isolation of specific signals based on their unique frequency shifts. For more detail on this,
please refer to Borri et al.''*!'°, The system measures both the amplitude and phase of the REFL

and the epi-detected FWM?*,
3.2.3 Confocal fluorescence

To allow simultaneous measurement of confocal fluorescence with FWMIi, a dichroic mirror

(DBS1) was used to spectrally separate the fluorescence signal from the FWM fields, all which
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were collected by the same objective. DBS1 has a cut at 600 nm, where it reflects shorter
wavelengths and transmits longer ones. The fluorescence was excited by the laser beam that
was used for FWM. The light then passes through an adjustable confocal pinhole (PH6) before
reaching a photomultiplier detector (Hamamatsu H10770A-40) with an additional bandpass
filter (Semrock FF02-650/100) which transmits light within the 600-700 nm wavelength

spectrum. To allow confocal imaging, the pinhole was set at 1 Airy unit.

In confocal fluorescence microscopy, adjusting the pinhole to different Airy unit settings
directly impacts the optical sectioning capability, the signal-to-noise ratio and the resolution of
the acquired image. The Airy unit is a measure related to the diffraction pattern produced by a
circular aperture, with one Airy unit being the diameter of the first diffraction disk. Setting the
pinhole to a smaller diameter (less than 1 Airy unit) increases the optical sectioning ability of
the microscope at which point the resolution is diffraction limited. This means the microscope
can more precisely isolate a thin section of the specimen, reducing the amount of out-of-focus
light that reaches the detector. The result is a sharper image with higher contrast!!S. This update
of confocal fluorescence was available before the onset of the project but was not aligned for

use until later in this project.

3.3 Widefield microscope set-up

Wide-field epi fluorescence as well as bright field measurements were conducted on an inverted
Olympus IX73 microscope and a Prior Lumen200Pro light source using filter set (89000,
Chroma, Vermont, U.S.A.). Fluorescence emission can be separated with using a multiband
dichroic filter set (#89000, Chroma, Vermont, U.S.A.). The emission was detected with a
sCMOS Camera (Hamamatsu ORCA-flash 4.0 V2, 30,000 full well capacity, 1.4 electrons read
noise, and 0.46 electrons per count) at a 2 % 2 binning readout on all images corresponding to
a 130 nm image pixel size. Camera and filter settings were operated utilizing the HCImage

software package (Hamamatsu).

3.4 Transmission electron microscopy measurements

Transmission electron microscopy was conducted by Dr. Thomas Davies as follows: Samples
were prepared by wet dispersion. 5 x 10uL drops were added sequentially, by blotting onto 300
mesh copper grids coated with holey carbon film. Samples were analysed using a JEOL JEM
2100 LaBs TEM operating at 200 kV.

The resulting images were then analysed in ImagelJ to determine the particle diameter of GNP

samples as well as to determine the sphericity of the GNPs.
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3.5 Data acquisition and processing
3.5.1 Validation of particle functionalisation

3.5.1.1 UV-Vis measurements of GNP

UV-vis spectra were recorded to calculate the resulting particle concentration after
functionalisation. GNP and GNP-TfA spectra were measured with a NanoDrop 1000
spectrophotometer (Fisher Scientific, UK) using the vendor’s operation software. The spectra
were measured in 3 nm increments of wavelength. The obtained raw data was plotted and

evaluated using Origin 2023.
3.5.1.2 Zeta (C) potential measurements

C potential measurements were performed with ZEN3600 Malvern Instruments Ltd. and were
conducted in disposable folded capillary cells (DTS1070). In the Zetasizer software, the
parameters were set as follows: (1) Material: Gold (Malvern), (2) Dispersant: Water at a
Temperature of 25 °C (Viscosity 0.8872 cP, refractive index: 1.330), (3) equilibration time for
temperature stabilisation: 120 sec, (4) Measurement: 3 measurements with no delay in between
with at least 10 runs per measurement. The mean of the measurements was calculated and

plotted using Origin 2023.
3.5.2 Wide-field epi-fluorescence microscopy for fixed and live cell imaging

Epi-fluorescence and bright-field measurements of live and fixed cells were conducted on the
microscope described in section 3.3. After treatment in live-cell pulse chase experiments or
after fixation, samples were imaged either with 1 sec in live cell experiments or 3 sec in fixed
cell experiments. Alexa647 was the only fluorophore used during this project, so a
ET645 nm/30 nm was chosen as the excitation filter and the ET705 nm/72 nm as the emission
filter. Cell experiment data was acquired using a 100x, 1.4 NA oil immersion objective. All
FOVs were acquired in epi fluorescence mode first, followed by a bright field image for

reference.
3.5.2.1 False colour overlays and axial colour coding

Epi-fluorescence data were utilised to generate false-colour overlays, combining fluorescence
with brightfield images of the same FOV, allowing the analysis of GNP internalisation via the
fluorescent tag of TfA. This image processing was conducted using the ImageJ software, where
brightfield data were displayed in grayscale with adjusted contrast to enhance the visibility of

the cellular structure. The fluorescence signal was visualised using the “Fire” look-up table
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(LUT) to depict intensity variations. In time-lapse studies, representative epi-fluorescence
frames were selected to create a composite false-colour overlay for individual frames.
Additionally, z-stacks of epi-fluorescence data contributed to creating maximum intensity
projections (MIPs), which further served in constructing false-colour overlays that mapped the

distribution of fluorescent signals across FOV, again employing the “Fire” LUT for this

purpose.

For two-dimensional representations of z-depth, z-stacks of epi-fluorescence data underwent
temporal colour coding in ImageJ, utilising the “physics” LUT. The resulting RGB image was
then either directly used as an image for analysis or it was superimposed with a brightfield
image of the same FOV by separating the RGB image into its constituent channels and
superimposing them back in their respective colour channels together with the brightfield image

in greyscale for a more detailed analysis.

Orthogonal representations of z-stack

data  were  created using  the

VolumeViewer Plugin'!” within ImagelJ.
For better visualisation, the data was
stretched in z by a factor of 5 with further
settings at: Mode: Max Projection (2);

Interpolation:  Tricubic smooth (2); aperture
Sampling: 1. excitation filter,
o 645 nm
3.5.3 Wide-field epi-fluorescence 3
@ dichroic mirror
microscopy for single &
fluorophore bleaching —+>3» multi bandpass
_______ emission filter
Wide-field epi fluorescence

— single emission

measurements were carried out using the filter, 705/72 nm

inverted Olympus IX73 microscope,

sCMOS camera

detailed in Section 3.3 and illustrated in
) . Figure 3.2 | Epi-fluorescence Set-Up. Wide-field epi
Figure 3.2. For these experiments, the fluorescence set-up with a 645+15 nm excitation filter and
a 705436 nm emission filter. Emission is detected using a
ET645 nm/30 nm and ET705 nm/72 nm sCMOS camera. A 100x oil immersion objective withgan
adjustable NA of 0.6-1.3 is used (set to 0.95 NA to avoid
total internal reflection, which resulted in background due
emission, respectively. A 100x oil to limited spectral filtering of the reflected excitation).
Representations of components and the sample are not to
immersion objective with a variable NA  scale. [Figure and description adapted from Slesiona et
al

filters were selected for excitation and

ranging from 0.6 to 1.3 was employed,
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with the NA adjusted to 0.95. This adjustment aimed to prevent total internal reflection (TIR),
which was identified as a source of significant background noise due to residual filter
transmission. The IX73's fly-eye illuminator lacks an aperture iris, which would have allowed
for the control of illumination NA while maximising emission collection NA for optimal signal
acquisition. To quantify the number of fluorophores per TfA and the number of TfA molecules
per GNP, time series measurements of spin-coated TfA and GNP-TfA samples were performed
with a 3-second integration time. A consistent excitation intensity was ensured by using a red
fluorescent slide (ThorLabs -FSK6), adjusting the lamp to yield an average signal of
50,000 counts with a 50 ms exposure. Photobleaching was minimised by focusing the sample
in brightfield contrast at the lowest light intensity, without any filters. Bleaching traces and
initial fluorescence intensities I(to) were extracted using the custom Extinction Suite macro
(ESM)!3118 which automatically identifies individual fluorescence signals within the FOV.
I(to) data were plotted as histograms in Origin 2023, with binning settings specified within each

figure description in the main text.

3.5.4 Bleaching step size determination and background correction of single

fluorophore bleaching data

To eliminate background, such as hot pixels (HPs), a background image was recorded from an
average of 20 frames taken under the same acquisition conditions but in the absence of
fluorescence excitation. This image was then subtracted from the photobleaching time-series.
The analysis, conducted using ESM, involved calculating the fluorescence intensity of
individual spots, summing the signal across the PSF over time to identify photobleaching steps.
For each fluorescent spot, the intensity was summed within a 4-pixel radius of its peak, and a
local background, derived from data within an 8-pixel radius, was subtracted. ESM indexed
each spot with an ID (identification) number, enabling correlation with its respective extinction
spot for correlation analysis. The methodologies behind the analysis software and its
computational processes are elaborated in Payne et al!'> The manual assessment of
photobleaching steps allowed the quantification of the average number of fluorophore ligands
per TfA, which was necessary for estimating the TfA to GNP ratio. The number of fluorophores
per TfA was calculated using the histograms of fluorophores per protein, and running the
implemented Poisson fit function within Origin 2023 which is accessed by the script access

code nlf Poisson(x,a,b)!"’.
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3.5.5 Wide-field extinction microscopy

Following photobleaching measurements, the chamber of the sample (development detailed in
Section 4.2.5) was filled with silicone oil, index matched to glass (n= 1.52), to mitigate
background caused by surface roughness in extinction measurements. Extinction microscopy

was performed as described by Payne et al.'?°.

Briefly, measurements were carried out light source

on the multimodal imaging set-up

bandpass filter

described in section 3.2 and schematically 550+ 20 nm

represented in Figure 3.3, utilising a 100x
1.45 NA oil objective (Nikon lambda
series, MRDO01905) paired with a 1x tube
lens and a 1.34 NA condenser. A 550 +
20 nm bandpass filter (Thorlabs FB500-

40) was employed in the illumination I 'O fCl ﬁ Q &Il
pathway. Extinction images were ( <>

. immersion
captured using a cooled sCMOS camera (n=1.57)

at its full sensor resolution of 2560 x 2160

pixels, setting the exposure time to 12 ms

per frame at an 82 Hz frame rate,

achieving an average signal of
approximately 22,000 photoelectrons

(pe). Differential transmission images

were obtained by imaging the area of sCMOS camera

Figure 3.3 | Extinction Microscopy Set-Up. Under Kohler
illumination, a sample's transmission is captured on an
reference position and again after shifting sCMOS camera, employing a 1.34 NA condenser and a
100x 1.45 NA objective. To perform differential
measurements, the sample position is laterally adjusted

Background images were taken by using a piezoelectric stage. A bandpass filter of 550+20 nm
was chosen to ensure maximum extinction of the incident

interest twice: once with particles in the

the sample laterally by 1.3 or 2 um.

blocking the illumination path. For light by the GNPs. Representations of components and the

enhanced extinction cross-section sample are not to scale. [Figure and description adapted
o from Slesiona et al.?]

sensitivity, 1280 frames were collected

for each shifted position, with 128 frames sequentially captured at a fixed sample position

before cycling the position 10 times to minimise slow drift effects in illumination and sensor

stability. The resulting cext data exhibited a noise level of 15 nm?. Particle size estimation from

the cexe was performed using MiePlot v4.6.18, simulating cex for GNPs in oil (n = 1.52) and
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averaged across the wavelengths 535, 545, 555, 565 nm, reflecting the selected illumination
bandpass filter range. The extinction image calculation, following Payne et al.’s description'%’,
was conducted by averaging all frames at each shifted position, realised by ESM which
automatically identifies extinction signals and performs signal calculations within the FOV.
These signals were plotted as histograms in Origin 2023, with specific binning settings detailed

within the experiment's figure descriptions in the main text.
3.5.6 Superposition of correlative fluorescence and extinction measurements

Correlative fluorescence bleaching and extinction data were analysed using ImagelJ. Due to the
acquisition of extinction and bleaching measurements on different microscopy systems, it was
necessary to align extinction images with fluorescence images to account for discrepancies in
scaling, shear, rotation, and translation. This alignment was achieved using an image
transformation software developed within the group. Based on a number N of common features
identified by their coordinates of fluorescence (rf) and extinction (r.) signals, the software
determines a transformation

l"f=Cl"e+t

where t is a translation vector, and the matrix C rotates, shears, and scales the axes. The
transformation parameters are determined by minimising the standard deviation S between r¢

and the transformed re, given by

1
S = \jﬁzlrf — (Cre + t)|2.

With a minimum requirement of N=3 matching features, the transformation achieves exact
alignment, resulting in a standard deviation (S) of 0. This alignment allows the transformed
image to be accurately overlapped with its reference image for subsequent correlation analysis.
The methodology behind this registration process is detailed in by Pope et al.'*! The co-
localisation of extinction and fluorescence signals within these overlaid images was then
manually evaluated to identify the presence of constructs, such as GNP-protein conjugates.
These detected constructs were subsequently analysed in Origin 2023 by plotting I(to) against
their oext values. This analysis allowed the assessment of potential crosslinking, the
quantification of fluorophores per GNP, and the determination of the number of GNPs per
construct, providing valuable insights into the structural and functional characteristics of the

conjugated constructs.
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3.5.7 FWM measurements
3.5.7.1 Alignment

It is crucial that the pump and probe pulses have matching chirp along their beam paths. This
allows them to be equally pre-compensated and maintain Fourier-limited pulses at the sample.
To achieve this, glass blocks are inserted in the beam path to adjust the chirp accordingly. Since
the reference beam does not pass through the microscope objective, glass blocks with known
group-velocity dispersion were added to its path as well. The exact amount of glass added is
tailored to the objective/tube lens combination being used. This step aligns the chirp introduced
by the microscope optics with that of the reference beam, maximising the interference between

the reflected FWM field and the reference field at the detector.

The FWM alignment procedure ensured spatial overlap of the reference, pump, and probe
beams both in direction and position. The alignment included several steps which will be briefly
summarised in the following. To follow the beam walking procedure visually, please refer to
Figure 3.1. The probe, pump and reference beams are aligned independently. While one beam

path is being aligned the other beam paths are blocked using servo-controlled shutters.

Mirrors Sig M1 and FWM_FMI1 were used to align the signal beam (combined pump, probe
and reference beams) through pinhole 1 (PH1) and pinhole 2 (PH2), ensuring the signal beam
enters the optical setup consistently on a day-to-day basis. Subsequently, the pump and probe
beams were separated using a polarising beam splitter (PBS1), adjusted independently to align
through pinholes 3 (PH3) and 4 (PH4), and recombined with another polarising beam splitter
(PBS2). Two external cameras (not shown within the scheme in Figure 3.1), which visualise
the near field (NF) and far field (FF) directional space by observing the partially transmitted
(FF) and reflected (NF) beam from optical elements within the setup, are used to view the beams
during the alignment procedure. The uc80viewers software is used to view the signals from the
cameras. First, the probe beam was aligned using the mirrors FWM_M2 and FWM_FMI1. The
alignment of the probe beam through pinholes PH3 and PH4 was iterated until the central spots
of PH3 and PH4 overlapped in both the NF and FF cameras. The overlap position was marked
within the uc80viewers software, and these coordinates used when aligning the pump beam.
The pump beam is aligned by iteratively adjusting PBS1 and PBS2 until the central spots of
PH3 and PH4 overlap the coordinates of the central spots from the probe beam in both the NF

and FF cameras.

To overlap the reference beam with the probe (pump) beam a reflective gold film is mounted

in focus at the sample position on the microscope. The gold film reflects the probe beam back
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towards the heterodyne detector system. A removable alignment mirror is placed in front of the
Wollaston prism (WP) in the heterodyne detector system to reflect the probe beam back along
the probe alignment path where it can be viewed on the NF and FF cameras. The position of
the back reflected probe beam is marked on the image from the alignment cameras displayed
in the uc80viewers software. The reference beam, which is also reflected by the removable
mirror onto the NF and FF cameras, is aligned onto the marked position of the back reflected
probe beam by adjusting mirrors FWM_MS5 and FWM_M?7. Once the probe and reference

beams have been overlapped the mirror is removed from the heterodyne detection system.

Subsequently, the photodiodes in the heterodyne detection system were corrected for dark
current and the dc offset from the reference beam balanced. The diodes are balanced by rotating
thin (170 um thick) glass plates located between the WP and the diodes. As the glass plate is

rotated the amount of transmitted light varies allowing the diodes to be balanced.

As well as the spatial overlap of the beams their temporal overlap is equally as important.
Firstly, with both the probe and reference beams on the reference delay is varied to find the
maximum reflection signal from the gold film. This reference delay is taken to be zero i.e. when
the probe and references pulses are in temporal overlap. Secondly, with both the pump and
reference beams on the pump delay is varied to find the maximum reflection signal. This is
referred to as the pump zero-time delay i.e. when the pump is in temporal overlap with the
reference (and by the previous step the probe). It is important to note that once the reference
delay has been determined, the objective focus should not be changed since this will change the
temporal overlap of the probe (pump) and reference pulses. Instead the sample position should
be moved through the objective focus using the piezo x,y,z stage. For this reason, the reference

delay is optimised every time the sample is exchanged, or the objective z-position is adjusted.

The pump-probe delay was set to 0.5 picoseconds using the pump delay stage, a duration
previously identified as optimal for generating strong signals from 20 nm GNPs. Final steps
included the acquisition of the phases of the two sidebands from the pump modulation, and the
carrier, in the lock-in detection. For this, the interference of the pump and reference beam were
monitored. By tuning the A/4 waveplate, the detected modulations in the V and H channels were
equalised in magnitude. The lock-in acquisition software provides the measured offset phase
for both V and H. The users compare this value with the carrier phase, and sets a value into the
software to enable the correct evaluation of amplitude and phase modulation from the two
sidebands. Finally, polarisation resolved imaging was realised by monitoring the interference
between the pump and the probe, maximising to the vertical component of the FWM signal and

minimising the horizontal part through the rotation of A/2-4 and A/4 waveplates.
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3.5.7.2 FWM microscopy of fixed and live cells

After alignment, the sample was mounted onto the microscope stage. This was either a 100x
magnification oil-immersion objective with a 1.45 NA (Nikon CFI Plan Apochromat lambda
series) for fixed cell imaging, or a 60x magnification water-immersion objective with 1.27 NA
(Nikon CFI Plan Apochromat lambda series) for live cell imaging. The laser power was
adjusted and calibrated for each experiment using the AOMs. The nominal laser powers that
were employed were measured before they entered the microscope port and are stated with each
experiment within the figure descriptions. For orientation, a DIC image was recorded after

imaging the area of interest in FWMi.
3.5.7.3 Regularisation

Subsequent to data acquisition, the FWM data was transformed into a format suitable for
processing using the MultiCARS software. The FWM dataset includes both spatial and
amplitude data across various scan channels: the x-axis scan channel, the y-axis scan channel,
the amplitude channels of H and V REFL, H and V FWM?*, and the fluorescence channel. The
acquired information is reformatted into a multi-dimensional Cartesian data cube. Each voxel
within this cube, which is a three-dimensional equivalent of a pixel, represents a signal value
in amplitude and phase, or equivalently as real and imaginary parts, for the FWM and reflected
probe fields in 3D space. For example, an image is created by reading out the x and y value
linked to an amplitude of either of the signal channels, such as REFL. After regularising, the
data can be exported either as a bitmap or ASCII file for further analysis.

3.5.7.4 Image analysis of FWMi data

FWM?* data were utilised to generate false-colour overlays, combining FWM?* with brightfield
images of the same FOV, allowing the analysis of GNP localisation. This image processing was
conducted using the ImageJ software, where REFL data were displayed in grayscale. The
scaling information of the presented mV ranges are stated with all figures in the main text. Z-
stacks of FWM* data were used to create maximum intensity projections (MIPs), which were
further used in creating false-colour overlays that mapped the distribution of GNPs across the

FOV in 2D.

For two-dimensional representations of z-depth, z-stacks of FWM* data underwent temporal
colour coding in ImagelJ, utilising the “physics” LUT. The resulting RGB image was then either
directly used as an image for analysis or it was superimposed with a REFL image of the same

FOV by separating the RGB image into its constituent channels and superimposing them back
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in their respective colour channels together with the brightfield image in greyscale for a more

detailed analysis.

Orthogonal representations of z-stack data were created using the VolumeViewer Plugin!!’
within ImageJ. For better visualisation, the data was stretched in z by a factor of 5 with further

settings at: Mode: Max Projection (2); Interpolation: Tricubic smooth (2); Sampling: 1.

To analyse tracks of particle movement, the Manual TrackMate Plugin'?* was used. The GNP
under study was marked on each frame within the plugin interface. From this information, the
plugin generated the GNP track. The program was then used to plot particle displacement,

speed, and mean intensity of the signal over time.

To determine the number of GNP signals/mm? within cells, z-stack frames at z = 1.2 um were
selected. The area covered by cells was selected using the polygon selection tool within ImagelJ
and measured. The number of signals within the FOV was determined using the “Find Maxima”
tool and the number of signals/mm? calculated. Subsequently, the z =0 pum of the same FOV
was selected and the selection inverted, to determine the number of signals outside of cells per

mm? in the same manner. This served to quantify off-target binding of GNP-TfA constructs.
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4 Development of correlative extinction and fluorescence
microscopy for ligand density quantification on GNPs

This chapter incorporates content that has been previously published in

N. Slesiona, L. Payne, 1. Pope, P. Borri, W. Langbein, P. Watson, Correlative Extinction and
Single Fluorophore Bleaching Microscopy for Ligand Quantification on Gold Nanoparticles.
Adv. Mater. Interfaces 2023, 10, 2300568.°

The figures and text presented herein are included as part of this comprehensive discussion.
While the published paper provided a focussed analysis of the fully developed technique, the
details within this chapter go deeper into the development of the techniques described, offering
additional insights and elaborations beyond what was included in the journal article. As
evidenced in the author contribution statement of the publication: I was responsible for the
majority of the work, performed all experiments, acquired and analysed all data, compiled all
figures, authored the initial and final draft, and managed all aspects of the writing process. This
expanded exposition in the thesis aims to provide a more thorough and nuanced understanding

of the research conducted.

The automated extinction and fluorescence analysis software Extinction Suite Macro (ESM)
was written by Dr. Lukas Payne. Dr. Francesco Masia and Dr. George Zoriniants developed the
image transformation script (detailed in section 4.2.5). Transmission Electron Microscopy was

conducted by Dr. Thomas Davies.

4.1 Introduction

The current standard for ligand quantification on GNPs relies on averaged estimations, typically
calculating the total protein concentration of a sample and its average particle size. These
parameters are used to calculate the average ligand density on GNPs of average size, and it is
assumed that this density is consistent across all particles in the sample”. At present, there is
no method to evaluate the parameters quantifying a sample’s polydispersity of NP size and
number of ligands bound to the NP on a particle-by-particle basis. To draw educated
conclusions from data derived from experiments where functionalised GNPs are used, it would
be beneficial to develop a method that is capable of determining the level of particle
crosslinking, the ligand density on a particle-by-particle basis, and the number of unconjugated

construct constituents.
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In this work, the quantification is realised by a correlative analysis of fluorescence and
extinction microscopy images of GNP constructs, here using functionalised spherical GNPs
decorated with human holo-Tf fluorescently labelled with TfA. The development of this

technique will be detailed and data showcasing its functionality will be shown and discussed.

Fluorescence information and quantification of the number of fluorophores contributing to the
fluorescence of a single TfA are obtained by image-based and time-resolved single molecule
bleaching analysis. This is then used to quantify the number of TfA per GNP (Figure 4.1).
Wide-field extinction microscopy allows the determination of the size and the estimated number
of GNPs contributing to the extinction spots. Extinction microscopy is a method to
quantitatively measure MNP sizes of hundreds of particles simultaneously using commonly
available optical components. MNP sizes are then retrieved by an automated analysis, which
allows a high-throughput characterisation of particles in the nanometre range!'*'?°. An image
transformation software is used to create matching fluorescence and extinction images of the
same area to analyse the co-occurrence of extinction and fluorescence signals. The analysis
produces a quantifiable output in respect to the number of attached TfA per GNP, the fraction
of successfully functionalised GNPs vs. unconjugated GNPs vs. free TfA in a sample, and the
number of GNPs that have been crosslinked by the reaction procedure. The method is also
capable of generating a measure for how many TfAs have been crosslinked without a GNP

present in the aggregate. These aggregates might be misinterpreted as successfully internalised

Single fluorophore bleaching Single gold nanoparticle detection
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Figure 4.1 | Correlative Single Fluorophore Bleaching and Single GNP Detection for Ligand
Quantification on GNPs. Schematic illustration of the procedure of correlative fluorophore bleaching and
GNP detection. The figure contains a representation of (top left) a sample of fluorescently labelled proteins
under fluorescent excitation and (top right) a sample of bare GNP subjected to extinction microscopy. When
subjecting a sample of GNPs functionalised with such proteins to both imaging modalities, the ligand density
of GNPs can be assessed at the single particle level.
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particle-ligand constructs if only fluorescence-based microscopy measurements are utilised to
detect their location. Our analysis overcomes these limitations and can provide information to
guide the optimisation of the functionalisation reaction using for example different

concentrations of ligands, cross-linkers, and particles.

4.2 Development

4.2.1 Hot pixel and background signal correction

In fluorescence microscopy, background signals play an important role in influencing the
quality and interpretability of acquired images. Background signals may stem from non-specific
light emissions that can obscure or distort fluorescence signals from labelled components of a
sample. Imperfections in optical components can introduce stray light or scatter into the image
as well. In the case of our experiments, the use of a 1.45 NA immersion oil objective for epi-
fluorescence measurements can produce background signal by total internal reflection
(TIR)!%12%_ Hot pixels (HPs) are another phenomenon generating background signal that does

f12%, These are pixels that give a

not originate from the sample but from the camera sensor itsel
higher readout than they should in relation to the photons that reach it and can create bright

spots in an image where there should be no signal above the noise.

The extent of these background phenomena within the generated data on the microscope
equipment used for this work was tested. For this, a spin-coated sample of TfA was measured
on an epi-fluorescence microscopy set-up. The data was analysed using an analysis software
called ESM!!'3!8 (refer to Section 3.2.1 for more information), written and developed by Dr.
Lukas Payne, to extract the fluorescence intensity of individual spots, spatially summed over
the PSF either from a single frame or from an image stack (z-stack or time-lapse). The software
aids with identifying signals originating from the fluorescent label on TfA, assigns each signal
with an ID number, and provides a table of signal intensities of the individual signals for further
evaluation. As visible in Figure 4.2A and B, which show fluorescence images of spin coated

TfA proteins, HPs caused a significant issue in our experiments.

After analysing the data using ESM, it was observed that a lot of HPs (see signal IDs 109, 23,
144, 43) can be observed alongside TfA fluorescence (see signal IDs 55, 142, 37), hampering
the automated analysis (Figure 4.2C and D). ESM has a built in in-band spatial frequency filter
that is designed to dismiss such HPs, but it was not able to pick up the HPs as fast spatial
frequencies to filter out during evaluation. In microscopy, fast spatial frequencies correspond
to very fine details or edges within an image, with rapid intensity changes over small spatial

areas (such as between two pixels where one is a HP and the other is background noise). HPs
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appear as such high-frequency components due to their sharp contrast against the surrounding

area'?. Therefore, ESM should be able to identify these HPs, but it was not for these data sets.
The reason for this was likely that the HPs appeared pairwise in the images, giving the HPs an
assumed PSF. This caused the evaluation software to analyse the HPs as signals, crowding the

evaluation plots with unusable data points.

The main problem with HPs in the images was that the evaluation software uses a proximity
filter to exclude signals that are too close to one another!'®!2° This filter was implemented to
account for background signals and requires sufficient space around each signal to ensure
accurate analysis. When signals are too close, the software dismisses them to avoid false
readouts. The high number of HPs in the data led to the exclusion of many valid fluorescence
signals, compromising the accuracy of single fluorophore bleaching experiments. To address
this, careful equipment selection and post-acquisition image processing were essential. To

allow faster processing and analysis of future GNP-TfA samples, two different image correction

Figure 4.2 | Comparative Background Correction. Epi-fluorescence images of a glass slide with spin-coated
TfA show significant amounts of HPs. This figure shows attempts at corrections by different background
correction techniques. To ensure uniformity in comparison, all corrections were performed on an identical
dataset. (A-D) Raw epi-fluorescence data. (E-H) Data after HP correction using the Huygens software (Huy))
and (I-L) after dark current subtraction (-BG). The regions highlighted in light blue within panels A, E, and I are
magnified in B, F and J, highlighting the presence of HPs. Scale bars: 5 pm.
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methodologies were tested to eliminate the HPs. This included the built-in HP correction of

Huygens Software (Scientific Volume Imaging) and dark sensor subtraction.

The Huygens software uses an algorithm to  Table 4.1 | Analysis of BG Corrected Images.
The table delineates the fluorescence signals

identify HPs. This is easiest with data sets of  detected by ESM after HP correction using
. . Huygens and BG subtraction, by showing the
multiple frames as the HPs are likely to appear at  ymber of detected signals, of evaluated HPs and

the exact same spot for every frame, showing up correctly identified signals.

Correctio # of # of eval. # of
n Method | detected correctly

as “hot columns” in XZ projections. The

software replaces hot columns with the median signals id?“tlif-
sigals

N
one 158 106 52
(raw)

BG
reduced, though some bright spots are still FNieres

of their nearest neighbours. The images in Figure

42E and F have been corrected using the

Huygens software. The number of HPs is largely
179 8 171
visible, but they did not seem to negatively

impact the automated analysis (Figure 4.2G and H). Prior to BG correction more than two thirds
of all signals identified by ESM were HPs (Table 4.1). Image processing with the Huygens
Software led to a significant reduction of HPs and an increase of correctly identified fluorescent
signals by 342.3% (52 compared to 178). Given that not all details of Huygens’ algorithm are
published, further post-acquisition correction methods were developed to allow for more

control and knowledge about the processing the acquired data is subjected to.

Therefore, a more commonly used method of BG correction was tested, namely that of dark
sensor subtraction. Dark sensor subtraction involves acquiring an image with the same
acquisition settings as the actual data but without fluorescence excitation. The resulting image
is then subtracted from the actual fluorescence data, which should eliminate the HPs. As
mentioned above, HPs are a sensor defect that is pixel specific and, therefore, HPs should
appear at the same spots in the dark sensor image as in the acquired fluorescence data. The
advantage of this approach is that there is no further alteration to the data than simple
subtraction. The results of this BG correction are visible in Figure 4.2I-L and Table 4.1.
Visually, dark sensor image subtraction was indistinguishable from the Huygens correction
software and resulted in a similarly good identification of fluorescence signals with 171
accurately identified fluorophores (see Table 4.1). Given the ease of operation and reduced raw
data modification, dark sensor subtraction was deemed the most suitable correction method

moving forward.
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4.2.2 Choice of the experimental numerical aperture

In order to reduce background caused by TIR, the previously used 1.4 NA 100x oil objective
was replaced by an oil objective with 100x magnification and an adjustable NA. TIR occurs
when a light beam that travels through a medium with a higher refractive index hits the
boundary with a medium of lower refractive index at an angle greater than the critical angle,
leading to the light being reflected back into the original medium instead of refracting through

the boundary. The critical angle 8, is defined by:

.2
0. = arcsin (—
ny
where n, and n, are the refractive indices of the denser and the less dense medium, respectively,
with n,>n,'?°. While being an unwanted artefact for this experiment, there are imaging set ups,
such as total internal reflection fluorescence microscopy, that use this principle to selectively
excite fluorophores near a surface, leading to minimised background and enhanced resolution

of specimens close to an interface!**.

To determine the optimal NA for bleaching experiments, an adjustable NA oil objective was
tested at different NA settings to discern the effects of lower and higher NA settings when
otherwise using the same optical components and acquisition settings. For this, a H>O»-cleaned
coverslip was marked using a black felt-tip marker for measurements on an epi-fluorescence
setup and measurements performed at 0.6, 0.95 and 1.3 NA. The highlighter pen's fluorescence
was used to compare the relative background and signal intensities to emphasise the achieved
signal to noise (SNR) at different NA settings. The highlighter fluorescence served as a well-
defined, uniform source, allowing for consistent evaluation of signal intensities and background
levels under different imaging conditions. To mitigate the impact of bleaching in the imaged
area, measurements were conducted across different regions along the marked trajectory. For
consistency, images were captured using identical settings (3 sec integration time, utilising the
same filter set used for TfA measurements), with a partially closed microscope aperture, and
ensuring the marked region occupied approximately half of the FOV (Figure 4.3A-C). This
would, in theory, allow to distinguish up to three groups of signal intensities: signals originating
from inside aperture background (the part of the FOV not blocked by the closed aperture),
outside aperture-background (the part of the FOV blocked by the closed aperture), and the

signal (the area within the FOV marked with a fluorescent identification label).

An NA setting of 1.3 yielded a strongly visible signal from the marker, the non-marked area
and the aperture-blocked area (Figure 4.3A). To compare these signal intensities, the grey value
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distribution of all pixels was plotted for each image, respectively (Figure 4.3D-F). This resulted

in three distinct peaks in the image's grey value distribution: at 20.4, 33.9, and 119.5
photoelectrons per second (pe sec™') according to multiple peak fit analysis. These peaks are
indicative of two sources of background (inside and outside aperture), and the signal from the

marker line.

The source of background light in these measurements likely includes bleed-through of
reflected (TIR) illumination light into the detection path. The bleed-through of reflected
illumination light (inside aperture background) likely arises from incomplete blocking by the
emission filters. Conversely, the distribution from the measurement of the same sample
obtained at 0.95 NA (Figure 4.3B) shows two distinguishable peaks at 15.9 and 40.3 pe sec™’,
respectively (Figure 4.3E). The image acquired with 0.6 NA shows no sufficient signal (Figure
4.3C), which is visible within the distribution of signal intensities in Figure 4.3F. The
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Figure 4.3 | Calibration of NA for Single Fluorophore Bleaching. The images depict the calibration of the
objective NA to minimise background caused by TIR. Panels A-C depict fluorescence measurements of a
coverslip marked with a felt tip marker acquired with (A) 1.3 NA, (B) 0.95 NA, and (C) 0.6 NA. All images in
(A-C) are scaled the same (m =0, M = 110 pe sec™'). Histograms in (D-G) reflect the distribution of fluorescence
intensity values of all pixels of the corresponding fluorescence images acquired with (D) 1.3 NA, (E) 0.95 NA,
and (F) 0.6 NA including a multi peak fit analysis. The table in (G) gives information about the peak centres of
the histogram peak fits. The plots in (H) depict the fluorescence intensity value along the lower left corner to
the upper right corner of each fluorescence image. Scale bars: 20 um.
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distribution shows a single peak, centred at 16.9 pe sec’! without a second peak, suggesting a
lack of sufficient light collection capabilities of the objective with the employed acquisition

settings.

Figure 4.3A (and D) demonstrate a notable improvement in signal peak separation from
background fluorescence at an NA of 1.3 (in TIRF mode) with an SNR of 3.5 (inside aperture
background vs. signal peak) compared to epifluorescence (NA below 1) with an SNR of 2.5
(background peak vs. signal peak). To mitigate this issue, additional optical filters, such as a
notch filter designed to block the specific wavelength of the illumination light, could be
incorporated into the setup. This would further suppress the background contribution from
reflected illumination, potentially improving SNR. The findings highlight the importance of
carefully considering the interplay between illumination, emission filtering, and background

contributions when optimising imaging conditions.

While TIRF microscopy generally has a better SNR, the bleed-through of reflected illumination
light must be addressed to fully exploit its advantages. Based on the results presented, an NA
setting of 0.95 was chosen for subsequent experiments, as this setting minimised background
noise while maintaining adequate signal intensity. In all following experiments, the intensity of
the excitation light was normalised by measuring a fluorescent test slide, adjusting the lamp
intensity to an average signal of 50,000 counts (76% sensor saturation) at 50 ms exposure time

at the start of each measurement day to ensure consistency.
4.2.3 Bleaching step sizes of Alexa647

To test the development for single fluorophore bleaching thus far, a spin-coated sample of TfA
was measured on a wide-field microscope in epifluorescence using an NA of 0.95. The resulting
data was background corrected by dark current subtraction and then analysed using ESM. The
fluorescence intensity over time was measured to determine the mean bleaching step size Iy of
Alexa647 on Tf. ESM allows for such timelapse analyses, providing signal intensity over time
information for each identified signal. To determine the intensity level of each bleaching step,
the fluorescence values within a single intensity plateau were averaged. The bleaching step size
was then subsequently calculated by subtracting the averaged intensity level of one bleaching
plateau by the subsequent plateau value. The mean photobleaching step size Iy allows to
calculate the number N; of fluorophores per TfA or GNP-TfA construct, by dividing the
fluorescence intensity /(ty) detected for an individual spot in the image at the initial time point

to in the fluorescence intensity over time sequence by I , so that

52



Development of correlative extinction and fluorescence microscopy for ligand density quantification
on GNPs - Development

1(ty)
Np= —>.
B

(4.1)

Figure 4.4A shows an exemplary intensity-over-time profile resulting from the photobleaching
experiments, which reveals distinct photobleaching steps that are quantified in Figure 4.4B. For
a visual representation, the individual time points in B are depicted in Figure 4.4C and D (signal
ID 34). The background signal intensity at the final time point was measured at a negligible
1.6 pe sec’!, underlining the validity of the BG correction method. A closer examination of the
Igs shows the following values: 193.9 pe sec’!, 164.1 pe sec”!, 122.1 pe sec’!, and
134.7 pe sec’!. These values show strong variability and do not remain constant. The variability
in noise within photobleaching traces complicates the accurate identification of steps and their
positions. Noise fluctuates unpredictably with changes in the number of active fluorophores as
reported by Tsekouras et al.'?’ Such variations in single fluorophore intensities have been
documented in past research by other groups'?® and have more recently been quantified by Steen
et al., where their study demonstrated that individual Alexa647 dye molecules emit an average
of 10,348 + 1,358 photons per 100 ms'?’. This was achieved by immobilizing single dye
molecules on DNA origami structures to ensure that measurements reflected the emission from
individual fluorophores rather than potential clusters. Incorporating an approach to determine

the number of fluorophores per protein using single-molecule immobilisation on DNA origami
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Figure 4.4 | Bleaching Events of TfA Proteins. The figure depicts an imaging session of fluorescence
intensity over time to identify bleaching step sizes of individual TfA using an inverted widefield fluorescence
microscope. (A) Fluorescence intensity over time of an exemplary TfA molecule showing steps of
photobleaching. (B) Table of fluorescence intensities at specific time points of of this TfA molecule as
analysed by ESM. (C) Fluorescence image of the analysed TfA molecule (ID 34). (D) Fluorescence image
of the fluorescence intensity at the time intervals detailed in (B).
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would have been a valuable enhancement to this project as well. This method ensures that an
individual protein is being analysed. By taking advantage of the precise spatial control offered
by DNA origami, this approach would provide accurate quantification of fluorophores per

protein, significantly improving the reliability and clarity of the results.

Another potential reason for this variability may include the influence of the local electronic
environment the fluorophore is subjected to (i.e. what residue the fluorophore is attached to and
therefore its surrounding residues) and the orientation of the fluorophore within the illumination
path!3%!3_ Additionally, fluorophores can undergo blinking where they intermittently enter a
non-fluorescent state at random time intervals and frequency'**. The variable frequency and
duration of these states in combination with a long exposure time (here 3 sec) can lead to
variations in the total intensity measured over the applied integration time. Furthermore, in
experiments where polarised light is used, a possible explanation for this variability is Forster
Resonance Energy Transfer (FRET). FRET is a distance-dependent process where energy is
transferred non-radiatively from an excited donor fluorophore to an acceptor via dipole—dipole
coupling over a range of 1-10 nm. It typically occurs between spectroscopically distinct
fluorophores (heteroFRET) but can also occur between identical fluorophores with a small
separation between their spectral excitation and emission peaks (homoFRET)!*°. The process
affects spectroscopic properties such as fluorescence intensity, lifetime, and quantum
efficiency, providing valuable information about molecular interactions'*!. However, since
homo-FRET occurs under polarised illumination, it cannot be considered in this set of

experiments, as no polarisers were used.

To further investigate this phenomenon, the Izs of Alexa647 attached to TfA were examined
across multiple FOVs. Additionally, the Iz values of TfA conjugated to a GNP were examined
to determine if the presence of the GNP had an influence on the signal intensities of the
fluorophore. The measurements revealed a substantial variability of Iy values, as shown in
Figure 4.5. Unconjugated TfA showed a mean Iz of 150 + 79 pe sec!, and GNP-TfA a mean
Iy of 142 £ 48 pe sec”'. Combined populations resulted in a mean I of 146 pe sec!, which was
used in the following analyses. It should be noted that plasmonic NP are known to alter
fluorescence intensity depending on the distance of the fluorophore to the NP'**. Fluorophore
quenching has been shown to affect a fluorophore to a distance of up to 15 nm for GNP of
10 nm diameter with a steep decrease in its effects the larger the distance between fluorophore
and GNP'3, For this reason, the Iz was assessed for TfA associated with a GNP, though no

such quenching was apparent within the data.
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Figure 4.5 | Bleaching Step Sizes of Alexa 647. Histograms of bleaching step sizes Iz of Alexa 647 attached
to (A) free Tf and (B) Tf conjugated to GNPs (GNP-TY) to determine whether the presence of a GNP in close
viscinity to the fluorophore has an influence on fluorophore intensity and its bleaching step size. Tf showed a I'p
of 150 + 79 photo-electrons per second (pe s™') (mean + standard deviation), and GNP-Tf of 142 + 48 pe s!. Bin
size: 77 pe sec’!. [Figure and description from Slesiona ef al.*?]

The GNPs utilised in these experiments came with a proprietary polymer corona to stabilise
them against aggregation in cellular environments for in vitro applications, that may prevent or
reduce fluorophore quenching due to the GNP. The exact nature of this polymer is not disclosed
by the vendor but general in vitro studies of GNP make use of PEGylation at molecular weights
of 500-5000 kDa, resulting in a polymer thickness of 4-16 nm’>!*’. In addition to the polymer
thickness, the protein may act as a spacer between the polymer coating and the fluorophore,
adding up to 4 nm distance'*® depending on how TfA attaches to the polymer and the location
of the fluorophore on TfA. The resulting total distance of 8-20 nm from the GNP may limit the
effect of quenching on the detected intensities. Additionally, excitation rates are also affected
and in general enhanced in the vicinity of GNPs due to an enhanced local electric field'*. While
it is somewhat surprising that the observed Igs are similar for free TfA and GNP-TfA, it is

possible within our mechanistic understanding.

4.2.4 Optimisation of extinction measurements for correlation with fluorescence

microscopy

The extinction cross-section of a molecule or particle quantifies how effectively it absorbs or
scatters light at a specific wavelength. It represents the effective area a particle presents to an
incoming light beam, and determines the total light removed from the incident light!*°, For NPs,
particularly MNPs with strong scattering cross-sections, the extinction crossection is a key

parameter for characterisation. This parameter is especially effective to determine the size of
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NPs with dimensions comparable to or smaller than the wavelength of visible light, where

diffraction effects dominate!?”.

Extinction microscopy is used to detect and size NPs in the nanometre range by calculating the
extinction cross section from transmission images captured through wide-field microscopy''>.
A sample of spin-coated and thus immobilised NPs is imaged at two slightly shifted positions,
referred to as the signal and reference positions. These positions differ by a small lateral shift
of a few micrometres. Differential transmission images are created by averaging thousands of
frames per position and subtracting one from the other, producing images where each particle
appears as a paired intensity drop (black spot) and peak (white spot), due to the shifted reference
method, creating an image as visible in Figure 4.6 (orange arrow). The high number of frames
used to produce the differential image allows for effective background subtraction, enabling
individual measurements to be analysed without requiring calibration samples'?’. ESM can then
be used to analyse the FOV and determine the size of each individual MNP quantitatively by
comparing the measured extinction cross section to theoretical models. ESM has been
benchmarked against TEM imaging and developed within the group, with acquisition
parameters tailored to achieve high sensitivity and reproducibility. For further details, refer to

previous work conducted within the group!!3:120:141,

In extinction microscopy, the presence of even the smallest impurities on glassware can
generate significant signals, hampering differentiation from genuine GNP signals. Despite
employing H>O:-cleaned glassware, the presence of surface contaminants is nearly impossible
to prevent. These impurities will affect accurate differenciation between GNPs and background
signals during evaluation of the resulting data with ESM, similar to HPs in fluorescence data.
The presence of surface impurities can trigger the proximity restriction implemented within the
software, causing genuine GNP signals to be discarded from analysis. To address this, a method
for differentiation based on the optical behaviour of signals across multiple z-planes has been
developed. Specifically, genuine GNP signals typically blur when imaged below their precise
z-position and diminish in intensity above it, as demonstrated in Figure 4.6. Conversely,
impurities are identified by a unique 'contrast flipping point' — a reversal in signal contrast from
black to white when imaged at a z-plane transition from below to above the impurity. This
optical characteristic is a robust measure for distinguishing between dielectric debris and actual
GNPs to reliably discard non-valid datapoints from analysis. Nonetheless, the distinction of
debris against GNP is done by manually scanning through the data, which considerably extends
the time needed for analysis. Therefore, adopting an H>O; cleaning protocol for all microscopy

glassware is highly recommended to reduce the number of such impurities significantly.
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Figure 4.6 | Utilising Z-Measurements to Differentiate Between GNPs and Debris. This figure demonstrates
the use of z-stacks in extinction data acquisition to differentiate GNPs (orange arrow) from debris (blue arrow).
The displayed images show a series of z-planes, ranging from -400 nm to +300 nm relative to the sample surface.
The GNP exhibits either blurring or a reduction in intensity across these z-planes. In contrast, the debris signal
is characterised by a notable inversion point' of black and white values when the imaging plane traverses from
below the sample surface to above, observable between the -100 nm and +100 nm frames. This specific flipping

behaviour serves as a reliable criterion to distinguish between GNPs and debris particles in extinction
MmiCcroscopy.

4.2.5 Development of a sample substrate for correlative measurements and oil injection

Extinction and fluorescence bleaching studies are conducted on two separate microscopes with
different stages, sensor sizes, and magnifications. After fluorophore bleaching, the sample was
dismounted from the fluorescence microscope and mounted onto the extinction microscopy set-
up. In the absence of distinguishable markers on the sample, the primary challenge was that
transitioning the sample between the two microscopes introduced uncertainties when trying to
identify the exact regions that were previously subjected to bleaching (Figure 4.7A). To solve
this, the glass cover slip was scratched using a diamond pen prior to spin coating to create a
marker layout reminiscent of a targeting crosshair (Figure 4.7B). Following the spin-coating
procedure with bare GNPs, the marked cover slip was attached to a glass slide using an adhesive
gasket. Initial extinction measurements revealed an extensive number of signals from surface
irregularities, as depicted in Figure 4.7C. Likely, these stem from an uneven glass substrate
surface, as well as small impurities or imperfections in the glass,. The number of these
additional signals complicated the differentiation between GNPs and non-particles and

rendered the use of ESM for automated analysis impossible.

To address this issue, it was hypothesised that the introducing index-matched oil could mitigate
the problem by filling any surface irregularities. Such surface irregularities are marked in the
zoomed areas of Figure 4.7C and E. These circular structures could be small pockets in the
glass surface filled with air that vanish when filled with index-matched oil. Therefore, the
adhesive gasket was modified to create a channel, to allow for a controlled infusion of oil after

fluorophore bleaching (Figure 4.7D). It was necessary to allow the injection after the bleaching
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experiments, as the oil would introduce a significant amount of background signal in
fluorescence measurements. There was substantial improvement and reduction of unwanted
signals as visible in Figure 4.7E, permitting future use of automated analysis using ESM. Four
FOVs on four different samples were examined by extinction in both air and oil to establish
that the oil infusion did not lead to particle displacement, which would obstruct subsequent
correlative analyses and no such particle displacement was evident. GNP signals have been
marked by blue dotted circles within Figure 4.7C and E to show that GNPs remained at the

same position after oil injection.

The scratches allowed for correlative measurements between the two microscopes as the
crosshair design allowed for identification of the same location based on the geometry of the

shape of the scratch and oil injection worked well by capillary effects.
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Figure 4.7 | Sample Preparation for Correlative Measurements on Different Setups. (A) Correlative
measurements of fluorescence and extinction were originally conducted by identifying arbitrary markers on the
sample surface. (B) Scratches were introduced to aid with identifying the same region on a sample repeatedly and
reliably. (C) Exemplary extinction measurement in air showing extensive background signals. (D) The adherent
gasket used to glue the sample cover slips onto the glass slide was cut to allow oil injection after fluorescence
measurements. (E) Extinction measurement in oil of the same region as shown in (C) show markedly reduced
background signals. Zoomed areas of C and E show surface irregularities (vanish after addition of oil), debris,
and GNP.
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4.2.6 Image transformation for correlation analysis

Mounting the samples onto different microscope stages introduces tilt, distortion, and rotation
to the two different data sets, which were minimised by utilising the above-described scratched
coverslip. Nonetheless, to allow superposition and correlative analysis of data sets of single
GNPs and fluorescently labelled proteins, a precise image transformation was necessary to
ensure signal overlap. To resolve these spatial discrepancies, a MATLAB script was used that
was written within the group to transform one of the images. It works based on the registration
of pre-entered common features in two images and returns the parameters of a transformation
matrix together with a transformed image that can be overlapped with its reference for
correlation analysis, as schematically shown in Figure 4.8. The script includes a vector-based
image transformation software that can be used to produce images that can be colour-merged
for correlation analysis. The details of this transformation software are further explained in
Section 3.5.6. Following the optimisation for correlative analysis, a proof-of-concept
measurement was conducted to show the capability of this method to produce data sets of

fluorescence and extinction that can be overlapped with one another for further analysis.

20 nm GNPs were functionalised with TfA and spin coated onto a coverslip. The sample was
measured in both fluorescence (Figure 4.9A), followed by extinction (Figure 4.9B). The data
sets were then evaluated using ESM separately and then the extinction image was transformed

to spatially correlate the signals to one another.
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Figure 4.8 | Schematic Illustration of the Image Transformation. Visual representation of the mathematical
procedure during image transformation. The software works based on a user input of the xy coordinates of at least
three common features in the reference image and the image to be transformed, denoted r, and r,. The software
calculates a transformation matrix C (rotation, shear, and scaling) including the parameter t (translation vector)
and also generates the transformed image. The fit is optimised by minimising the standard deviation between r,
and rp.
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Subsequently, the extinction data was transformed using the transformation software (Figure

4.9C) using the coordinates of fluorescence and extinction as common features as highlighted
in Figure 4.9A and B. The transformation software yields the computed values of the function,
as detailed in Table 4.2. Error S, a measure to qualify the goodness of the transformation (0 =
perfect alignment, 1 = poor alignment), was calculated to be 8E-14, demonstrating a perfect
alignment of this dataset. To achieve the alignment of the data set shown here, a translation of
-187.5 pixels in the y-axis and 0.05 pixels in the x-axis was necessary. These values may vary
between measurement areas depending on how well the same area was centred when finding
the same area on both set ups with the help of the scratched markings. The extinction image

was scaled by the image transformation, effectively halving its size by a factor of 0.497 in the

Figure 4.9 | Workflow of Image Transformation of Pre-Registered Common Features in Two Images.
(A) The reference image, a frame from a fluorescence bleaching experiment (fluorescence, FL) of spin-coated
GNP-Tf constructs, displays three fluorescence signals (blue circles) used to calculate the transformation
parameters required for alignment. (B) The extinction image (EXT), acquired at the same sample position
identified by visible scratches, shows the fluorescently labelled GNPs, also marked by blue circles. (C) The
transformed extinction image, after the calculated transformation parameters have been applied, is aligned with
the fluorescence image. (D) False-colour overlay of the fluorescence image (red) and the transformed
extinction image (green). (E) A zoomed view of the overlay in (D) reveals matching fluorescence and
extinction signal patterns, confirming the successful transformation and alignment. This enables the evaluation
of the number of successfully functionalised GNPs. Scale bars: 20 pm.
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x-axis and a factor of 0.496 in the y- Table 4.2 | Parameters Of Image Transformation. The table

. . . details the parameters calculated by the transformation values.
axis. The FOV of both images iS Tpe meaning of each parameter is detail in the main text.

similar in  size visually, but | BT

fluorescence images were acquired Sl Lol
] ) o ) x coordinates of the translation vectors -187.511
with a 2x2 plxel blnnlng while the y coordinates of the translation vectors 0.041
extinction data was not binned. Pixel scale x 0.497
binning was  applied  during scaley Lo
. . L. angle x 4.434
fluorescence imaging to minimise the angle y o -
size of the resulting datasets. The Real parts of of matrix C eigenvectors 0.495
acquisition times of bleaching Lo
. . Imaginary parts of of matrix C eigenvectors 0.039
experiments extended until all
-0.039
fluorescence signals within the FOV Determinant of matrix C 0.247
chi 1

were photobleached, with one image
captured every three seconds. Some datasets required acquisition times of up to 3 hours,
resulting in exceedingly large data files that posed challenges during analysis. To mitigate this
issue and reduce the data size, 2 x 2 pixel binning was implemented. Therefore, scaling values

close to 0.5 were expected.

The angle parameters describe the rotation between the two images. Within the data sets
generated during this project only a small degree of rotation needed to be applied to realise the
fit conditions. The values for this specific field of view were x = 4.4° and y = 4.7°. Within the
project, these parameters did not fluctuate for scaling, and only showed a variation of up to 2%

for the rotation.

The eigenvectors can be looked at to provide additional insights into the transformation,
indicating a slight scaling effect (real parts: 0.495) along with a minor rotational component
(imaginary parts: 0.039 and -0.039). The determinant of matrix C serves as an internal
calculation factor needed to validate the user's input of xy-coordinates. If the input consists of
more than three coordinates, it results in an overdetermined linear system. In such cases, the
software calculates the coefficients C and t by least squares (refer to Figure 4.8 for the equation).
The determinant, in this scenario, would equate to 0, with Error S # 0. Lastly, the parameter y
informs the user about the sign of the determinant. A value of 1 signifies that both coordinate

systems are aligned. Conversely, a value of -1 implies a mirror flip in one of the images.
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Overlaying the transformed extinction data with the fluorescence image reveals clearly visible
correlation of fluorophore and GNP signals discernible as yellow signals resulting from
superimposed green signal from extinction (GNPs) and red fluorescence signals (Figure 4.9D

and E).

At this stage, the developmental phase for correlative analysis was deemed advanced enough
to continue with a more elaborate experiment to fully compare the capabilities of this method
that would allow a rigid testing of its limitations and advantages. In summary, the effect of
background signals was minimised to optimise the evaluation of fluorescence intensity and
bleaching dynamics. Additionally, a sample preparation workflow was established that allowed
a reliable correlation of the same area for imaging as well as allowing for oil injection after
fluorescent measurements to improve GNP visibility. The transformation was confirmed to

return consistent values that resulted in data fit for correlative analysis.

4.3 Experimental validation: Results and discussion

After completing the development of correlative single fluorophore bleaching and extinction
measurements, samples of GNP-TfA were prepared to test whether the developed technique
would allow to discern differences in functionalised GNP samples as a result of varying
functionalisation reaction conditions. Three GNP-TfA constructs were prepared, differing in
their ratios of proteins to attachment sites (ASs) on the GNPs. These ratios were formulated as
follows: 0.04 TfA per AS in sample 1 (denoted in the following as 0.04-TfA-GNP), 0.4 TfA
per AS in sample 2 (0.4-TfA-GNP), and 1 TfA per AS in sample 3 (I-TfA-GNP). Table 4.3

details the sample characteristics for reference. It was assumed that these conditions should

Table 4.3.| Visualisation of the GNP-TfA samples created to assess GNP crosslinking using
the developed correlative technique. GNPs (yellow circles) are attached to proteins (red circles).

1 2 3
crosslinking crosslinking crosslinking
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produce measurably different particle populations in terms of GNP crosslinking. This was

assumed because a shortage of protein per binding site should force the particles to bind to the
same protein when the likelihood of a GNP finding “its own” reaction partner is very low,
leading to particle-protein constructs that consist of multiple GNPs. In the case in which there
is an abundance of reaction partners, the likelihood of crosslinking is reduced, but there is a

higher chance of variability in ligand density between the particles.
4.3.1 Determination of number of fluorophores per TfA and number of TfAs per GNP

As mentioned previously, the mean photobleaching step size I (calculated in section 4.2.3)
allows to calculate the number N of fluorophores per TfA or GNP-TfA construct, by dividing
the fluorescence intensity /(t,) detected for an individual spot in the image at the initial time
point to in the fluorescence intensity over time sequence by Ip. Figure 4.10A shows the
histogram of I(ty) for a sample containing only free TfA. To interpret this histogram in terms
of the number of fluorophores, the histogram bins were set to 146 pe sec! (so the Iz of
Alexa647). This bin setting creates a distribution plot for N , which represents the number of
fluorophores per TfA molecule. In the histogram, the highest occurrence corresponds to TfA
molecules conjugated to a single fluorophore, though it should be noted that Tf molecules
without fluorophores cannot be detected, as they do not emit fluorescence. The average number
of fluorophores per protein N was determined by fitting the data to a Poisson distribution,
which is used to estimate the number of times an event occurs within a specified time or space
and can be used to describe the random labelling of fluorophores on proteins. The manufacturer
specification states a degree of labelling (DOL) of between 1 to 3 fluorophores per TfA, with
the ensemble measurement for this lot given as 2. However, the Poisson fit yielded Nr = 1.17,
indicating that while the ensemble measurement suggests an average of 2 fluorophores, most
detectable TfA molecules in the sample had a DOL of 1. The same approach can be applied to
samples with GNP-TfA constructs to assess whether there is a preference of GNPs for TfA with
specific fluorophore labelling densities. The distribution of unconjugated TfA (TfA that did not
bind to GNPs) after the functionalisation was analysed. The possible outcomes of such reactions
are schematically depicted in Figure 4.11. If unconjugated TfA molecules show a higher
average Ny after the conjugation reaction, this would indicate that GNPs preferentially bind

TfA molecules with lower labelling densities.
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Figure 4.10 | Fluorescence Intensities of TfA for the Identification of Ny Pre and Post Functionalisation.
Distributions of number of fluorophores (Ng) on (A) free TfA, and residual unconjugated TfA in (B) 0.04-Tf-
GNPs, (C) 0.4-Tf-GNPs, and (D) 1-Tf-GNPs. These figures and their fits indicate the likeliest fluorophore count
on a given TfA molecule under investigation within the sample. The data was fitted to a Poisson distribution,
yielding a N of 1.17 in the control (free TfA), 1.73 in 0.04-Tf-GNPs, 0.98 in 0.4-Tf-GNPs, and 1.73 in 1-Tf-GNPs
with the respective amplitude of each fit given by u (= scaling factor). Changes in N reflect a change in the
fluorophore population on TfA after conjugation, indicating preferential binding of GNPs to Tf with either a low
DOL (N of the sample higher than the control) or a high DOL (N of the sample lower than the control). The
distribution of 1-Tf-GNPs shows deviations from the fit, indicating relevant aggregation of Tf. The reduced chi-
square and R-square values are included as an indicator of the goodness of the fit by two different weights. [Figure
and description adapted from Slesiona et al.%?]
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Figure 4.11 | Influence of GNP Conjugation Preference on Labelling Rate. This schematic depicts a TfA

sample before functionalisation, with an N of 3.3, but with diverse DOLs (Nj) across the individual TfA
molecules. GNP affinity for specific labelling rates on TfA can be inferred by performing a Poisson fit on free
TfA after functionalisation. A preference for lower DOLs by GNPs would result in a higher post-conjugation

L_

N, whereas a lack of preference would leave N unchanged. Conversely, a preference for a higher DOL TfA
would decrease N relative to the initial value.

Conversely, a lower N value after conjugation would suggest that TfA molecules with a higher
number of attached fluorophores are more likely to bind GNPs. This observation would point

to an influence of fluorophore density on the efficiency of GNP-TfA conjugation.

The Poisson fit for unconjugated TfA after the functionalisation yielded Ny values of 1.73 for
0.04-Tf-GNPs, 0.98 for 0.4-Tf-GNPs, and 1.73 for 1-Tf-GNPs (Figure 4.10B-C). This suggests
an increase of Ny after GNP functionalisation. This change in the population of remaining free
TfA could be explained by either a) a low level of crosslinking between the proteins, or b)
predominant binding of single fluorophore-conjugated protein to GNPs, removing these

proteins from the remaining free-TfA pool.

These changes also provide insights into the functionalisation outcomes. Figure 4.12 shows the
N distributions of a control TfA sample and GNP-TfA constructs. 0.04-Tf-GNPs and 0.4-Tf-
GNPs (B and C) show broad distributions of N of GNP-Tf constructs and residual free TfA
within the sample. This indicates that the available reaction sites on the GNPs were not fully
saturated during functionalisation. This incomplete saturation may increase the probability of
crosslinking, where two GNPs bind to the same TfA molecule. A large fraction of constructs in
these samples have N values that exeed 15 fluorophores, indicating GNP crosslinking via the
same Tf molecule. 15% of the signals of 0.04-Tf-GNPs correspond to constructs or multimers

with more than 15 attached fluorophores, 26% of 0.4-Tf-GNPs, compared to 7% in 1-Tf-GNPs.
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Figure 4.12 | Distributions of Ns on Free Tf and GNP-Tf Constructs. Distribution of Ny of free Tf (light
blue) and GNP-Tf constructs (dark blue) on a sample containing free Tf (A), 0.04-Tf-GNPs (B), 0.4-Tf-GNPs
(C), and 1-Tf-GNPs (D) to assess the functionalisation reaction in terms of fraction of successfully conjugated
TfA (dark blue) and unconjugated protein (light blue). Changes in the population of uncojugated Tf to higher
values indicates crosslinking between the proteins as a result of the reaction conditions, while high values of Ny
indicate a high degree of labelling of the GNPs or crosslinking of the functionalised GNPs, Fractions of GNP-Tf
represent fluorescent particles only i.e. do not include non-fluorescing particles. Data show initial I(ty) from time
course experiments in epifluorescence mode (from the first frame with 3 sec integration time). The graph’s x-axis
is linearily scaled between the values of 0-15, and transitions to logarithmic scale after the break, starting at a
value of 15.1. The first tick following the break on the logarithmic scale is positioned at 20. [Figure and description
adapted from Slesiona et al.*?]
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Figure 4.12B-D revealed a higher occurrence of residual free TfA with a high DOL in GNP-
TfA samples compared to the control TfA sample (Figure 4.12A). This indicates that the
functionalisation reaction may have caused the TfA molecules to cross-link with one another,
producing TfA-aggomerates with high fluorescence intensities. Crosslinking between the
proteins is possible, assuming that a portion of the conjugation molecule, sulfo-SMCC, was not
removed by the intermediate purification step between particle activation and TfA addition.
Sulfo-SMCC is a heterobifunctional reagent which is frequently used for crosslinking proteins
with an N-hydroxylsuccinimide polyethylene (NHS) end on one side of the reagent and a
maleimide group on the other. The NHS ester is capable of creating stable amide linkages with
the primary amine groups present on the GNP. The maleimide group can interact with
sulfhydryl groups in proteins®’. As a consequence, any residual unconjugated bifunctional
crosslinkers may bind to primary amines in the protein structure at one end and to thiols at the
opposite end. It is important to highlight that the GNP construct samples utilised in these
experiments underwent purification through centrifugation, a standard practice for purifying

MNPs following biomolecule functionalisation!'#?

. Despite this purification process, a
significant proportion of fluorescence signals were not colocalised with GNPs across all

samples (42%, 71%, and 72%).

Whether these unbound proteins are a result of inadequate purification or detachment from the
GNPs over time following the functionalisation process remains unclear. If these samples were
used in trafficking studies on living cells, many of the fluorescence signals observed in the
images could potentially originate from free proteins or their aggregates, rather than from the
intended GNP constructs. This could complicate the interpretation of the data and lead to
inaccurate conclusions about the localisation and behaviour of the GNP constructs within the
cells. This persistence of TfA agglomerates raises concerns about the purity of GNP-TfA
constructs and suggests that additional or alternative purification techniques, such as size-
exclusion chromatography or more stringent washing protocols, might be necessary to achieve

higher sample purity.
4.3.2 Determination of particle size distribution and crosslinking of particles

As described previously, the size of MNPs can be determined quantitatively by measuring the
oext Of individual NPs with the help of extinction microscopy. Spin-coated samples of GNP-
TfA were imaged by widefield extinction at the same areas that were previously photobleached,
followed by correlative analysis of the two data sets with the help of the image transformation.

This was done to verify the presence and size of GNPs on a particle-by-particle or construct-
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by-construct basis. This served to determine the number of particles Ny, contributing to an
extinction signal. Multiple GNP within the PSF (i.e. from dimers, trimers, etc.) will cause the
detection of stronger o,,; values. The number of GNP contributing to such a signal can be
calculated from the ratio between the measured cex: and the average cross section value of a

single particle Gp.

(4.2)

At this stage, an unexpected outcome for the 0.04-Tf-GNP sample was noticed. The average
oext Was significantly smaller than expected for 20 nm GNP. The expected cext of GNPs of
20 nm diameter can be calculated as described in section 3.5.5 to be of 547 nm?. The measured
Oext Of individual GNPs showed a mean value of 156 + 85 nm?” for 0.04-Tf-GNPs, and
566 + 374 nm? in the other two samples. The values for 0.4-Tf-GNPs and 1-Tf-GNPs were in
accordance with the nominal diameter from the manufacturer while the Gex for 0.04-Tf-GNPs
corresponded to 14 nm GNPs, well below the value of 20 nm stated by the manufacturer. It
should be noted that different batches of 20 nm particles were used for functionalisation for

0.04-Tf-GNPs, and for 0.4-Tf-GNPs and 1-T{-GNPs.

It was therefore necessary to validate these results with a second technique. The GNP batches
were imaged using a TEM, which allows for a second step of validation. TEM served not only
to verify the diameter of the particles, but also their sphericity. The sphericity needed to be
validated, because at a constant volume but varying aspect ratios of the GNP, Gext can vary by
up to 20% for aspect ratios of 0.8-1.2, which would have an impact of up to 7% on the size
evaluation in extinction microscopy'?. Figure 4.13A-C shows TEM images of the GNP batch
used for 0.04-Tf-GNPs (N=305) followed by a histogram of the GNP diameter determined by
image analysis of this data set, and Figure 4.13D-E shows images of the batch that was used
for 0.4-Tf-GNPs and 1-Tf-GNPs, also followed by a histogram of the this batch’s GNP size
distribution (N=297) in Figure 4.13F. It became apparent that the particles used to make 0.04-
Tf-GNPs were indeed smaller than the ones used for sample 0.4-Tf-GNP and 1-Tf-GNP.
Therefore, the functionalisation ratio of TfA per AS needed to be recalculated for 0.04-Tf-
GNPs. The corrected ratios of TfA to AS are stated in Table 4.4, and 0.04-Tf-GNPs are denoted
as 0.01-Tf-GNPs from here on to reflect the corrected ratio. The samples were deemed
comparable even in the light of the samples being made of particles of different sizes as the

original parameter of comparison (comparing ligand density and particle crosslinking based on
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Figure 4.13 | TEM Evaluation of GNPs. The TEM images show the GNPs used for 0.4-Tf-GNPs (panels A
and B, N=351) and 0.4-Tf-GNPs and 1-Tf-GNPs (panels D and E, N =297) to compare size differences of the
GNPs batches used for the experiments presented in this chapter. This comparison was deemed necessary after
extinction measurements indicated a smaller GNP size in the batch that was used for 0.04-Tf-GNPs. The
resulting images were analysed using the particle analysis plugin of ImageJ, showing a mean diameter of
13.3 nm and a distribution with a standard deviation of 1.3 nm for particles used for 0.04-Tf-GNPs (panel C).
The particles used for 0.4-Tf-GNPs and 1-Tf-GNPs show mean diameter of 22.7 nm and a distribution with a
standard deviation of 2.3nm (panel F). Examples of asymmetric particles are shown in panels G-I. These sizes
are consistent with the observed extinction cross sections considering the variability of the gold dielectric
function by surface scattering as mentioned in the main text. [Figure and description from Slesiona et al.%?]
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Table 4.4 | Updated Visualisation of the GNP-TfA Samples Created to Assess GNP
Crosslinking Using the Developed Correlative Technique. GNPs (yellow circles) are
attached to proteins (red circles). [Figure and description adapted from Slesiona ef al.''?]
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different ratios of TfA to AS) was still valid. This outcome further shows the power of the
newly developed technique, showing its capability to determine an accurate particle size
without the user’s prior knowledge of the particle’s physical characteristics and therefore serves
as additional independent validation. Furthermore, GNPs show no strongly non-spherical
particles in the batch that was used for 0.01-Tf-GNPs, and only a small fraction (4%) of such
particles in the batch used for 0.4-Tf-GNPs and 1-Tf-GNPs (Figure 4.13G-I), according to
TEM. Therefore, signals originating from dimers and multimers can statistically be linked to

the functionalisation procedure rather than oddly shaped particles.

Figure 4.14 shows the histograms of Ny, measured for the GNP-TfA constructs (Figure 4.14B-
D) and on a control sample using unconjugated 20 nm GNPs prior to functionalisation (Figure
4.14A). The results have been separated into GNPs associated with (GNP, orange) and no
association with (GNP-TfA, dark blue) fluorescence by the correlative fluorescence-extinction
analysis. The results showed that 28% to 64% of GNPs in all construct samples did not
colocalise with fluorescence signals (Figure 4.14B-D) despite the excess of protein to AS and
amount of unconjugated protein still present in the sample (Figure 4.12D). One potential
explanation for this might be an instability of the bonds created by sulfo-SMCC, which could
tend towards dissociation during each successive purification step by centrifugation. Another
reason could be the formation of a “soft corona” of TfA around the particles. Protein corona
formation around GNPs occurs upon their exposure to proteins and/or biological fluids, leading

to the loose adsorption of proteins on their surface!'*’. This process may result in a "hard"
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Figure 4.14 | Extinction Cross Sections of Unconjugated GNPs and GNP-Tf Constructs. Histogram
of Nyp measured on unconjugated 20 nm diameter GNPs prior to functionalisation (A), GNP-Tf
constructs 0.01-Tf-GNPs (B) 0.4-Tf-GNPs (C), and 1-Tf-GNPs (D) following cross-correlative analysis.
For the GNP constructs, the results have been separated into GNPs without (GNP, orange) and with
(GNP-TT, dark blue) fluorescence, based on the correlative fluorescence-exciton image analysis to

compare changes in GNP cluster populations. Populations of higher Ny, values indicates crosslinking
between the GNPs or GNP aggregation following the functionalisation reaction. was determined using
single GNP extinction cross-sections o5, = 156 nm*in (B), and 566 nm? in A, C, and D. The graph’s

x-axis is linearly scaled between the values of 0-9 (B) or 0-10 (A, C and D), and transitions to logarithmic
scale after the break continuing at 9.1 (B) or 10.1 (A, C, and D). The first tick following the break on the
logarithmic scale is positioned at 20. [Figure and description adapted from Slesiona et al.%?]
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corona of tightly bound proteins and a "soft" corona of loosely attached biomolecules,
significantly altering the GNPs' biological identity and interactions with cells'*!#_ If free TfA
formed a protein corona around the constructs, it might be bound strong enough to stay
associated with the construct (soft corona) during purification by centrifugation, but not during
spin coating when samples were prepared for imaging, due to the strong sheer flow. This would
cause the loosely bound TfA molecules to detach from the GNP-Tf contructs and appear on the

spin-coated samples as residual free TTA.

The variability of multimer particle distribution (Ny, > 1) was similar for 0.01-Tf-GNPs and
0.4-Tf-GNPs (Figure 4.14B,C) but notably lower for 1-Tf-GNPs (Figure 4.14D), aligning with
the hypothesis that inter-particle crosslinking varied with the ligand to AS ratio on the particles.
1-Tf-GNPs showed a reduced fraction of unfunctionalised particles (28%) compared to 0.01-
Tf-GNPs and 0.4-Tf-GNPs (53% and 64%, respectively), indicating an increased likelihood of
functionalisation when TfA is in higher excess to GNP, as typically advised in sulfo-SMCC
crosslinker functionalisation protocols. Additionally, the observed fractions of unconjugated
GNPs could be influenced by fluorophore degradation that does not affect protein presence,
potentially occurring during sample preparation or while adjusting focus under low light in
bleaching studies. Hence, this analysis should be viewed as a conservative estimation of ligand

density on GNPs, where the actual density may be underestimated but not overestimated.
4.3.3 Correlation of fluorescence and extinction signals

Additional insights into the functionalisation process can be gathered from correlating
fluorescence and extinction signals of GNP-TfA on a single particle level. This was achieved
by plotting the constructs’ extinction cross-sections against fluorescence intensities, as depicted
in Figure 4.15A-C. The analysis revealed that 0.01-Tf-GNPs (Figure 4.15A), characterised by
the lowest TfA to GNP ratio, displayed an accumulation of Gex¢ within the 100-400 nm? range,

alongside fluorescence intensities spanning 100-1000 pe sec™.

At higher values of extinction and fluorescence, a linear relationship was observed between
fluorescence intensity and Gext, indicating a direct correlation. Given the size distribution of the
GNPs, as illustrated in Figure 4.14B, Gext values within the 100-400 nm? range are indicative of
either single GNPs or GNP dimers, which are shown to have a broad range of fluorescence
values. This variability suggests a distribution of GNPs with a DOL of 1 to 10 fluorophores,
reflecting the variation in the number of TfA molecules attached to each GNP. To provide a
clearer understanding of these findings, cext and fluorescence values in Figure 4.15 are also
expressed in terms of Nyp and N, respectively.
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The variability in photobleaching step size for each fluorophore can be substantial, suggesting

that the actual distribution of the number of fluorophores per GNP is probably narrower than
initially assumed. As oext increases, the distribution of fluorescence values averages out,
indicative of GNP multimers within the PSF that likely stem from NP crosslinking. This results
from ensemble averaging of single-particle variability in size across the multimer. 1-Tf-GNPs
(Figure 4.15C), show cex values that point to constructs composed of 1-3 GNPs, and a broad
range of fluorescence values (100-2000 pe sec’'), corresponding to 1-15 fluorophores,
highlighting significant variability in DOL across these constructs within the same sample. This
sample exhibited reduced GNP crosslinking while maintaining a wide range in the number of
fluorophores attached to each particle. 0.4-Tf-GNPs show a behaviour that combines the
observations made in 0.01-Tf-GNPs and 1-Tf-GNPs, showing both a population of single GNPs
bound to varying numbers of TfA and a linear correlation observed among crosslinked particles

(Figure 4.15B).

Figure 4.15D shows the fractions of unconjugated TfA, conjugated GNP-TfA constructs, and
unconjugated GNPs across the samples, highlighting that an increased TfA ratio in the reaction
steps reduces the occurrence of unconjugated GNPs. The notable presence of unconjugated
protein, particularly in the 1-Tf-GNP sample, makes the relatively low fraction of conjugated
constructs unexpected. One plausible explanation could be a rapid hydrolysis of the sulfo-
SMCC crosslinker in aqueous environments, potentially compromising the efficiency of
conjugation. Conducting the reaction at lower temperatures may have mitigated this
hydrolysis'®, suggesting that hydrolysis could precede the interaction between unconjugated

particles and their potential binding partners. Additionally, the significant amount of
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Figure 4.15 | Characteristics of Construct Samples. Correlation of extinction cross-section and fluorescence
intensity I(to) for GNP-TfA constructs from (A) 0.01-Tf-GNPs, (B) 0.4-Tf-GNPs, and (C) 1-Tf-GNPs to evaluate
sample quality at a glance. Larger extinction cross sections indicate a higher number of crosslinked particles
while higher fluorescence intensities indicate a higher number of bound TfA. (D) Fractions of unbound protein
(light blue), unconjugated particles (orange), and successfully TfA-conjugated GNPs (dark blue) of each sample.
[Figure and description from Slesiona et al.''?]
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unconjugated protein observed might also result from the proteins' tendency to form a soft
corona around NPs. This soft corona could subsequently be separated from the construct during
the spin coating process, further contributing to the high levels of unconjugated protein, as
described previously. Additionally, there is a potential risk of proteins being trapped between

nanoparticles during the centrifugation process.

Despite these challenges, it is evident that the purification process, aiming to yield a pure and
stable population of functionalised nanoparticles, requires optimisation prior to conducting cell
internalisation studies. The cross-correlation analysis introduced in this study offers a valuable
tool for evaluating the efficiency of purification strategies across conjugated samples, ensuring

their readiness for subsequent applications.

4.4 Limitations and Future Considerations

4.4.1 Selection of numerical aperture

As described in Section 4.2.2, an NA of 0.95 was chosen for all bleaching experiments as it
minimised background signals caused by bleed-through of reflected illumination light into the
detection path. However, following discussions with peers in the field after completing all
experiments and analysis, it became evident that an NA of 1.3 would have been a better choice
due to a greater separation between signal and background fluorescence, as particularly visible
in Figure 4.3A. This suggests that an NA of 1.3 would have been more suitable for achieving
optimal results in these experiments and an easier worflow when distinguishing single molecule
fluorescence from background signal. Although there was no signal bleed-through contributing
to background noise, the peaks of signal and background fluorescence in Figure 4.3B showed
limited separation between weak signal intensities and brighter background signals. Using the
higher NA of 1.3 would have provided a clearer distinction of weak signals, which is especially

important in single-fluorophore studies.

These observations highlight the importance of carefully evaluating imaging conditions,
balancing background suppression with the need for effective signal discrimination. Future
experiments of the nature as described within this work should select imaging parameters that

maximise signal clarity.
4.4.2 Varying DOL on TfA render the developed method an averaged estimation.

The DOL on TfA showed strong variability between 1-30 fluorophores per protein. While it
has been shown that highly labelled proteins were less likely to conjugate to GNPs, it still leaves

the quantification average based rather than giving an exact DOL for either the protein or the
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constructs. For this reason, the fluorescence intensity I(to) was employed when looking at
correlative signals of extinction and fluorescence rather than evaluating the Nr of each
construct. Additionally, it should be noted, that the presented quantification method is not
capable of detecting proteins with no fluorescent label. Given that there is no knowledge of the
excess of fluorophore added during protein labelling, the fraction of such proteins can also not
be estimated. Because of this, the use of a Poisson distribution to evaluate Nr can be put to
question. Poisson distributions that do not have zero values are termed zero-truncated Poisson
distributions. This distribution is used when the process being modelled cannot result in a count
of zero, which is a key characteristic of the standard Poisson distribution. In the case of this
study, zero is a possible outcome but not one that we can measure'*’. In a standard Poisson
distribution, the probability of zero counts (no events occurring in a fixed interval) is a
significant part of the model. The Poisson distribution is used to simulate the number of times
an event occurs within a specified time or space interval, and it includes the possibility of having
zero occurrences of that event. The normal Poisson distribution will allocate some probability
to the occurrence of zero events, thereby skewing the distribution and potentially leading to
inaccurate predictions or interpretations if 0 is not actually a possible outcome. In such cases,
the model would overestimate the likelihood of zero occurrences and underestimate the
likelihood of higher counts. A zero-truncated Poisson distribution corrects this issue by
recalibrating the probability distribution to account only for the positive counts (1, 2, 3, ...)!*3.
Again, the occurrence of non-labelled proteins cannot be estimated but it seems unlikely that
they would not be present within the TfA sample. Therefore, it is hard to say if the normal
Poisson distribution was the correct choice or if the zero-truncated distribution would have led
to more accurate results. This issue persists in any other methodology to measure fluorophore
labelling, as discussed in Section 4.1, as DOLs are always an averaged measure after measuring
the protein concentration within a sample and the fluorescence signal separately. Protein
concentration determination would include unlabelled proteins, therefore hiding within the

average.
4.4.3 Particle size distributions and oddly shaped particles skew Nnp quantification

Similar to the variation in fluorophore intensities, the GNP samples exhibited a size fluctuation
of approximately 10% in extinction, corresponding to diameters ranging from 17 to 23 nm.
Owing to the strong dependency of the extinction cross-section on the GNP size, there is a small
potential for misidentification in the analysis: particle dimers formed by two smaller particles
could be incorrectly identified as a single, marginally larger particle, whereas dimers

comprising two larger particles might be mistaken for triplets. This issue may become more
75



Development of correlative extinction and fluorescence microscopy for ligand density quantification
on GNPs - Limitations and Future Considerations

pronounced with an increasing number of NPs in the same construct, though the varying sizes
should theoretically average out in larger particle aggregates. It is important to note that GNP
crosslinking is not a desired result in subsequent experiments of this project. Larger constructs
are less likely to be internalised due to the size constraints of CME and were only produced
under the specific functionalisation conditions to evaluate the developed correlative
fluorescence bleaching and extinction techniques for ligand quantification. These methods

effectively assess sample quality, as samples with extensive cross-linking should be excluded.

Small deviations were observed between TEM and extinction measurements regarding the
average GNP size before functionalisation. TEM indicated an average diameter of 22.7 nm,
whereas extinction measurements suggested a mean size of 20 nm. Considering the recent
calibration of the TEM setup by the manufacturer, the validity of the extinction analysis was
looked at. Upon further investigation, we found out that the MiePlot simulation utilises the gold

149 which does not account for surface scattering in

dielectric function from Johnson & Christy
small particles'!. This could lead to an overestimation of the absorption cross-section by
approximately 10-30%, subsequently resulting in a particle size underestimation of 3-10%. This
aligns with the scaling of the cex: with particle volume in the small size regime. The observed
size difference between the two methods falls within this range, providing a plausible

explanation, bringing all observed effects into agreement.

4.4.4 Scatter plots of correlative fluorescence and extinction allow construct quality

determination at a glance

Different regions within the construct scatter plots provide a rapid evaluation of construct
sample quality at a glance, as each area offers insights into crosslinking and ligand density
(Figure 4.16). Constructs made from a single GNP and a single fluorophore typically scatter
within the unfunctionalised particles’ size distribution on the y-axis and within the bleaching
step size distribution on the x-axis. Fluorescence intensities extending towards higher x values
suggest GNP labelling with multiple fluorophores, up to a theoretical limit set by steric
crowding on the GNP surface. Conversely, constructs that extend out in the y direction indicate
multiple GNPs crosslinked by the same protein, with an upper limit determined by the number

of available ASs on the protein.

Additionally, if constructs consistently attach to the same average number of proteins but
occasionally to the same protein, this results in a linear relationship between extinction and
fluorescence signals, which is also observable in these scatter plots. The intermediate areas

between these distinct regions may consist of constructs with a few particles functionalised with
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Figure 4.16 | Scatter Plots of GNP-Protein Constructs for Sample Quality
Determination at a Glance. Representation of the different areas of a scatter

plot of correlative fluorescence and extinction and how to interpret them.
numerous fluorophores, or a cluster of GNPs functionalised with just a few proteins. When
comparing Figure 4.16 to Figure 4.15 it appears that constructs consisting of a few GNPs and
many proteins have a higher probability of forming than constructs that consist of many
particles but few proteins. This can be attributed to the likelihood of GNP crosslinking via the
same protein, which is influenced by both the number of available binding sites per protein for
the GNP to attach to, and the accessibility of these binding sites. It is possible that these factors
are more limiting than the available surface area on a GNP. Furthermore, there is a possibility
that clusters of proteins might attach to a single GNPs, further contributing to the positioning
of these constructs in the area of the scatter plot where constructs made of few GNP and many
proteins are found. Typically, GNP applications aim to avoid all groups except for single-
particle clusters functionalised with either one or multiple proteins, if multivalency is critical to

the experiment.

Future methodologies need to be developed to separate these different construct clusters. This
will ensure that even if the functionalisation mechanism does not yield high-quality samples,
the desired constructs can still be isolated and utilised effectively. Such methods would solve
the presence of unfunctionalised GNP and unconjugated proteins, which are not shown on these

scatter plots. Good starting points to separate particle clusters and unconjugated protein might

0 1

be density gradient centrifugation'™® or diafiltration'>!. It is also possible that other

functionalisation methods result in less unreacted constituents, which will be explored in

Chapter 6.
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4.5 Conclusions

We have developed a novel strategy for the quantitative analysis of the functionalisation of
GNPs decorated with fluorescently labelled proteins on a particle-by-particle basis, by means
of optical microscopy on GNP-protein constructs sparsely deposited onto a glass surface. The
number of proteins per particle is assessed using widefield fluorescence microscopy combined
with an analysis of the fluorescence bleaching step from single fluorophores, which enables us
to quantify the number of fluorophores per single protein, and in turn the number of proteins
per single particle. The presence, size and number of GNPs is quantitatively characterised using
extinction microscopy. The cross-correlative analysis of fluorescence and extinction
microscopy gives a quantitative measure of the fraction of single GNPs conjugated to
fluorescent proteins, versus unconjugated proteins and GNPs, and the formation of GNP
multimers suggesting crosslinked particles. Albeit demonstrated here with spherical GNPs and
transferrin proteins, our technique is expected to be widely applicable to plasmonic
nanostructures of various shapes and materials functionalised with fluorescent biomolecules.
The method is based on relatively simple and easy-to-use widefield microscopy
instrumentation, lending itself for widespread adoption of the technique to improve the
characterisation of nano-formulation systems. The technique can be further simplified by
combining fluorophore photobleaching and extinction microscopy on the same imaging system,

removing the need for post-acquisition alignment.
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5 Establishing Four-Wave-Mixing imaging in living cells
5.1 Introduction

The ability to monitor and analyse the interaction, localisation, and dynamics of GNPs within
cellular environments can help to understand cellular processes at the nano-scale, improving
the fields of drug delivery and photothermal therapy using GNPs!>?. The importance is not only
limited to knowing the GNPs location, but also their accumulation and concentration at a
specific location to assess whether therapeutically relevant concentrations are reached where
they are needed. Accurate tracking of GNPs within mammalian cells can provide insights into
cellular uptake, intracellular trafficking, and exocytosis mechanisms. By revealing the
dynamics of these processes, the details of cellular pathways can be characterised. GNPs can
serve as direct labels rather than just pure delivery vehicles, and can potentially allow tracking
at an unprecedented resolution, especially because GNPs neither blink nor bleach, and can
therefore be tracked for their entire trajectory on a single NP level. The methodology permits
observations over an extensively long duration without necessitating a trade-off between the
exposure time per point and the total observation window. Essentially, it allows for the tracking
of complete GNP trajectories. Fluorescence on the other hand is also capable of tracking entire
trajectories but it requires a compromise between exposure time and time intervals to optimally

allocate the "photon budget" before the onset of fluorescence bleaching.

In this chapter, Four Wave Mixing imaging (FWMi) is introduced as a visualisation method for
GNPs, and I will explore the optimisation of acquisition settings to allow both 3D cell analysis,
and live cell imaging. The development and implementation of a live cell imaging chamber
allowed the analysis of GNP trafficking in live cells. In this project, fluorescent labels were
consistently used, even though FWM:i is capable of tracking GNPs without requiring additional
labels. In the short term, fluorescent labelling serves to validate this relatively new technique
by comparing it to established methodologies. Once FWMi is recognised as a standard
microscopy approach, the long-term objective is to eliminate the use of fluorescent labels

entirely.

5.2 Results and discussion

5.2.1 2D image analysis of FWMi data and proof of GNP signal

FWMi is a technique that has been developed within the Biophotonics & Quantum

Optoelectronics group at Cardiff University*®. As this method is not widely established, an
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explanation of the data it can acquire is laid out before elaborating on the system’s further

development for live-cell imaging.

FWMi is a technique that identifies changes in a probe’s transmission due to pump-probe
interactions. This process begins with focusing a beam, that can be adjusted in x, y, and z
dimension, onto a targeted area. The wavelength of this beam is chosen to be in resonance with
spherical GNPs, which exhibit significant electronic responses to multiphoton excitation by the
laser. The GNPs react to the laser beam by generating a hot electron gas. This alters the optical
properties of the GNP, as described in Section 3.2.2. If another beam interacts with these excited
GNPs before these electronic dynamics dissipate as heat into the surroundings, the change in
their dielectric function is measurable. This is measured by epi-detecting the reflected probe
beam and evaluating its amplitude and phase shifts relative to a reference beam that has not

interacted with the sample*”*.

Since multiphoton excitation is required for FWM, the imaging modality is inherently capable
of optical “sectioning”, as the high photon densities needed to achieve multiphoton excitation
are only reached at the focal point of where the laser is focused. Apart from measurements of
the modulated FWM amplitude (FWM?), the technique also detects the reflected probe field
(REFL) via its interference with the external reference beam. REFL essentially represents
interferometric reflectometry data, which arises from variations in sample or cellular thickness
and refractive index heterogeneity. These interactions of the reflected probe beam and the

reference beam allow the reconstruction of the cell's three-dimensional structure.

The dynamics of the FWM process, as indicated earlier, are time sensitive, i.e. the probe pulse
needs to arrive and interact with the GNP before the electronic and lattice response has reached
equilibrium, and the pump-induced change has vanished. For GNPs with a diameter of 20 nm,
the electronic response peaks approximately 0.5 picoseconds (t = 0.5 ps) after the pump
interaction. This temporal evolution of the GNP's electron response to a pump pulse is

schematically presented in Figure 5.1A along with an example measurement®.

In this set of experiments, HeLa cells were serum-starved for 30 min to reduce their T levels.
The cells were then treated with GNP-protein constructs for another 30 min, washed, fixed with
4% PFA, and subjected to FWMi to evaluate GNP-TfA binding to the cells. Figure 5.1B
provides a DIC image of a HeLa cell for orientation, together with images of REFL and FWM?*,
captured with the pump pulse train set to a delay of 0.5 ps (t = 0.5 ps), as shown in Figure 5.1C
and D, respectively. REFL reveals information about cellular attachment and shape. The cell's

shape and its adherence to the culture dish are visible in Figure 5.1C.
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Figure 5.1 | 2D FWMi Images Reveals Cell Attachment to the Dish Surface and Localisation of GNPs.
(A) Schematic illustration of the temporal progression of the electronic response of a GNP after multiphoton
excitation adapted from Masia et al.** (B) DIC image of a fixed HeLa cell after exposure in a pulse-chase
experiment with a 30 min serum-starvation step, 30 min GNP-TT treatment, and fixation in 4% PFA. The area
marked by the blue dotted square underwent FWMi under two conditions: firstly, with the probe beam
arriving 0.5 ps after the pump, displaying the (C) REFL and (D) FWMA results at the coverslip surface
showing GNP signals in D. The second measurement was conducted with the probe beam preceding the pump
by 1 ps, showing the (E) REFL and (F) FWM” with no GNP signals due to the absence of an electronic
response from the GNPs. Nominal pump/probe powers before entering the microscope: 60/30 uW. Scale
bars: 20 um.
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Adherence can be inferred from variations in gray values observed within a single z-plane.
Regions where the probe beam encounters more refractive index changes appear darker in the
image. Conversely, lighter areas at the substrate interface indicate that the cell is attached to the
dish in these regions. In such cases, the probe beam undergoes only three refractive index
transitions: from oil to glass, glass to the cell membrane, and subsequently into the intracellular
environment. In areas where the cell is not fully attached, the probe beam encounters additional
refractive index transitions - specifically, from glass to cell culture media, media to the
membrane, and then into the cell. These additional changes result in darker image regions. This
approach also allows for the identification of intracellular structures surrounded by membranes,
as these structures introduce further refractive index changes. Figure 5.1D displays the FWM?*
for the same region, showing 16 distinct FWM signals. Variations in amplitude among these
signals suggest differences in their z-positions, sizes, or the possibility of multiple GNPs within

the focal volume.

The specificity of the GNP signal of FWMi microscopy can be established by adjusting the
time delay between the pump and probe pulses. For instance, if the probe pulse precedes the
pump by 1 picosecond (t = -1.0 ps), no change in the electronic response from the GNPs can
be detected because it has yet to be stimulated. This is shown in the resulting REFL and FWM#
images shown in Figure 5.1E and F. The REFL remains unaffected by these temporal dynamics
because it is dominated by the direct probe reflectance, independent of the pump excitation.
However, the FWM” does not detect any change since the GNPs have not yet been excited by
the pump, and long-lived photothermal effects from previous pump pulses in the train are
negligible. This lack of signal when the probe arrives too early demonstrates the presence of
GNPs; no other cellular components produce a detectable response under these conditions. This
not only indicates the presence of GNPs, but also that nothing else within the cell generates
FWM signals, therefore making this technique background free*’. This characteristic is
particularly beneficial for the unambiguous detection and analysis of GNPs within cellular

environments.
5.2.2 3D image analysis of FWMi

Due to the inherent optical sectioning capability of FWMi and REFL, it is possible to identify
the location of MNPs associated with a cell in three dimensions. In terms of drug delivery
studies this may give important information as to whether a particular formulation has made it
to the cell surface, has been internalised, or has made it through to the target organelle. In order
to explore this further, we now turn our attention to 3D FWMi of HeLa cells treated with GNP-

TfA conjugates. Figure 5.2A provides a DIC image for orientation alongside a series of REFL
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images captured at progressing z-levels, with 400 nm increments and spanning a z-range from
0 wm-3.2 um (Figure 5.2B-J). The REFL image at z = 0 gives information about cellular
attachment and refractive index variations within the cell. As mentioned previously, refractive
index changes within a cell occur in various components such as the nucleus, organelles, lipid

droplets, and the cell membrane, due to differences in composition and density!.

Furthermore, by examining the REFL field progression through a z-stack, one can discern cell
morphology. This is achieved by observing the contrast lines that extend along the periphery to
the top of the cell(s) under investigation. These lines are similar to topographic contours on a
mountain map, delineating the height profile across the cellular landscape. The bright/dark line
pattern originates from the interference between probe reflections at multiple layers,
specifically between the bottom glass-cell and top cell-water interfaces. Depending on the
distance between these surfaces, and therefore the cell hight, constructive/destructive

interference fringing appears.

M =150 mV

m=0mV

Figure 5.2 | 3D REFL Field Reveals the 3D Morphology of Cells. (A) DIC image of an exemplary fixed HeLa
cell after exposure in a pulse-chase experiment with a 30 min serum-starvation step, 30 min GNP-TT treatment, and
fixation in 4% PFA. The area marked by the blue dotted square underwent z-stack measurement in FWMIi in steps
of 400 nm over an axial range. (B-J) Acquired REFL data over an axial range of 0 to 3.2 um. The ascending lines
can be used to infer cell morphology — similar to topographical maps of mountains. Nominal pump/probe powers
before entering the microscope: 60/30 pW. t = 0.5 ps. Scale bars: 20 um.
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Z-stack imaging of the FWM?* provides comprehensive three-dimensional insights into the
localisation of GNPs, as depicted in Figure 5.3, which corresponds to the data shown in Figure
5.2. Progressing through the z-stack in FWM?* reveals individual GNP signals (Figure 5.3A-J).
In this thesis, these data sets are typically presented as either maximum intensity projections
(MIPs, Figure 5.3J) to display the xy-information of all GNPs throughout the stack as colour-
coded MIPs (ccMIPs, Figure 5.3K), to retain z-axis information, or as orthogonal views to
visualise GNP internalisation. However, it's important to acknowledge that ccMIPs depict the

lowest z-values in purple and blue, which may not stand out against a dark background.

Orthogonal projections were used to enable a more detailed interpretation of these data sets, as
they offer a quick visual assessment of the z-position of GNPs (Figure 5.3L). Orthogonal views
also reveal the relatively large PSF of the FWMIi set-up. A section from the data in Figure 5.3L

K ccMIP _M=1.5mV

3.2 ym

m=0mV
xz MIP

0.0 ym

Figure 5.3 | 3D FWMA Data Reveals GNP Localisation in the z-axis. Z-Stack FWM* data of a fixed HeLa cell after
exposure in a pulse-chase experiment with a 30 min serum-starvation step, 30 min GNP-Tf treatment, and fixation in
4% PFA over an axial range of (A-I) 0 to 3.2 um in steps of 400 nm showing GNP positions. (J) Maximum intensity
projection (MIP) of the images shown in A-I for representation of all signals in the FOV across the z-stack. (K) Colour-
coded MIP (ccMIP) of the data shown in A-I while additionally retaining z-information. (L) Orthogonal view of the
area marked by the blue dotted square in J. Nominal pump/probe powers before entering the microscope: 60/30 pW. ©
= 0.5 ps. Scale bars: 20 pm.
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3.2 um

0.0 um

Figure 5.4 | The FWMi PSF is Elongated. FWMi measurement of a fixed HeLa cell after exposure in a pulse-
chase experiment with a 30 min serum-starvation step, 30 min GNP-TTf treatment, and fixation in 4% PFA. FWMA
acquired in z with steps of 400 nm, represented as xz MIP. The figure is cut out from Figure 5.3L to evaluate the
z-resolution of the FWMi PSF. The blue dotted lines represent the individual z-planes, showing a PSF of 1.2 — 2.0
pum.

was extracted and displayed in Figure 5.4 to enhance the visibility of the particle signals in xz.
Here, the blue dotted lines indicate the z-plane images taken along the z-axis, enabling the
assessment of the z-resolution. The signal PSF in z spans between values of 1.2 to 2.0 pm,
which is notably broad. While deconvolution could potentially optimise this resolution, it was
not applied to FWM? data within the scope of this project. The signal intensity was sufficient
to deduce the z-position and identify the centre of each signal, which met the requirements for

the experiments conducted as the current level of detail was adequate for the purposes of this

research project.
5.2.3 Improving FWMi acquisition settings on fixed samples

Typically, optimisation efforts in microscopy are focused on sample health, temporal
resolution, spatial resolution, signal to noise ratio (or contrast), and the size of the FOV.
Adjusting any one of these parameters typically causes compromises in others. This is a
commonly known obstacle for all fields focussing on improving microscope set-ups, commonly
known as the pyramid of frustration!>*. For instance, increasing illumination to improve spatial
resolution or contrast can affect specimen health, while enhancing temporal resolution to
capture fast-moving processes might cause loss of information in spatial detail or increase
phototoxicity risks. Therefore, optimisation of acquisition requires a balanced approach that
meets the specific requirements of the study while minimising harmful effects on the specimen.
To follow internalisation events of single GNPs, multiple settings need to perform together in

the best way possible.
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Initial acquisition settings of fixed cell experiments employed a nominal 60/30 uW pump/probe
power, with 2.0 ms pixel dwell time and 63 nm sample step size (SSS, also pixel size). These
power levels, as well as higher ones, have previously been utilised by our group and

demonstrated to be non-destructive for fixed cell samples®>!2!.

Figure 5.5 illustrates the impact of prolonged acquisition times on data quality on the FWMi
set-up. It shows a MIP of a fixed HeLa cell treated with GNP-TfA imaged in z. The dataset
comprises 26 frames captured sequentially at 250 nm intervals in the z-dimension, covering a
z-range of 0 — 6.25 pm. With a pixel dwell time of 2 ms and 63 nm SSS for a 40 um? area, each
frame required an acquisition period of 13:23 min. Acquiring a data set as shown in Figure 5.5
took 348 min (5.8 hours), excluding additional time for microscope setting adjustments such as
z-value modification and checking for z-drift before starting the measurement. The extensive
acquisition duration led to noticeable xy drift. This drift is particularly evident in the intensity

profile presented in Figure 5.5B, which displays distinct steps of intensity across the frames.

In should be noted, that following the regularisation of the FWMi data, the processed data are
stored as bitmaps utilising a predefined grey scale range (in this instance, minimum m =0 mV
and maximum M = 1.5 mV). Subsequently, the intensity values within this range are converted
to grey values spanning 0 to 255. Therefore, the y-axis in the graph presented in Figure 5.5B
denotes these arbitrary units, as opposed to millivolts. As discussed previously, the FWMi PSF
is elongated and therefore GNPs are visible throughout multiple frames in Figure 5.5A and the
intensity plot in Figure 5.5B. Together with the long acquisition times and the drift, a single
GNP signal is visible up to four times within the presented image. To mitigate this, samples

were imaged at larger z-steps (400nm) to accelerate scanning while preserving z-resolution.

* 0]
M=15mV 20 ] J
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Figure 5.5 | Long Acquisition Times Cause Visible Drifts in FWMi. Early z-stack FWMi data of
HeLa cells after exposure in a pulse-chase experiment with a 30 min serum-starvation step, 30 min
GNP treatment, and fixation in 4% PFA. The image was acquired with long acquisition settings,
resulting in a total acquisition time of 5.8 h for 26 frames with visible drifts. (A) MIP of the acquired
data with visible drift. To visualize this drift, one of the signals was chosen (blue arrow) to (B) plot the
measured FWM? intensity over a line across 4.5 pm. Nominal pump/probe powers before entering the
microscope: 60/30 uW. 1= 0.5 ps. Scale bar: 10 um.
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In an effort to enhance acquisition speed, the impact of modifying the SSS settings in
conjunction with pixel dwell time was evaluated. The control software for the setup permits
adjustments to the SSS for the x and y axes separately, enabling a balance between rapid
scanning and adherence to the Nyquist criterion for spatial measurements. The Nyquist criterion
in spatial measurements determines that the sampling interval must be sufficiently small to
accurately capture an image'>. The sampling interval should be at least half the size of the
smallest feature that can be resolved. This ensures that spatial variations are sampled adequately
to reconstruct the original signal without loss of detail. Not meeting this criterion in spatial
measurements can lead to misrepresentation or loss of information. This is similar to
undersampling in time-based measurements, where an event can only be resolved if the

scanning is at least twice as fast as the event or mechanism of interest.

To test various integration times and SSS settings, a fixed HeLa sample treated with GNP-TfA
was measured. Figure 5.6A provides a DIC image for orientation with a blue dotted square
indicating the area measured in FWMi. Figure 5.6B and C show the REFL and FWM? of this
area, respectively, and Figure 5.6D-L displays multiple images of an area within this FOV
(orange dotted square) to demonstrate the effects of varying integration times (2 ms, 1.5 ms,
and 1 ms) and SSS settings of 63 nm, 95 nm, and 189 nm (same settings in x and y axes) on
GNP imaging. While all of these step sizes fullfil the Nyquist criterion for the wavelength used
on a diffraction limited set up (225 nm), a higher sampling rate should be preferred to increase
the reliability of the acquired signals. Additionally, a table details the total acquisition time per

frame for a 40 um? area (such as the area depicted in Figure 5.5A).

Increasing the SSS significantly decreased acquisition times as visible within the table of Figure
5.6. However, it also impacted the quality of the measurement. At a SSS of 63 nm, the image
was clear (Figure 5.6D, G, and J), but increasing the SSS by a factor of 1.5 or 3 resulted in
decreased resolution and worse signal to noise ratio (Figure 5.6E, H, and K), (Figure 5.6F, I,
and L). Such a decrease in resolution and image quality could obstruct the analysis of signals
and the quantification of GNP uptake. Therefore, a SSS of 63 nm was maintained to not
sacrifice resolution for speed. Experiments to test faster acquisition times than those presented

in Figure 5.6 were conducted on a separate sample.
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Figure 5.6 | Enhanced Scanning Speed Through Reduced Samples per Row Impacts Data Quality More
Significantly Than Shorter Integration Times. FWMi of a fixed HeLa cell after exposure in a pulse-chase
experiment with a 30 min serum-starvation step, 30 min GNP-Tf treatment, and fixation in 4% PFA. Cells were
measured under varied scanning settings for the sampling step size (SSS) and integration time. (A) A DIC of a
fixed HeLa for orientation. Images of (B) REFL and (C) FWMA depict the area of interest marked by a blue dotted
square in (A). Data from FWMi with a 2.0 ms, integration time at different SSS settings: at 63 nm (D), at 95 nm
(E), and at 189 nm SSS (F). Further imaging of the same region at a 1.5 ms pixel dwell time at 63 nm (G), at 95
nm (H), and at 189 nm SSS (I), and again at a 1.0 ms pixel dwell time with 63 nm (J), 95 nm (K), and 189 nm
SSS (L) settings. These measurements were conducted to assess the effects of sampling per row and acquisition
speed on the resulting image quality of FWMi. The table provides more detailed information about how these
settings affected the number of measurement points (m. points) and the acquisition time. The stated acquisition
times refer to the acquisition time for the complete FOV of 40x40 pum. Nominal pump/probe powers before
entering the microscope: 60/30 uW. T = 0.5 ps.
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In continuation of prior investigations, fixed HeLa cells treated with GNP-TfA conjugates were
imaged using the FWMi set-up. A DIC image of the targeted area is presented in Figure 5.7A,
with the FWMi measured region marked by a blue dotted square. An additional adjustment in
these experiments involved varying the SSS along the x and y axes, specifically maintaining
the x-resolution at 63 nm and adjusting the y-resolution to 95 nm. This adjustment was made
to preserve high resolution along one axis while significantly reducing acquisition time by
sacrificing resolution in the other. Figure 5.7B and C display the resulting REFL and FWM*

images to give an overview of the entire area that was measured.

To assess how these acquisition settings influenced the FWM? at integration times of 0.5 ms
and 0.2 ms, the section highlighted by an orange dotted square in Figure 5.7C was enlarged and
examined. The results are depicted in Figure 5.7D and E, respectively. The comparison shows
a reduction in the signal-to-noise ratio for the shorter integration time, but not to a degree that
would impede the use of these settings (i.e. 0.2 ms acquisition time, 63 nm SSS in x, 95 nm
in y) in subsequent experiments, considering the significant reduction in acquisition times from

100 seconds to 40 seconds for a 40 pm? FOV.

While the emphasis on acquisition speed is less critical for fixed cell samples, the objective of
these developments within the project was to refine the acquisition settings for live cell imaging,
where rapid scanning is essential for studying internalisation mechanisms. With the current
adjustments to the z-stepping of 400 nm, a pixel dwell time of 0.2 ms, and resolution settings
of 63 nm SSS in x and 95 nm in y, a measurement as presented in Figure 5.5 would require a
total measurement time of 625 sec, i.e. 10 min and 25 sec as compared to the initial 20,880 sec
(5.8 hours), resulting in a 48-fold increase in acquisition speed. The possibility of further
optimisations of the imaging speed by targeting smaller areas poses another option. Future live
cell FWMi measurements are set to determine the necessity of such adjustments. The current
40 sec acquisition speed is likely still too slow to follow GNPs in live cell imaging. To give

weight to this argument, actual live cell imaging was necessary.
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Figure 5.7 | Optimised Fast Scanning in FWMi Utilising Rapid Integration Times and Reduced SSS
Settings Along One Axis. FWMi measurements of a fixed HeLa cell after exposure in a pulse-chase experiment
with a 30 min serum-starvation step, 30 min GNP-TT treatment, and fixation in 4% PFA. Measurement settings
were set to x = 63/ y =95 SSS across varying integration times to assess their impact on image quality in FWMi.
(A) DIC image for sample orientation, with the blue dotted line indicating the area measured with FWMi,
resulting in (B) REFL and (C) FWM?” images. This region underwent imaging twice, with integration times of
(D) 0.5 ms and (E) 0.2 ms, specifically focusing on the section highlighted by the orange dotted square in (C).
An accompanying table details the impact of these settings on measurement points and acquisition time for the
complete 40 um? FOV. Nominal pump/probe powers before entering the microscope: 60/30 uW. T = 0.5 ps.
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5.2.4 Live cell imaging chamber set-up

Maintaining cell line viability during measurements requires a sample chamber that closely
controls the ambient environment of the cells. This involves the consideration of several factors,
starting with temperature control. Cells generally thrive at a stable temperature that mirrors
physiological conditions, typically around 37°C for human cells'*®. The control of the
atmosphere conditions is equally important. HeLa cells, as most human cell lines, need to be
maintained at a specific pH, which in cell culture is regulated by the use of specific carbon
dioxide levels, usually around 5%. This requires an incubation chamber equipped for CO>
regulation'*°. Furthermore, high humidity levels are needed to prevent the culture medium from
evaporating, which could alter its supplement concentration and pH, affecting the health of the
cells negatively. Furthermore, when updating a microscope for live cell imaging, the stage
needs to be able to hold an appropriate growth substrate such as a cell culture dish. The
introduction of a heated element onto a microscope introduces the potential of thermal drifts of
the focus as well, which need to be mitigated by allowing enough time for the microscope

elements to come to temperature.

The FWM microscope was updated to allow live cell imaging taking the mentioned factors into
account. The installed parts are shown in Figure 5.8. This upgrade involved the installation of
a heated stage capable of holding a 35 mm glass bottom cell culture dish (Figure 5.8A) with a
ring attachment to heat the sides of the cell culture dish (Figure 5.8B and C). To maintain cell
viability for extended periods of time, a heated lid with a glass top was integrated to provide
uniform heat distribution and to allow for clear, unobstructed imaging (Figure 5.8D). Heating
of the glass top was implemented to mitigate condensation on the glass surface, which could
potentially interfere with image acquisition using DIC microscopy, though FWMi remains
unaffected by the presence of such droplets on the lid due to its epi-detection geometry. Tube
connectors were attached to the heated lid to enable a continuous flow of CO2 (Figure 5.8D).
The CO2 was humidified in a heated humidification tube to prevent cell media evaporation and
maintain a consistent microenvironment and pH (Figure 5.8E). A heating strip was attached to
the imaging objective to prevent localised cooling in the area under observation, as illustrated

in Figure 5.8F. The control units for the heating elements are displayed in Figure 5.8G and H.

Control Unit 1, depicted in Figure 5.8G, regulates the temperature of the humidification
chamber to 45°C. This temperature setting accounts for the thinness of the heating strip relative
to the tubing and takes into account that there will be slight cooling of the humidified CO»> as it
travels through the tubing to the live-cell imaging chamber. The culture dish itself was set to be

heated at 43°C. While this temperature may appear high, only the dish's side walls were heated.
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Figure 5.8 | Live Cell Imaging Chamber Components. (A) Heated stage holder designed for a 35 mm glass
bottom dish, ensuring the specimen remains at a constant temperature. (B) Circular heating ring to distribute heat
uniformly across the cell culture dish's perimeter. (C) Assembly of the components mentioned above. (D) Heated
lid equipped with a glass top and tube connectors, facilitating CO circulation. (E) Humidification chamber with
an inlet for CO, supply from a gas bottle and an outlet for the humidified CO, to prevent evaporation of the cell
culture media. (F) A heating strip used to heat the objective to prevent cooling of the chamber due to contact with
a cold immersion oil objective. (G) Temperature control unit for regulating the heating strips around the
humidification chamber (stagel, preset to 45°C) and the heated stage (stage2, preset to 43°C). (H) Second
temperature control unit responsible for the heating strip around the objective (stagel, set to 38.4°C), providing
an additional layer of temperature stability for the imaging process.

The temperature of the media was measured at 36.9°C using a miniature temperature probe

(TC-TP, Bioscience Tools) placed in the centre of the dish. Temperature Control Unit 2, shown

in Figure 5.8H, heats the objective to 38.4°C. This ensures that the sample does not cool during

imaging without risking damage to the objective.

To evaluate the live cell chamber's functionality, live HeLa cells were subjected to prolonged
imaging using DIC prior to FWMi measurements to assess their viability. This approach
ensured that any potential adverse effects on cell health could be attributed to the imaging
chamber environment, rather than to the intensity of laser illumination used. A representative
FOV from these measurements is depicted in Figure 5.9A, showing multiple live HeLa cells
over time. More specifically, three cells were observed undergoing division — indicated by a
blue arrow at 30 min in Figure 5.9B, an orange arrow at 52 min in Figure 5.9C, and a navy
arrow at 122 min in Figure 5.9E — followed by successful reattachment of the cells to the culture
dish as shown in Figure 5.9F. The occurrence of cell division within the FOV served as an
indicator of cell culture conditions being maintained, confirming the live cell chamber's
functionality in preserving cell viability during extended imaging sessions. With the

temperature of the cell culture media at 36.9°C at the centre of the dish and no visible
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discoloration of the phenol red-supplemented media during measurement sessions, indicating a

stable pH, no further optimisation of the temperature settings was conducted.

Subsequently, the cells were subjected to FWMi without the addition of a GNP sample. At this
point of the project, confocal fluorescence imaging was integrated into the beam path. Confocal
fluorescence data will allow correlative fluorescence and FWMi when needed. The
fluorescence signal is excited by the same laser beam employed for FWMi and is then epi-
detected. It is then spectrally separated from FWM fields by a dichroic mirror, as detailed in
Section 3.2.2. This integration enabled the simultaneous acquisition of FWMi and confocal

fluorescence data.

As mentioned previously, fluorescent labelling was included within the project as it serves to
validate the GNP tracking capability of FWMi by comparing it to established methodologies.
Once FWMi is further developed and reconised as reliable tracking technique for plasmonic
NPs, the long-term objective is to eliminate the use of fluorescent labels entirely.
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Figure 5.9 | DIC Microscopy Shows that HeLa Cells Viability is Maintained Throughout Extended Imaging
Sessions Within the Live Cell Imaging Chamber. DIC images from the multimodal imaging setup demonstrate
the live cell chamber's ability to sustain live HeLa cells over time. (A) Displays four live HeLa cells imaged in the
live cell imaging chamber. (B) Highlights a cell entering division (blue arrow) 30 min into the measurement. (C)
Shows another cell (orange arrow) initiating division after 52 min of imaging. (D) Shows both cells after successful
division and reattachment to the culture dish at 1 h and 47 min, while (E) a third cell initiates division 2 h and
2 min into the session. (F) Concludes with all cells reattached after 2 h and 14 min of continuous imaging. Time
format: hh:mm:ss. Scale bar: 20 pm.
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Figure 5.10 illustrates live cell FWMi of untreated HeLa cells, and demonstrated no observable
adverse effects to laser illumination over the course of the experiment. It furthermore proves
that nothing within the cell generates FWM signals, even when the pump-pulse train is set to
induce FWM dynamics. Figure 5.10A-H shows REFL data of this measurement, highlighting
observable cellular movements. The FWM?* in Figure 5.10J confirmed the absence of
background signals, consistent with observations from fixed cell FWMi. Confocal fluorescence

images captured at the start and end of the measurement are presented in Figure 5.10K and L,
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Figure 5.10 | Live Cell FWMi Shows No Adverse Effects on HeLa Cells. This figure depicts a time series
of untreated live HeLa cells under laser illumination at the settings used for FWMi imaging to illustrate their
viability during FWMi measurements. (A-H) REFL field, capturing subtle cellular movements over the time
of observation. (I) MIP of the FWM? from the same FOV. (J) Confocal fluorescence image at the beginning
of the measurement in comparison to (K) the last confocal fluorescence image of the time series. Nominal
pump/probe powers before entering the microscope. T = 0.5 ps. Time format: hh:mm:ss. Scale bar: 20 pm.
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which revealed intrinsic cellular fluorescence, which
appeared to undergo photobleaching over time. This
finding suggests that the applied laser powers, while
low enough to preserve cell viability, were
sufficiently intense to cause noticeable fluorescence

bleaching within the FOV.

M = 2EB el/sec
m = 0 el/sec

Photobleaching was particularly visible after
Figure 5.11 | FWMi Laser Illumination

Bleaches Intrinsic Fluorescence of Cells
shifted FOV, immediately following an initial FWMi and the Cell Culture Medium. Confocal
fluorescence of an untreated Hela cell,
acquisition, as depicted in Figure 5.11. It shows that showing a FOV immediately adjacent to an
) ] area that had just been imaged, showing clear
photobleaching affected not only the intracellular signs of fluorescence bleaching. Nominal
pump/probe powers: 60/30 uW. T = 0.5 ps.
Pixel dwell time: 0.2 ms. Scale bar: 20 pm.

capturing a subsequent FWMi image with a slightly

fluorescence but also the phenol red indicator in the

cell culture medium.
5.2.5 Following GNP internalisation events with the help of live cell FWMi

In an initial experiment, GNP-TfA conjugates were introduced directly into the culture dish to
evaluate their detection in the FWM? channel. Figure 5.12 shows representative live FWMi
data as false colour overlays, REFL depicted in greyscale, FWM” in green, and confocal
fluorescence in red. To allow the evaluation of their pathways, two GNP trajectories are
highlighted with blue and orange lines within the images, indicating their apparent intracellular
trafficking over time. This assumption of trafficking was based on the directional movement of
the GNP signals, which diverges from random Brownian motion. Although the displayed data
shows an area of 17x18 pm, it was originally recorded over a larger field of 30 pm? and

subsequently cropped during image analysis to more effectively highlight the signals of interest.

Irrespective of whether the observed signals represented actual trafficked or free GNPs or not,
this first test confirmed the capability of live cell FWMi to track particles live. Therefore, to
study GNP trafficking further, live HeLa cells were once again supplemented with GNP-TfA
in a pulse-chase experiment, with continuous measurements taken 400 nm above the glass
substrate to capture internalisation events. Pulse-chase experiments are used to study protein
behaviour within cells, such as trafficking and degradation!®’. Initially, cells are exposed to a
short "pulse" of a (usually fluorescently or radio-) labelled molecule of interest. This is followed
by a "chase" phase, where cells are washed to remove remaining labelled compounds. The cells
are then incubated with the native form of the molecule, usually in complete media, allowing

normal cellular processes to continue. The samples can then be imaged at different time points

95



Establishing Four-Wave-Mixing imaging in living cells — Results and discussion

= 00:06:12

§ &

Figure 5.12 | Initial Evidence of Successful GNP Internalisation Captured in Live FWMi. False colour
overlays of an FWMi session of a live HeLa cell treated with GNP-Tf after 30 min of serum starvation and
subsequent GNP-Tf addition on the set up (no washing off). The presented images combine REFL in greyscale,
FWMA in green, and confocal fluorescence (fluo) in red, to present dynamic live cell FWMi and GNP tracking.
Two distinct trajectories of GNP signals illustrate the directional movement of GNPs within the cellular
environment (highlighted with blue and orange lines). Nominal pump/probe powers before entering the
microscope: 60/30 pW. © = 0.5 ps. Pixel dwell time: 0.2 ms. Acquisition time per frame: 62 sec. Time format:
hh:mm:ss. Scale bar: 5 um.

after the pulse live or they can be fixed at those time points for later imaging. By evaluating the
localisation of the signals of the labelled compounds, conclusions about trafficking,

endocytosis, or degradation dynamics of the labelled molecules can be drawn.

Figure 5.13 illustrates such an occurrence, showing particle movement over time with
exemplary time frames of REFL superimposed with FWM* from the particle (Figure 5.13A-
C). The vesicle the GNP is moving in is also visible in the REFL depending on its z-depth
(Figure 5.13D-F). The GNP appears predominantly stationary within the first 30 min of the
measurement and exhibits slight shifts in the xy-direction. This conclusion was drawn from the
plots showing the GNP displacement over time (Figure 5.13G), the resulting speed of the
particle over time (Figure 5.13H), as well as the sum intensity of the signal over time (Figure
5.131). These plots have been created using the TrackMate plugin available for ImageJ'?*. The
sum intensity value was calculated within a mask of a 10-pixel diameter around the centre of
the particle. The pattern of movement suggested the GNP's location within an organelle or

possibly at the cell membrane.
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Figure 5.13 | Trafficking Speed Analysis Through Particle Movement in Live Cell Imaging. This dataset depicts live cell FWMi of a HeLa cell treated with GNP-Tf after 30 min of
serum starvation and subsequent GNP-TTf addition on the set up (no washing off). (A-C) FWMA signal of a GNP as it traverses the cellular environment or undergoes possible exocytosis,
captured over sequential time points. The green circle in (C) denotes the masked area used for sum intensity calculation. (D-F) illustrate the corresponding REFL at identical time points,
revealing vesicular structures within the cell. (G) Displacement over time graph for the duration of the observation before the particle left the FOV (50 min), highlighting a notable shift
in particle movement at the 32-minute mark (1920 seconds). This is complemented by (H) a speed versus time plot, providing insight into the changes in GNP trafficking speed.
Additionally, (I) shows the sum intensity of the tracked FWM?* signal within a 5-pixel radius from the centre of the signal. Nominal pump/probe powers before entering the microscope:
60/30 pW. 1= 0.5 ps. Pixel dwell time: 0.2 ms. Acquisition time per frame: 62 sec. Time format: hh:mm:ss. Scale bars: 5 pm.
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Vesicles and organelles, such as endosomes and lysosomes, often remain stationary when
docked or tethered at specific sites in the cell. Once engaged with motor proteins, these vesicles
transition into active transport along microtubules. For example, vesicle trafficking may involve
the movement of cargo between early and late endosomes or from the Golgi apparatus to the
plasma membrane. Motor-protein-driven transport along microtubules occurs at speeds

typically ranging from 0.5 to 2 pm/s?>13:15,

Endocytic vesicles formed via clathrin-mediated or caveolin-mediated endocytosis can initially
remain near the plasma membrane and stay stationary at their site of internalisation.
Subsequently, they engage with motor proteins and are transported along microtubules toward
early or recycling endosomes. The transport speed of these vesicles is typically around 0.5 to
1 pm/s'%1%° which is approximately an order of magnitude faster than the displacement shown
in (Figure 5.13H). However, it is important to note that this figure represents only the xy
displacement, and if movement in the z-axis were resolved, additional displacement might be
observed. Similarly, secretory vesicles in exocytosis often remain docked at the plasma
membrane for several minutes. If fusion does not occur, these vesicles may disengage and
undergo retrograde transport back into the cytoplasm toward the Golgi apparatus or recycling
endosomes. This transport is also mediated by motor proteins and occurs at speeds of
approximately 0.5 um/s'®! The exact time of entry into the organelle remains undetermined, as
the GNP was already present at this location at the beginning of the measurement. The particle's
stationary behaviour changes noticeably 32 min into the measurement, moving closer towards
the nucleus. Subsequently, the particle either re-descends in the z-axis to a different intracellular
location or possibly it underwent exocytosis at the 32 min mark and drifted away from the cell,

which is assumed based on the weaker intensity of the GNP before it left the FOV.

The particle under study expressed movement characteristics associated with a particle that is
being trafficked. To give this argument more weight, an additional GNP within the observed
FOV that exhibited characteristics consistent with Brownian motion was investigated more
closely. The distinction is examined in Figure 5.14, where the behaviours of a directionally
moving GNP (dGNP) and a randomly moving particle (rGNP) are compared. The sum intensity
of the dGNP remains relatively stable, contrasting with the rGNP, which shows significant
fluctuations (as seen in Figure 5.14A and C). This suggests pronounced displacement in the z-
direction for the rGNP, leading to notable variability in the FWM?* intensity. The analysis is
further enhanced by examining the displacement plots over time, where the dGNP demonstrates

minimal lateral movement until a significant change in its trajectory occurs 32 min into the
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Figure 5.14 | Differential Analysis of GNP Movement: Trafficking versus Brownian Motion. This figure
contrasts the behaviour of a GNP undergoing active trafficking with that of a GNP exhibiting Brownian motion.
Utilising FWMA data, the analysis includes plots of (A) mean intensity, and (B) particle displacement over time
for the actively trafficked GNP, compared against a particle displaying Brownian movement, represented in plots
(C) and (D), respectively. Both particles were identified within the same measurement session, but at distinct time
points during the measurement, providing a unique opportunity to compare the dynamics of directed cellular
trafficking with random motion. The plots presented in (A) and (B) are the same as the ones shown in Figure 5.13
but with adjusted axes to allow direct comparisons between the two GNPs.

observation. Conversely, the rGNP exhibits substantial displacements between frames,
reinforcing the hypothesis that it is not anchored to any structures on or within the cell,

supporting the distinction between directed trafficking and random Brownian movement.

Live cell FWMi is a novel technique that needs further foundational research to enable the
identification of cellular organelles using REFL data. The potential to identify organelles can
be seen in the same data set that has been used to analyse the GNP trafficking event. More
specifically, highly dynamic tubular structures were visible throughout the measurement,
appearing as a light grey and constantly moving group of small tubes (see Figure 5.15, blue
circle). These structures can be found beneath the area where the above-described distinctive
particle movement was observed. The behaviour of these structures suggests that these could
be tubular endosomes, or mitochondria if they are assumed to be located in the intracellular
space, or they could be filopodia if they are located on the extracellular space (membrane),
though it is hard to determine whether these signals come from the intra- or extracellular space
with certainty. A sorting endosome is an organelle that serves as a key station within the cell's
endocytic pathway, where internalised materials from the cell surface are initially received and
sorted. It determines the fate of these materials, directing them either back to the cell membrane

for recycling, to lysosomes for degradation, or to other destinations within the cell for further
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processing. The observed behaviour of the
GNP might indicate that it was located
within a sorting endosome, with potential
outcomes aligning with either the typical
recycling pathway of TfA, or receptor
crosslinking leading to lysosomal
trafficking. Validating the localisation and
trafficking patterns of GNPs

additional insights from REFL data still

with

needs more in-depth investigation but
shows great potential for further insights

into cellular dynamics.

Additionally, further investigations are
needed to interpret the mechanisms
behind the observed contrast inversions
from black to white in the REFL data of
the trafficked particle, as illustrated in
Figure 5.16. This figure presents three
consecutive frames from the same data set

discussed in Figure 5.13 and Figure 5.15,

'M =250 mV.
m=0mV
00:40:18

Figure 5.15 | Expanded Field of View for GNP
Tracking Suggests Localisation within a Sorting
Endosome. This figure combines REFL data, presented in
greyscale, with FWM* signals in green, to illustrate
dynamic, elongated tubular structures indicative of sorting
endosomes, delineated by a blue circle. The depicted data,
collected for the purpose of GNP trafficking analysis,
identifies the GNP previously shown in Figure 5.13,
highlighted in orange, highlighting its association with
sorting endosomal pathways. This image highlights the
capability of REFL data to infer information of cellular
structures. Nominal pump/probe powers before entering
the microscope: 60/30 pW. t = 0.5 ps. Pixel dwell time:
0.2 ms. Acquisition time per frame: 62 sec. Time format:
hh:mm:ss. Scale bar: 5 pm.

highlighting the vesicle encapsulating the

GNP and exhibiting contrast inversion behaviour (Figure 5.16A-C). Additionally, the plot of
the maximum intensity over time of the FWM? is provided once more (Figure 5.16D), which
indicates that the particle becomes progressively brighter over the presented frames. This, in
turn, suggests that the GNP gets progressively closer to the imaging plane, though the precise
trajectory of the particle into the focal plane, whether from above or below, remains uncertain.
The signal appears blurry and white with a dark edge when outside the focal plane, turning
black as it reaches the focal point and transitioning to a clear white as it exhibits maximum
signal strength in FWM?”. While these observations serve as a preliminary basis for analysis,

they require confirmation through additional measurements of similar nature.
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In subsequent experiments, specific GNP trafficking events like the one described were not
consistently captured, partly due to the limited FOV of FWMi that requires 'being in the right
place at the right time' to observe such dynamics. Challenges also arose from the quality of
GNP-TfA constructs, which often exhibited off-target binding, either adhering excessively to
the culture dish or binding to cell surfaces without being internalised. It should be noted that
particle movement is not immediately noticeable while data is acquired due to the slow frame
rate, therefore every data set needed to be processed before it was clear whether an
internalisation event was observed within the FOV. Therefore, the probability of conducting
measurements with low quality GNP-TfA conjugates can lead to entire measurement sessions
without meaningful GNP tracking data. To address these challenges, a comprehensive
evaluation of various functionalisation techniques has been conducted to allow studies on GNP-

TfA trafficking, which is the focus of the next chapter of this work.

100:27:54 00:28:56

4

M = 250 mV

Sum Intensity vs Time

15.000 R,

vy}
‘O‘
Sl

10.000

sum intensity [counts]

5.000 A

0 1.000 2.000 3.000

time [sec]

Figure 5.16 | Contrast Inversions in REFL Signal as Indicators of Vesicle Position Relative to the Focal
Plane. (A-C) Three sequential frames REFL data, capturing a GNP as it transitions into focus during FWMi
imaging of a live HeLa cell treated with GNP-Tf after 30 min of serum starvation sample addition on the set up
(no washing step). These frames demonstrate notable contrast inversions from white to black, and then back to
white, suggesting changes in the vesicle's proximity to the focal plane. (D) Intensity over time plot for the
FWMA channel, correlating with the observed time points, thereby providing insights into the dynamic intensity
variations associated with the vesicle's movement. Nominal pump/probe powers: 60/30 uW. t = 0.5 ps. Pixel
dwell time: 0.2 ms. Acquisition time per frame: 62 sec. Time format: hh:mm:ss. Scale bar: 5 pm.
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5.3 Limitations and Future Considerations
5.3.1 Live cell FWMi needs further development for faster image acquisition

The implementation of live FWMi has highlighted its potential for measurements of GNPs as
they traverse the intracellular environment. This technique shows great potential to reveal more
details of the pathways and interactions of GNPs within live cells. However, the temporal

resolution of image acquisition needs improving.

The frame rates achieved during these experiments, while sufficient to track GNP movement,
have limited the ability to make real-time judgements during the imaging session, as GNP
movement could only be identified during post-processing of the FWMi data. This limitation
sometimes resulted in prolonged imaging sessions where the selected area did not yield insights
on GNP trafficking. Therefore, faster frame rates would not only aid in revealing GNP
trafficking pathways in more detail, but they would also allow an immediate evaluation of the
imaging process, allowing adjustments during imaging sessions in real-time. This would not
only enhance the efficiency of data collection but also ensure the optimal use of resources and
time. In its current configuration, FWMi requires 46 s to acquire a 80 x 80 um frame. This
temporal resolution was sufficient to reveal slower processes such as vesicle docking,
endosomal maturation, and clathrin mediated endocytosis'®*!%. However, it was inadequate for
tracking intracellular vesicle transport along microtubules, which occurs at speeds of 0.5 —
2 um/s and requires a temporal resolution of 10—100 ms per frame to accurately resolve vesicle

movements'®*. Diffusion over 10 pm occurs within 1-10 s within mammalian cells'’.

Receptor recycling, which typically takes 5—15 minutes, can be tracked with a frame rate of 10—
30 seconds per frame to capture different stages of the transport process'®. For events requiring
higher temporal resolution, such as fast vesicle transport, FWMi can achieve faster frame rates
by reducing the frame size. However, this approach requires precise positioning to ensure that
the region of interest is captured at the right moment, as the smaller field of view increases the

risk of missing key events.

To address these challenges, our research group has initiated plans to further develop the FWMi
technology. Two upgrades are being considered, 1) galvo-mirror beam-scanning FWMi (as
opposed to the existing sample stage scanning), and ii) wide-field illumination and camera-
based FWM detection. Both advancements promise to mitigate the limitations of slower frame
rates. Regarding the use of galvo mirrors, they will allow to speed up the laser scanning process

(~few microseconds per point), as compared to using the piezo nanostage which is significantly
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limited by its mechanical response time (~10 ms). Beam-scanning will require to collect FWM

in a “de-scanned” configuration, to enable its overlap with the external reference.
5.3.2 The live cell imaging chamber does not create a sterile environment

The live cell chamber environment on the FWMi set-up is not sterile and therefore presents an
additional source of consideration when planning experiments. While none of the experiments
conducted during the course of this project have been affected by cell culture infections
following imaging in the live cell chamber, the risk remains a concern. Possible solutions for
this are the addition of antibiotics to the cell culture medium to prevent infections, adding a
filter into the COx line, or using a sterile lid on the sample that allows DIC imaging. Samples
exposed to live FWMi were discarded after an imaging session. Should future research require

longer measurement periods, upgrades to the current imaging chamber would be necessary.
5.3.3 A better GNP-TT conjugate quality is needed for meaningful studies

The GNP-TfA conjugates used in this study up to this point have shown significant adherence
to the culture dish and, as outlined in Chapter 4, contained a substantial proportion of
unconjugated components (free TfA and unlinked GNPs). This, in conjunction with prolonged
acquisition times, considerably complicated real-time decision-making during imaging
sessions, leading to inefficient utilisation of both time and resources. Although published
functionalisation protocols, which are elaborated upon in the subsequent chapter, were adopted
to synthesise GNP-TfA conjugates, these protocols originally used GNPs as drug delivery
vehicles and not as imaging agents, but rather focused on fluorescently labelled proteins as
secondary label of the NPs. The observed low incidence of particle internalisation events might
suggest that previous studies have mistakeably categorised crosslinked proteins as internalised

GNPs more frequently than was accurate.

For similar projects to the one detailed in this thesis, it is important to explore and establish
functionalisation techniques that minimise non-specific interactions of GNPs and develop a
purification strategy that effectively isolates GNP-protein conjugates from free reaction
constituents. Such advancements are important for enhancing the specificity and effectiveness
of GNPs as imaging labels in biological research, facilitating more accurate and reliable

observations of NP behaviour within cellular environments.
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5.3.4 Further assessments of REFL and FWMA are necessary to better interpret the data

FWMIi has successfully demonstrated its capability to capture not only the temporal dynamics
of GNP movement but also the structural dynamics occurring within or on the surface of cells.
This pioneering data introduces new possibilities that require detailed foundational analysis.
Structures in motion have been observed in REFL data. However, their precise nature remains
to be determined. A targeted investigation could entail the recording of multiple untreated cells
at small z-intervals to thoroughly analyse identifiable structures. REFL is particularly sensitive
to structures enveloped by membranes, as it relies on variations in the refractive index to
generate contrast. Enhancing this data with live recordings taken at incremental z-steps, while
pausing at each z-plane to gather extended information on the movement of these structures,

could significantly enrich the understanding of cellular dynamics recorded by FWMi.

Interpreting the directional movement of vesicles and particles along the z-axis presents an
additional challenge, specifically whether they ascend or descend through the focal plane.
Previous reports suggest that analysing the phase of GNPs could provide insights into their
movement direction, utilising FWM? data as a basis for this analysis. Although this aspect was
not explored within the scope of the current work, it highlights an important area for future
research when using a FWMi set up. Collectively, integrating these approaches promises to
refine the ability to accurately identify cellular structures and understand their dynamics.
Developing methodologies to identify the directional movement of intracellular vesicles and
particles will be important for advancing FWMi as a strong microscope in the field of
nanobiotechnology that combines the capabilities of a number of different separate

microscopes.

5.4 Conclusions

Within this segment of the research, the introduction of a live mode for FWMi has been
effectively realised, demonstrating the capability to maintain HeLa cells in a viable state
throughout the measurement process while simultaneously capturing REFL, FWM?*, and
confocal fluorescence data. This advancement allows the detailed tracking of GNP and vesicle

dynamics within the cellular environment and has been proven within this chapter.

Conclusively, while live FWMi stands as a formidable technique for exploring NP interactions
in living cells, future enhancements are necessary to address existing challenges. These include
improving frame rates to enable more dynamic observations, ensuring sterility to prevent
contamination, refining the quality of GNP-protein conjugates for more precise targeting, and

deepening the fundamental comprehension of data acquired in live cell mode. Preliminary
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directions for the advancement of both the setup and analytical methodologies have been
outlined, laying a solid foundation for subsequent innovations in acquisition speed and the

analytical depth of live-cell imaging data.

This work not only allows further research of particle dynamics but also enables subsequent
data analysis methods, offering methodologies for particle movement analysis and three-
dimensional cellular visualisation. Identifying GNP functionalisation techniques that
consistently produce high-quality conjugates are a focus of this study explored next, thereby

enhancing the specificity and effectiveness of FWMi in live cell studies.

The introduction of live mode FWMi significantly enhances the available scientific toolkit,
enabling real-time analysis of GNP dynamics and cellular processes. This breakthrough has
broad implications across cell biology, pharmacology, and nanotechnology, offering insights
into cellular mechanisms and NP interactions on a new level of detail, as FWMIi has been shown
to resolve rotational dynamics during measurement on top of the already discussed
capabilities*’. Live FWMi within live cells can clarify details of pathways for drug delivery,
enhancing the design of targeted therapeutic systems and contributing to safer nanotechnology

applications by understanding NPs' intracellular behaviour.
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6 Establishing a GNP functionalisation procedure

6.1 Introduction

Many GNP functionalisation procedures have been published and are frequently used to study
GNP uptake and trafficking in cells, tissues, or animal models using fluorescence
microscopy'®. Prior research has indicated that GNPs and fluorescent markers do not always
colocalise®’*?. With the developments within the project so far, we have shown that we can
validate that fluorescence colocalises with GNPs on spin coated construct samples (Chapter 4),
and we have developed a 3D live cell FWMi system (Chapter 5) that can detect GNPs in
biological samples. These two developments would allow the characterisation of developed
formulations, assess their physico-chemical characteristics, and enable us to follow their
trafficking within live cells. In anticipation of these developments, alongside this work we
explored functionalisation procedures with the aim of developing a GNP-ligand construct
capable of receptor crosslinking at the cell surface, that would be subsequently internalised into
the cell. It should be noted that functionalisation procedures were tested from the onset of the
project, when FWMi training had yet to be conducted. The validation of experiments was
initially solely based on epi-fluorescence microscopy until fixed cell FWMi was introduced,

followed by live cell FWMi.

In this part of the project, our objective was to identify functionalisation methods that enhance
GNP internalisation into HeLa cells, ideally through receptor crosslinking, to allow more
detailed investigations of this mechanism via FWMi, which will be discussed in the following.
Here, we explored established functionalisation strategies targeting carboxyls, amines, and
thiols. The experiments included GNPs with pre-attached stabilising polymers and those in

which the stabilising polymer was appended in-house.

The in-house methods presented in the following involved two approaches: either coating the
GNPs with the polymer before TfA conjugation or conjugating the stabilising polymer to the
protein first and then attaching this conjugate to the GNPs. Our findings showed that GNPs
with pre-attached polymers were not effective in achieving cellular internalisation. Although
fluorescence imaging suggested successful binding or internalisation, FWMi indicated minimal
to no actual GNP uptake. In contrast, constructs created through in-house polymer decoration
demonstrated significantly improved internalisation. Specifically, constructs made using PEG-
TfA conjugates for GNP decoration resulted in markedly improved uptake compared to

untargeted control GNPs.
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6.2 Results and discussion
6.2.1 Functionalisation of GNPs with pre-attached polymers

GNPs are available with a range of pre-attached terminal groups, facilitating the conjugation of
proteins through the mechanism of choice. This versatility significantly enhances the
adaptability of GNPs for diverse applications and eliminates the time-consuming steps involved
in selecting and applying stabilisation protocols. However, the use of pre-attached groups
introduces certain challenges, particularly due to the lack of transparency from suppliers
regarding the properties of the stabilising polymers used within their products. The undisclosed
nature and length of these polymers can obscure the true hydrodynamic radius of the GNPs
after conjugation and, by extension, their cellular internalisation capabilities'®’.
Misinterpretations of experimental outcomes, such as attributing failed internalisation to non-
functional proteins, may arise when the actual issue lies in the oversized GNPs. Selecting the
optimal strategy for a given application involves balancing considerations such as time
efficiency, simplicity of functionalisation, and the degree of control over the conjugation
process, to achieve desired outcomes without compromising on the scientific integrity of the

experiments.

At the start of the project, GNPs pre-conjugated with a stabilising polymer were utilised as they
allow an easy entry point to GNP functionalisation, potentially reducing time and resources
spend on doing the entire functionalisation in-house. For initial experimental procedures EDC-
NHS and sulfo-SMCC, the two predominantly utilised crosslinking chemistries were selected”’.
The reaction mechanisms of these are explained in detail in Sections 3.1.1.2 and 3.1.1.3. These
reactions required the use of GNPs terminated with carboxyl and thiol groups, respectively. The
reactions employing EDC-NHS and sulfo-SMCC chemistries were performed according to the
procedures described in Section 3.1.1 with two distinct TfA concentrations for each
functionalisation method. This was done to test which concentration of TfA appeared to be
more promising in inducing receptor crosslinking and then adjust concentrations, if necessary,
after the analysis of these construct samples. The concentrations chosen for the first experiments
were a ratio of 100 TfA to 1 GNP, and 1000 TfA to 1 GNP. Following the vendor's
recommendation for GNPs, a protein to GNP ratio of 100:1 was suggested. Hence, this
concentration, along with a level an order of magnitude higher, was evaluated. This approach
aimed to determine the protein density that allows effective cell internalisation, ensuring
efficient coverage and functional activity of the GNPs. The vendor states a labelling of
2 ASs per nm? GNP surface. GNPs of 20 nm diameter have a surface area of 1256 nm?,

equating to roughly 2500 ASs per GNP. This corresponds to 0.04 and 0.4 TfA/AS, respectively.
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To aid the line of discussion, constructs functionalised with TfA using EDC-NHS are denoted
as 0.04-NHS-GNP and 0.4-NHS-GNP, respectively, while those functionalised with sulfo-
SMCC will be denoted 0.04-SMCC-GNP and 0.4 SMCC-GNP.

As first line of particle functionalisation validation, UV-Vis spectra of the GNP samples were
measured (Figure 6.1). UV-Vis spectroscopy is an important technique for analysing GNP
samples, particularly when evaluating functionalisation success and sample quality. This
method exploits the SPR of GNPs, which shifts in response to changes in particle size, shape,

168 ' A red shift in the SPR peak typically signifies the attachment

and their surrounding medium
of biomolecules or ligands to the GNPs, altering their local refractive index and therefore
indicating functionalisation, though the shifts are usually small for spherical GNPs (2-5 nm)'®’.
The UV-Vis spectra also provide insights into the aggregation state of GNPs. A broadened SPR
peak suggests aggregation, whereas a sharp peak indicates a well-dispersed sample.
Additionally, the peak width offers clues about the uniformity of the GNP size distribution.
Comparative analysis of UV-Vis spectra before and after functionalisation can confirm ligand
attachment and NP stability. For further information, one can refer to Mauriz et al.!”® and Conde
et al.>®. When assessing UV-Vis spectra, the optical density (OD) of the GNP sample can also
be used to assess sample quality prior to and after functionalisation. A change in OD after
functionalisation can indicate the success of biomolecule attachment to the NP surface, again
by altering the GNP’s SPR properties due to the changed surrounding dielectric environment!’!,

Stable or increasing OD values suggest successful functionalisation and maintained NP

concentration, indicating that the GNPs are well-dispersed and stable. Conversely, a decrease
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Figure 6.1 | Sulfo-SMCC and NHS Functionalisation Induce Aggregation and Destabilisation in GNPs. The
photo shows the different constructs after functionalisation, with sulfo-SMCC reactions showing clear signs of
aggregation (loss of OD). The UV-Vis spectra of the resulting constructs show a reduction in ODsyy between
samples functionalised with EDC-NHS reaction chemistry at a ratio of 0.04-NHS-GNP (orange, ODsy 0.22, 1:10
dil.) and 0.4-NHS-GNP (navy, ODs2 0.176, 1:10 dil.) compared to particles prior to functionalisation (blue, ODsxg
0.737, 1:10 dil.). Loss of GNP is especially evident in sulfo-SMCC reactions in 0.04-SMCC-GNP (yellow, 0.191,
no dil.) and 0.4-SMCC-GNP (grey, 0.263 no dil.) in comparison to the GNP solution prior to functionalisation
(red, 0.566, 1:10 dil.).

108



Establishing a GNP functionalisation procedure - Results and discussion

in OD may signal NP aggregation or loss, highlighting potential issues in the functionalisation
process. As such, monitoring OD serves as a straightforward, non-destructive quality control
measure*®!7?, In practice, a loss of particles will occur during GNP functionalisation reactions,
as not every particle is pelleted during centrifugation, and some will be lost during the removal
of supernatants and resuspension. Centrifugation is a necessary and standard practice to remove
unconjugated reaction constituents from the sample!”>. If the correct centrifugation speeds are

applied, the GNPs will pellet, and the free polymers and proteins will remain in the supernatant.

The original stock solution of GNPs with proximal primary carboxyl groups (Ctrl NHS) had an
optical density at the LSPR wavelength of 520 nm (ODs20) of 7.37, while the ODs2o for the
constructs was measured at 2.20 for 0.04-NHS-GNP and at 1.76 for 0.4-NHS-GNP constructs.
This corresponds to a GNP loss of 60% and 76%, respectively. This reduction in GNP quantity
seems too high to solely be attributed to GNP loss during repeated decantation, suggesting that
colloidal instability during functionalisation is a contributing factor. This colloidal instability
was especially pronounced in samples functionalised using sulfo-SMCC reaction chemistry,
showing significant aggregation of the GNPs, as depicted in Figure 6.1 visible as aggregates
after resuspension in the storage buffer PBS. The initial ODs2o of the stock solution of GNPs
with proximal primary amine groups (Ctrl SMCC) was 5.6, while the ODso values registered
at 0.191 for the 0.4-SMCC-GNP and at 0.263 for the 0.04-SMCC-GNP constructs. This
signifies a reduction of 93% and 90% in the GNP quantity, respectively, relative to
unfunctionalised GNPs. Although the majority of this particle loss can be attributed to colloidal
instability stemming from the reaction conditions, it was observed that the GNPs adhered to the
tube walls after sulfo-SMCC activation. This adhesion persisted, and the GNPs did not re-enter
into solution during subsequent functionalisation stages nor sonication. Additionally, there was
no shift in the LSPR peak after functionalisation (Figure 6.1). This could indicate that the GNPs
were not functionalised, though it is also possible that no LSPR shift is detectable due to the
pre-attached polymer corona. As mentioned above, the LSPR shift signifies a change in the
refractive index surrounding the GNP. The thickness of this corona is not known and therefore
it is not clear if the conjugated protein is close enough at the GNP surface to change the
dielectric environment of the particle significantly enough to be registered as a shift in the LSPR

peak of the functionalised sample.

The suspended constructs were isolated from aggregates that settled at the tube's base and all
samples were subsequently subjected to pulse-chase experiments. As previously described in
Section 5.2.5, pulse-chase experiments are used to study protein behaviour within cells, such

as trafficking and degradation'®’. Initially, cells are exposed to a short "pulse" of a labelled
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molecule of interest. This is followed by a "chase" phase, where cells are washed to remove
remaining labelled compounds. The cells are then incubated with the native form of the
molecule allowing normal cellular processes to continue. The samples can then be imaged at
different time points after the pulse live or they can be fixed at those time points for later
imaging. By evaluating the localisation of the signals of the labelled compounds, conclusions

about trafficking, endocytosis, or degradation of the labelled molecules can be drawn.

In this experiment, HeLa cells were subjected to a 30 min pulse with either the construct or free
TfA to assess their trafficking profile by fluorescence microscopy, shown in Figure 6.2. On
HeLa cells, GNP-TfA constructs were examined for TfA trafficking that resembled the pathway
of receptor crosslinking which has been characterised by Moody et al., who showed how
receptor crosslinking affects Tf recycling!® (refer to Section 1.2). In this line of pulse-chase
experiments, we would expect the intracellular presence of unconjugated TfA to be markedly
reduced after a longer chase period (e.g. 2h). Specifically, we would expect to find that the
quantity of free TfA remaining within the cell would constitute approximately 1% of the level

observed at the 0 chase time point'’. On the other hand, we would expect the GNP-TfA

high intensity

TfA

low intensity

EDC-NHS

0.04-NHS-GNP 0.4-NHS-GNP

I‘-r.‘ -
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0.04-SMCC-GNP | 0.04-smcc-GNp 0.4smccenp® - __|oasmccone

Figure 6.2 | Differential Binding Patterns of SMCC-GNP and NHS-GNP-TfA Constructs to HeLa Cells.
Brightfield and z-stack fluorescence images, shown as MIPs, display the interaction of live HeLa cells with various
constructs after exposure in a pulse-chase experiment with a 30 min serum-starvation step, 30 min GNP treatment,
after a 2 h chase: (A-B) TfA, showing good levels of internalisation. (C-D) 0.04-NHS-GNP and (E-F) 0.4-NHS-
GNP, both demonstrating minimal to no internalisation; in contrast, (G-H) 0.04-SMCC-GNP and (I-J) 0.4-SMCC-
GNP reveal notable binding to both the cell surface and the Petri dish. Scale bars: 20 pm.
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construct signals to accumulate within the cells at specific regions over time without loss of
overall intensity, if receptor crosslinking was in fact induced (Section 1.2). As visible in Figure
6.2A and B, free TfA was readily taken up by the cells and was distributed throughout. NHS-
GNP-TTfA constructs appeared to show no internalisation nor binding to the HeLa cells (Figure
6.2C-F), suggesting that the reaction mechanism did not work under the conditions applied
during functionalisation, rendering the recording of further time points not useful due to low
sample quality. Cross-correlative studies of the NHS-GNPs later revealed that there was no
correlation of GNP and fluorescence signals, validating the assumption of a failed
functionalisation (see p. 118 and Figure 6.7). The most common issue with EDC-NHS reaction
chemistries is the fast hydrolysation of the NHS group, suggesting that shorter incubation times
might solve the issue®'. Further experiments have been conducted using GNPs with a pre-
attached PEG-corona terminated with carboxyl-residues while varying the incubation times,
pH, or applying various ratios of GNPs to protein but, again, none showed internalisation. The
SMCC-GNP constructs predominantly bound to the dish with no visible cell-binding of the
0.04-SMCC-GNP construct (Figure 6.2G-H). It is unclear whether the particles bound the petri
dish itself or if they bound compounds secreted by the HeLa cells, or serum components from
the cell culture media. The observed stickiness of the particles was likely due to exposed
hydrophobic maleimide residues. According to the manufacturer, the surface of the 20 nm
GNPs was densely packed with 2 amine sites per nm?, providing a lot of sites for sulfo-SMCC
attachment. While the small size of sulfo-SMCC may allow efficient coupling to these amine-
terminated stabilising polymers, the steric constraints of large molecules such as Tf prevent all
maleimide-activated ends from engaging in successful conjugation. This leaves many
maleimide groups exposed, increasing nonspecific interactions and promoting aggregation in
biological media. To address this issue, reducing the density of sulfo-SMCC during the
functionalisation process and capping unreacted maleimide groups with small thiol-containing

molecules, such as L-cysteine or mercaptoethanol, could minimise nonspecific binding.

When evaluating internalisation, axial colour-coded representations can be used to distinguish
between cell-surface binding and internalisation. Figure 6.3 schematically shows how the
uptake of internalising and non-internalising constructs can be assessed using these 2D
representations of 3D data. Panels A-D of Figure 6.3 detail the characteristics of non-
internalising constructs. These constructs adhere to the cell surface but are not internalised
(Figure 6.3A), as the fluorescence signals (or later FWM signals) align with the topography of
the cells (Figure 6.3B). This alignment is visible as a colour gradient that closely follows the

contours of the cell (Figure 6.3C). Panels D-F schematically depict internalising constructs,
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Figure 6.3 | Comparative Analysis of GNP Construct Internalisation in Cells Using Axial Colour-Coded
Representations of Fluorescence or FWMi Data. This figure presents a schematic comparison of non-
internalising and internalising GNP constructs within cellular environments using axial fluorescence (or later
FWMIi data) represented as ccMIPs. Sections (A-C) display non-internalising constructs adhering to cell surfaces
with fluorescence/GNP signals mirroring cell topography, evident as a colour gradient following cell morphology.
Conversely, panels (D-F) illustrate internalising constructs, characterized by a random colour distribution within
the gradient, independent of cell morphology. The addition of topographical lines in panels (C, F) further
accentuates the axial colour progression in relation to cell structure in both cases.

characterised by the random distribution of colour within the gradient that does not follow the
cell's morphological structure. This allows a visual differentiation from surface-bound and
internalised constructs. The addition of topographical lines indicating the schematic cell
morphology in panels C and F emphasise the variance in axial colour progression relative to

cell morphology between non-internalising and internalising constructs.

To assess whether the signals in Figure 6.21 and J show internalised or surface-bound particles,
the data of the control (Figure 6.4A-D) and the 0.4-SMCC-GNP construct (Figure 6.4E-H) are
further depicted as axial ccMIP and a XZ representation (Figure 6.4D and H). The XZ
projections verified internalisation of free TfA, but suggested cell surface association with
minimal internalisation of the construct. The constructs appeared to align with the expected
topography of a HeLa cell with no notable variation of z-localisation of neighbouring
fluorescence signals. The construct signals were in contrast to those of free TfA, as shown in
Figure 6.4D which dispersed uniformly throughout the intercellular space. The size of the
construct signals suggested either accumulation of multiple GNPs at the same spot, or potential
crosslinking between the GNPs. To address this, the concentrations of TfA were increased in

subsequent functionalisation attempts to combat potential crosslinking.
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Figure 6.4 | 0.4-SMCC-GNP Constructs Bind Live HeLa Cells But Do Not Internalise. (A) False-colour-
overlay of brightfield and axial epifluorescence data presented as an axially color-coded MIP (shown in B) of
HeLa cells after exposure in a pulse-chase experiment with a 30 min serum-starvation step, 30 min TfA (A-D) or
SMCC-GNP (E-I) treatment. (C) shows an additional zoom of B that is further depicted as an XZ representation
(D) to assess Tf internalisation. (E) False-colour-overlay of brightfield and fluorescence data of HeLa cells treated
with SMCC-GNP presented as a color-coded MIP (shown in F) and (G) an additional zoom of the color-coded
MIP that is further depicted as (H) an XZ representation. Scale bars: 20 um.

Particle adhesion to reaction tube walls, pipette tips and the cell culture dish was observed after
the initial maleimide activation step, which led to the hypothesis that residual unreacted
maleimide groups might be responsible for the stickiness of the constructs. Therefore,
mercaptoethanol was used to quench any remaining maleimide residues. The resulting
constructs of the functionalisation with higher ratios of TfA to GNP (0.4 TfA/AS, 1 TfA/AS
and 4 TfA/AS, denoted as 0.4-SMCC-GNP, 1-SMCC-GNP and 4-SMCC-GNP, respectively)
were tested again in pulse-chase experiments (Figure 6.5). Free TfA showed the earlier
postulated decrease of TfA intensity over time (Figure 6.5A-C) with high signal intensities at

0 min chase and a strong decrease of intracellular signal at 2 h and 4 h chase.

At 0 min chase, SMCC-GNP constructs were evenly distributed within the cellular environment
(Figure 6.5D, G, and J). However, a gradual increase in fluorescence signal intensity was
observed, accumulating at distinct regions either located in the intracellular environment or on
the cell surface. None of the samples show substrate binding, suggesting that mercaptoethanol-
quenching was successful and that unreacted maleimide groups on the particles were indeed the
cause of the previously reported stickiness. The lack of significant signal intensities at the

beginning of the assays suggests minimal crosslinking between the GNPs.
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Figure 6.5 | Mercaptoethanol-Quenched SMCC-GNP Constructs Exhibit Binding and Accumulation
in Live HeLa Cells. Epifluorescence imaging captures the interaction between live HeLa cells and
mercaptoethanol-quenched SMCC-GNP-TfA constructs after exposure in a pulse-chase experiment with a
30 min serum-starvation step, 30 min SMCC-GNP treatment, imaged at timepoints of 0 min, 2h, and 4h,
with free TfA serving as a control. (A-C) TfA, and (D-F) 0.4-SMCC-GNP, (G-I) 1-SMCC-GNP, and (J-L)
4-SMCC-GNP, with an increasing accumulation of signal intensities at specific spots in or on the cells.
White dotted lines delineate the HeLa cells within the FOV. Scale bars: 20 pm.
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Therefore, it was assumed that the observed
accumulation was attributed to cellular
trafficking processes, potentially accumulating
either within intracellular compartments or on the

cell membrane.

The images presented in Figure 6.5 are extracted
from time-lapse measurements that highlight the

behaviour of the observed signals. Temporal

ccMIPs of these data sets reveal that high- e —

0 sec 60 sec

intensity signals not associated with a cell exhibit

Figure 6.6| Size- and Intensity-Differentiated
Movement of SMCC-GNP-TfA Constructs
magnitude and intensity that are cell-associated Within HeLa Cells. A temporal colour-coded MIP
of epifluorescence measurements of live HeLa cells
remain stationary (Figure 6.6, white signals). In after exposure in a pulse-chase experiment with a
. ) . 30 min serum-starvation step, 30 min GNP
contrast, smaller signals of lower intensity treatment, and immediate imaging at the 2h
timepoint shows the dynamics of construct
movement on or within HeLa cells. Larger, high-
intensity signals linked to cells (indicated by orange
arrows) remain stationary, while smaller, low-
a variability in either ligand valency on the GNPs, intensity signals (highlighted by blue arrows) exhibit
directional movement. Conversely, a large, high-
or there was indeed some crosslinking between intensity signal unassociated with cells (marked by a
o o green arrow) displays Brownian  motion,
the constructs that wasn’t initially visible at early highlighting the distinct behaviours of SMCC-GNP
constructs based on their size, intensity, and cellular
association. Scale bar: 20 um.

Brownian motion, while signals of similar

display  directional movement, signifying

intracellular trafficking processes. This suggests

time points of the pulse-chase experiment.

To further investigate both SMCC-GNP and NHS-GNP constructs, the samples underwent
characterisation by correlative single fluorophore bleaching and extinction microscopy. It
should be noted that in cases in which a high level of functionalisation was achieved (Figure
6.7A), identifying spatially correlating signals of fluorescence and extinction was a facile and
fast process in which the three particles spanning a triangle across the entire FOV were chosen
as reference points for the image transformation software (see Figure 6.7C-E, blue circles),

which was explained in detail in section 3.5.6 and 4.2.6.

Generally, correlation between fluorescence and extinction signals was seen for all samples
functionalised using sulfo-SMCC. A high variability was found in both characteristics: ligand
valency on the constructs as well as varying amounts of construct crosslinking. This can be seen
in the analysis of GNP-crosslinking described in Section 4.3.2, which described these specific
SMCC-GNP samples. It furthermore showed that there was still a significant fraction of
unconjugated TfA present within the sample, complicating the interpretation of the pulse chase

experiments.
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Figure 6.7 | Correlating Structures Across Fluorescence, Brightfield, and Extinction Modalities. False-
colour overlays integrate fluorescence (red) and transformed extinction signals (green), contrasting samples with
(A) high functionalisation yield (sulfo-SMCC) against (B) low yield (EDC-NHS). In cases of high
functionalisation efficiency, correlative analysis between structures was achieved using (C) fluorescence and (E)
extinction data directly, bypassing the need for alignment with (D) brightfield images. Conversely, for samples
exhibiting minimal functionalisation, correlation of structures required the inclusion of both (F) fluorescence
and (G) brightfield data to accurately align with (H) extinction signals. Orange circles highlight areas where
fluorescence and extinction signals coincide, coordinates of signals outlined in blue were used as references for
image transformation. Scale bars: 20 pm.
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NHS-GNP constructs, on the other hand, showed no correlation (Figure 6.7B). In these cases,
brightfield and fluorescence measurements needed to be taken into account simultaneously to
find common features in both imaging modalities (Figure 6.7F-H). Brightfield images were
acquired at each FOV subsequent to bleaching to serve es a reminder of the shape of the scratch
(described in section 4.2.5) and to help with recognising the region of interest in extinction.
Despite these additional points of validation, none of the samples based on EDC-NHS reaction
chemistries returned correlating fluorescence and extinction signals. It remains unclear if this
was an issue of conducting the functionalisation correctly or if there was a problem with the
preliminary attached polymer corona. Due to the repeated findings of no internalisation nor cell
surface binding in cell experiments and no correlation of fluorescence and extinction signals in
correlative studies, NHS-GNP constructs made with GNPs with a preliminary stabilising
polymer were no longer used in further experiments, in order to focus on samples with more

potential for the intended internalisation studies, such as the SMCC-GNP constructs.

At this stage of the project, FWMi was introduced as a tool to investigate GNP internalisation.
Therefore, the pulse-chase experiments were repeated using HelLa cells cultivated on
coverslips, with cell fixation occurring at various intervals following the pulse to assess the
dynamics of SMCC-GNP internalisation. Figure 6.8A shows a fixed HeLa cell treated with 1-
SMCC-GNP constructs and in a pulse-chase experiment at the 4h chase timepoint recorded by
FWMi. FWM?” data revealed a single GNP signal within the cell (Figure 6.8B-D). Other areas
of this sample and all other SMCC-GNP constructs showed two particles at most, indicating
that the high intensity signals seen in the previous experiments stemmed from crosslinked

proteins, rather than GNP-TfA constructs. Following these results, we transitioned to relying

m=20mv|c T-05es |

Figure 6.8 | FWMi Analysis Indicates Lack of Internalisation of SMCC-GNP Constructs into HeLa Cells.
FWMi of a fixed HeLa cell after 30 min of serum starvation, and a subsequent treatment with mercaptoethanol-
quenched 1-SMCC-GNP constructs 4-hours after incubation, showing minimal GNP internalisation. (A) REFL
and (B) FWM* images. (C) Depicts a magnified view of the area marked by the blue square in (B) using a positive
pump-probe delay, while (D) presents the same region under a negative pump delay, confirming the signal's origin
from a GNP. Scale bars: 5 um.
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almost exclusively on FWMi to validate construct internalisation in subsequent experiments.
This shift was driven by the risk to potentially misinterpret fluorescence signals on and inside
the cells originating from residual free TfA as GNP constructs, requiring a more precise

technique to assess the presence and localisation of GNP.

In light of the outcomes observed from the EDC-NHS reactions and the extensive protein
crosslinking during sulfo-SMCC reactions, subsequent experiments focused on in-house GNP
functionalisation reactions including a PEGylation step for stabilisation. This approach was
adopted to assess whether the issues encountered were attributable to the pre-attached polymer
coating applied by the supplier. The nature of this coating is not disclosed by the vendor and
introduces a considerable degree of uncertainty that complicates the subsequent analysis and
interpretation of results. At this stage, the reactions seemed to take place between the proteins
and the crosslinkers rather than indicating GNP functionalisation. This assumption is drawn
based on the comparison between the fluorescence data shown in Figure 6.5 in comparison to
the FWMi data shown in Figure 6.8. The interpretation of GNP internalisation in fluorescence
data was challenged by the subsequent absence of corresponding GNP signals in FWMI, casting
doubt on the effectiveness of GNP functionalisation. While this does not conclusively negate
the possibility of functionalisation in general, it raises concerns regarding the sample's quality,
suggesting it may not be suitable for conducting meaningful studies on internalisation

processes.
6.2.2 Functionalisation of citrate-capped GNPs

While the in-house functionalisation with stabilising polymers introduced a more time-
consuming workflow, it awarded a higher level of control of the length of the stabilising
polymers as well as the use of more than one form of polymer. PEGylation, the process of
attaching PEG chains to GNPs, significantly enhances their utility in drug delivery
applications’!. By coating GNPs with PEG, their biocompatibility is increased, reducing
potential immunogenicity and minimising recognition and clearance by the immune system.
PEGylation improves the solubility and stability of GNPs in biological fluids, facilitating their

traversal through biological barriers and increasing their payload's bioavailability’.

For GNPs that underwent complete in-house stabilisation and functionalisation, dithiol groups
anchored to 5 kDA PEG chains were selected as anchoring agents. Namely, dithiol(diS)-PEG-
NHS and OPSS-PEG-NHS (OPN) (Figure 6.9) were chosen as they were proven to effectively
internalise to GNPs for applications on cells*®!7>!7® Thiols are the most widely utilised

anchoring-group to attach proteins, polymers, and oligonucleotides to GNPs>2.,
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The gold-sulphur interface is intensely studied as it gives way for all fields that make use of
functionalised gold surfaces such as nanoscience, material science, and inorganic chemistry.
These monolayers can be formed by monothiols (RSH), thioethers (RSR), or disulfides (RSSR)

with R representing either an alkyl or an aryl group and the bonds are considered covalent™.

Dithiol-PEG-NHS

0]
" .
o] + —b
| OH
| o
Oy
0
Citrate capped GNP dithiol-PEG-NHS
0
1 o
s 0 P |
o~ L~
5 O::RI/N\\?'O + & NH2

o o

NHS- activated GNP GNP-Protein-Conjugate

OPSS-PEG-NHS

0
N 8 0. 0
B ~— P N N AN /J(
Sy e SR
\q.f 0 0’ -

OPSSS-PEG-NHS

1 g ) ’/\'“\-/’O\"‘»/«\“O’/\“\-/\H/O\“ N /a + ‘ —
~ o
OPSSS-PEG-Protein Citrate capped GNP

) / \\\
— f\
s

w

IS/A\"\/..O‘\‘&,/"A\‘O /.z\//\\ﬂ/ﬂ.\ N /a
| 0

GNP-Protein-Conjugate
Figure 6.9 | Schematic Overview of Protein Conjugation to GNPs via diS-PEG-NHS and OPSS-PEG-NHS.
Schematic illustration of the functionalisation process of diS-PEG-NHS and OPSS-PEG-NHS. diS-PEG-NHS
contais a central dithiol group flanked by two PEG chains with proximal NHS groups. OPSS-PEG-NHS has an
NHS group on one and an OPSS group at the opposite end. The primary distinction of these approaches lies in
the order of functionalisation: diS-PEG-NHS is initially attached to the GNP followed by protein conjugation,
whereas OPSS-PEG-NHS is first bound to a protein before facilitating GNP functionalisation.
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6.2.2.1 diS-PEG-NHS

Functionalisation of GNPs with TfA was carried out using -
diS-PEG-NHS, as detailed in the methods section. First | R/

functionalisation attempts following the functionalisation
b
1% resulted in

Figure 6.10|Stages of Particle
Aggregation in GNP
method required the use of citrate-capped GNPs, which Functionalisation.  The  image

] ) ) displays samples treated with diS-
cannot withstand the high salt concentrations needed for pEG-NHS across various stages of

mechanism as published by Chen et a

irreversible particle aggregation (see Figure 6.10). This

particle aggregation: (left) exhibits a
red hue at the onset of the reaction,
the reaction, i.e. the PEGylation of the GNPs with diS-PEG- signifying no or minor aggregation;

NHS, is usually conducted with the GNP suspended in dH>O

functionalisation reactions. Because of this, the first step of

(middle) transitions to blue after
PEGylation, marking partial

rather than using PBS, the suspension buffer of TfA. aggregation; and (right) becomes
colourless  following the final

Following the conjugation reaction, the particles were Purification step, indicative of
irreversible GNP aggregation.

centrifuged to eliminate unreacted diS-PEG-NHS and then

resuspended in PBS containing TfA. It was during this functionalisation step that aggregation
occurred again, visible by a colour shift in the particle solution from red to blue, or in some
cases, to colourless (Figure 6.10). This aggregation was assumed to be a result of the sudden
change in salt concentration, which could potentially disrupt the arrangement of PEG strands
on the particle surface and additionally hydrolyse the NHS group. To mitigate this, a modified
approach was adopted where the particles were first resuspended in DMSO after purification
from their citrate storage buffer and the first reaction step was carried out in DMSO.
Subsequently, TfA was diluted in dH>O rather than PBS to allow salt-introduction at a later
stage. PBS was used as storage buffer to allow optimal storage conditions and therefore
functionality of the conjugated proteins. UV-Vis spectra of the functionalisation reactions with
the first step in dH>O and DMSO, respectively shown in Figure 6.11, revealed a less pronounced
broadening of the LSPR peak in the DMSO/dH20-based reactions. This suggests a decrease in
cross-linking and aggregation of GNPs during stabilisation in DMSO. Additionally at this stage,
various concentrations of diS-PEG-NHS were evaluated to determine the optimal diS-PEG
concentration for particle stabilisation. The concentrations tested included 0.2 mM
(approximately 2 PEG strands per nm?), 2 mM (20 strands/nm?), 4 mM (40 strands/nm?), and
20 mM (200 strands/nm?). The 2 mM concentration exhibited the least broadening of the LSPR

peak and the highest OD in both functionalisation strategies, indicating it as the most effective
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Figure 6.11 | DMSO/dH2O stabilises GNP more effectively than dH20O/PBS during Functionalisation using
diS-PEG-NHS. UV-Vis spectra of diS-GNP-TfA constructs prepared with different concentrations of diS-PEG-
NHS and with the subsequent TfA conjugation reaction in (A) PBS and (B) in dH,O to assess if hydrolysation of
the NHS groups could be prevented by carrying out the functionalisation in a non-aqueous environment. All
samples show a reduction in their OD both in the PBS reaction (blue, 0.2 mM diS-PEG-NHS: 0.53; orange, 2
mM: 0.67; navy, 4 mM: 0.60; red, 20 mM: 0.35) as well as in the reaction that was conducted in DMSO (blue,
0.2 mM diS-PEG-NHS: 0.51; orange, 2 mM: 0.58; navy, 4 mM: 0.58; red, 20 mM: 0.32) but there is less
broadening of the LSPR peak in B, indicating less aggregation/crosslinking between the particles. Ctrl (yellow):
20 nm GNPs prior to functionalisation with an OD of 1.16. The photos show the respective samples after all steps
of functionalisation with the GNPs suspended in PBS.

concentration for particle stabilisation out of the ones tested in these experiments. The loss of
GNPs during functionalisation is still extensive in this functionalisation procedure, reducing

the GNP content in the sample by 50% (from ODs2o 1.16 to 0.58).

In following experiments, diS-GNPs were always prepared using DMSO/H>O. The resulting
constructs, referred to as diS-GNPs (when functionalised with TfA) and PEG-GNPs, were
employed in fixed-cell pulse-chase experiments with a 30 min pulse. These experiments, with
chase durations of 0 minutes and 2 hours, aimed to evaluate the dis-GNP binding and uptake
by HeLa cells, in comparison to particles that were PEGylated using the same cross-linker
without the addition of TfA. FWM images, as shown in Figure 6.12, depict both diS-GNP
constructs and diS-PEGylated GNPs at 0 min chase. At this timepoint, there was minimal to no
GNP internalisation observed (Figure 6.12A-D). This assumption is based on the axial color-
coded representation of particle localisation within the cells. Specifically, the GNP signals
presented in Figure 6.12D, L, and P conform to the topographical contours of HeLa cells. This
is supported by the observation of purple and blue signals predominantly at the cell peripheries.

As the signals approach the vicinity of the nucleus (in respect to their x,y-position on the 2D
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images), they ascend on the colour scale in the axial color-coded representation, a pattern that
suggests a surface-bound state of the constructs that is particularly visible in the areas in
proximity to the nucleus. The extensive binding of PEGylated GNPs could stem from
conjugation of the GNPs to serum proteins that are deposited on the dish surface. The
conjugation might be a result of the proximal NHS group of the stabilising polymer with
amines. This would suggest that the reported fast hydrolysation dynamics of NHS-groups are
incorrect®!77. At the 2h time point, there are clear differences in the uptake of PEG-GNPs and
diS-GNP (Figure 6.12E-H, and M-P). The FWM?* signals of the constructs do not ascend on
the axial colour scale, in contrast to diS-GNP-PEG, and appear to be randomly distributed

within the cell, suggesting internalisation and trafficking to different localisations.

FWMA
DIC MIP /N ccMIP

6.3 um
diS-
GNPs
0 min 2
0.0 ym
3.2 um
dis-
GNPs i
2h
0.0 ym
M
PEG-
GNPs
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m
PEG-
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Figure 6.12 | Binding and Internalisation of diS-PEG-NHS Functionalised GNPs in HeLa Cells. Fixed
cell FWMi measurements of HeLas treated with diS-GNP-TfA (A-H) and diS-GNP (I-P) at 0 min and 2h after
exposure in a pulse-chase experiment with a 30 min serum-starvation step, 30 min GNP treatment, and fixation
in 4% PFA represented as MIPs. Included are (DIC) DIC images illustrating the FOV and (FWMA MIP) MIPs
of FWM amplitude (FWM*) measurements. To preserve z-information, (REFL/FWM?*) false-colour overlays
of the REFL field alongside a ccMIP of FWMA, and (FWM# ccMIP) cc MIPs of FWM# are provided. Z-stack
images are contrast-enhanced to allow assessment of construct localisation. Scale bars: 10 pm.
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A more detailed visualisation of this is provided in Figure 6.13, which revisits the FWM? data
from Figure 6.12 (shown in panels A-D of Figure 6.13) and includes detailed zoom-ins on
panels B and D (marked with orange squares, panels G and H), alongside orthogonal views
(indicated by blue rectangles, panels I-J). The difference in colour scale progression between
PEG-GNP (Figure 6.13G) and diS-GNP (Figure 6.13H) is highlighted when comparing them
against the schematic illustrations of non-internalising (Figure 6.13E) and internalising (Figure
6.13F) constructs. Panels I and J verify that the PEG-GNP signals aligned with the cell's
morphology, indicating a lack of internalisation. Similarly, diS-GNPs at 0 min chase
demonstrate no internalisation (Figure 6.13K), yet signals observed at the 2h time point clearly
indicate internalisation as signals are visible throughout the cell rather than just at the periphery
(Figure 6.13L). However, the presence of significant unspecific binding observed with both

PEG-GNPs and diS-GNPs (visible in Figure 6.12F, J, and N) highlighted the need for further

PEG -GNP — Omin
yz

PEG-GNP —2h
Xz

diS-GNP - 0 min
yz

diS-GNP —2h
\74
i

Figure 6.13 | Orthogonal Views of FWMA verify non-Internalisation of PEG-GNPs and Internalisation of
diS-GNPs. (A-D) FWMA data from fixed HeLa cells, highlighting internalisation observed in Figure 6.12 through
a colour-scale analysis, with panels (E) and (F) providing schematic representations of non-internalising and
internalising constructs. (G) and (H), marked by orange squares in the FWM?# data, offer zoomed views at the
2 hour chase point for PEG-GNPs and diS-GNPs, respectively. (I) and (J) show MIPs of the xy or xz direction for
PEG-GNPs at the initial 0-minute and the 2-hour time points, respectively, while (K) and (L) illustrate the same
for diS-GNPs, demonstrating the absence and presence of internalisation respectively. Scale bars: 10 pm.
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optimisation. The aim was to refine the synthesis process to produce GNP constructs with
minimal off-target interactions. Specifically, the binding behaviour of PEG-GNPs suggested
that not all the NHS groups on the diS-PEG-NHS underwent reaction, leading to the stickiness

previously seen in particles with a pre-attached stabilising corona.

It should be mentioned that the FWMi data shown in Figure 6.12 and Figure 6.13 was created
during acquisition setting optimisation of FWMi measurements that was detailed in
Section 5.2.3. Therefore, the pixel dwell time as well as the sample/resolution settings differ
between the images. That data in Figure 6.12A-D was one of the first FWMi data acquired in
this project and took 5.8 hours to acquire, which is the origin of the extensive lateral drift visible
in the data discussed in Section 5.2.3. Subsequent FWMi data was recorded with improved
settings that allowed to record a fixed HeLa cell in z within 6 min. In light of persistent dish
binding issues, an alternative functionalisation strategy was evaluated, involving the initial
conjugation of PEG to proteins, followed by the attachment of the resulting protein-PEG
conjugate to GNPs. This allowed the purification of unreacted PEG, thereby eliminating

reactive terminal groups from the reaction mixture.
6.2.2.2 OPSS-PEG-NHS

OPN functionalisation was chosen as it was the only functionalisation method among the tested
mechanisms that allowed PEG-functionalisation with TfA prior to GNP functionalisation
(creating OPT). Prior to GNP-conjugation, the OPT sample was purified by dialysis, separating
unconjugated polymer and TfA in preparation for the next reaction steps. Subsequently, the
purified OPT was conjugated to the GNP (creating OPT-GNP) at a ratio of 1 OPT/40 nm? GNP
surface area, equating to 32 TfAs per particle for a 20 nm GNP sample. The construct was then
back-filled with 2 kDa mPEG-SH at 4 mPEG/nm? GNP surface area to further stabilise the
particles. The back-filling of functionalised GNPs was previously reported to provide additional
stabilisation for GNPs!”®. The mPEG was also used to create stabilised control-particles at
5 mPEG/nm? during functionalisation. As visible in UV-Vis spectra of this reaction (Figure
6.14), there was no broadening of the LSPR peak of OPT-GNPs and mPEG-GNPs as compared
to particles prior to functionalisation. The OD of these samples was higher than that of the
control. As described in Section 6.2.1, an increase in the OD of GNPs after functionalisation
can indicate successful functionalisation. Furthermore, the LSPR peak of mPEG-GNPs and
OPT-GNPs shifted from 520 to 523 nm, further indicating a change in their dielectric

environments after functionalisation. The resulting construct was first tested on HeLa cells in
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Figure 6.14 | Stabilisation of GNPs by OPN-Based Functionalisation Evidenced by UV-Vis, Yet Lacking
Internalisation in HeLa Cells according to fluorescence imaging. UV-Vis spectroscopy reveals the stability
of 20 nm GNPs after functionalisation: (A) (blue) GNPs prior to functionalisation exhibit an OD of 0.99, while
(orange) OPT-GNPs show an increased OD of 1.13, mirroring the OD of (navy) GNPs PEGylated with mPEG at
1.13. Despite the stabilisation, OPT-GNPs subjected to a pulse-chase assay on live HeLa cells, with a 30-minute
pulse and immediate post-pulse imaging, displayed no significant fluorescence signal in (B) brightfield and (C)
epi-fluorescence images, indicating an absence of internalisation. Scale bars: 20 um.

brightfield and epi-fluorescence mode to check if there was any visible fluorescence. The

sample showed no fluorescence signal distinguishable from fluorescent background (Figure
6.14B and C).

At this point, live cell FWMi was fully established and allowed for simultaneous confocal
fluorescence imaging. Therefore, dextran-Alexa568 was introduced to label lysosomes to
assess whether the GNP sample might be trafficked through the endo-lysosomal route.
Fluorescently labelled dextran is used to study endocytosis by providing a marker that can be
tracked as it is internalised and trafficked within live cells. When cells are exposed to
fluorescent dextran, it is taken up through various endocytic pathways, allowing the observation
of this process in real-time using fluorescence microscopy. The patterns of dextran uptake, its
accumulation in endocytic vesicles, and subsequent trafficking through the cell provide
valuable insights into the mechanisms of endocytosis and vesicle trafficking. When using
dextran in pulse-chase experiment with long chase times, dextran gets trafficked through to
endocytic end-points which allows the determination of accumulation and retention of a second

labelled molecule within the cells!”.

To test the OPT-GNP constructs on living cells, HeLa cells were subjected to three different
treatments: no treatment (control), treatment with mPEG-GNP, and treatment with OPT-GNP,
as part of a pulse-chase experiment. Initially, the cells were incubated with Dextran568 for 4h
followed by a 14h chase. The cells then underwent serum starvation for 30 min. Subsequently,
the cells were incubated with the constructs for 30 min after which the cells were washed and

incubated in pre-warmed imaging medium before immediate measurement using the live FWMi
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setup. Figure 6.15 shows representative images captured in live FWMI, illustrating a striking

difference in GNP uptake between targeted and non-targeted constructs.
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Figure 6.15 | OPT-GNP Demonstrates Tf-Specific Trafficking and Uptake Variations in HeLa Cells. The
figure illustrates the cellular trafficking of GNP constructs in a pulse-chase experiment of live HeLa cells with
three different treatments: untreated (control), treated with mPEG-GNP, and treated with OPT-GNP. Prior to
treatment, cells were incubated with Dextran568 for 4 hours with by an overnight chase. After serum starvation
(30 min), cells were exposed to GNPs for 30 min, followed by washing and immediate FWMi measurement in
pre-warmed imaging medium. Displayed data represent the 4h chase timepoint and include a false-colour
overlay of the reflected FWM field and axial ccMIP of REFL over an axial stack of 4 pm recorded in steps of
400 nm. Separate depiction of axial FWM?* c¢cMIP is provided for clarity. Confocal fluorescence is shown as
ccMIP. Comparative localisation assessment is realised by a false-colour overlay of confocal fluorescence (red)
and FWM® signal (green). Scale bars: 10 pm.
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For quantitative comparison, the count of FWM? signals located 1.2 pm above the surface
within the cells, and on the surface (z = 0.0 pm) outside of the cells was determined (see Table
6.1). The targeted OPT-GNP construct demonstrated a significantly higher uptake rate,
averaging approximately 3000 signals/mm? (area occupied by a cell), compared to the non-
targeted, PEGylated particles, which showed around 650 signals/mm?. This indicates a 4.6-fold
increase in the uptake of OPT-GNP over PEG-GNP. It is important to acknowledge that this

experiment was conducted only once, as the project concluded shortly thereafter.

To validate statistical significance, further repetitions of this experiment are necessary. It is
important to note that the measurement unit employed here is signals/mm?, as there has been
no amplitude analysis of FWM?* signals to determine the actual number of GNPs within the
focal volume in this experiment. The FWM? signals from OPT-GNPs internalised within cells
generally show a higher intensity than those from PEGylated GNPs, suggesting that the actual
disparity in GNP density per mm? of cell-covered area could be more pronounced. Similar to
earlier samples utilising different functionalisation techniques, the OPT-GNPs demonstrated
binding to the dish (approx. 1600 signals/mm?). This data confirms the theory of the previous
sections in this chapter, where it was assumed that the unreacted proximal NHS- (and sulfo-
SMCC-) groups might cause particle binding as there is no detectable binding of PEGylated
GNPs (0 signals/mm?). The dish-binding of OPT-GNP is assumed to be caused by serum
proteins deposited on the cell culture dish. This hypothesis is further supported by the complete
absence of dish binding exhibited by the PEGylated GNPs. In light of these results, we wanted
to characterise this construct further, integrating all methodologies developed throughout this

project.

Table 6.1 | Quantitative 20 nm OPT-GNP and mPEG-GNP uptake by HeLa cells.

A FWMA
area FWM : area not . .
. Signals/ signals Signals/
covered by signals 2 covered by . 2
o mm outside mm
cells [mm?] | inside cells cells [mm?] cells

OPT-GNP, 0.03602 151 4192 0.02798 55 1966
area 1

OPT-GNP, 0.05071 128 2524 0.01329 29 2182
area 2

OPT-GNP, 0.02199 61 2774 0.01859 12 646
area 3

PEG-GNP,

0.05406 36 666 0.00994 0 0
area 1
FEERE R, 0.02951 24 813 0.00613 0 0
area 2
FEE L, 0.05688 31 545 0.00712 0 0

area 3
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6.2.3 Correlative single fluorophore bleaching, extinction, and FWMi
6.2.3.1 Data transformation

To comprehensively characterise the OPT-GNP constructs and generate comparable samples
without replicating the experiments detailed in Chapter 4.3, OPT-GNP constructs of two
different sizes were functionalised with OPT, as opposed to altering their TfA ratio. Therefore,
GNPs with diameters of 20 nm and 60 nm were functionalised and will be referred to as 20-
OPT-GNP and 60-OPT-GNP in the following, respectively. The functionalisation maintained
a consistent ratio of one TfA per 40 nm? of GNP surface area. This would, in theory, result in
32 TfAs per 20 nm particle (with a surface area of 1260 nm?) and 283 TfAs per 60 nm particle
(11,310 nm?). Following functionalisation, these samples were spin-coated, measured, and
analysed by the methods developed and described in Chapter 4, with the additional step of
acquiring FWMIi data for the spin-coated samples on the same setup that was used for extinction
measurements. As described in Chapter 4, single fluorophore bleaching and extinction were
conducted on two different set-ups with different sensor sizes and binning settings, requiring
image transformation based on common features within the data sets to allow a false-colour-

overlay for correlative analysis.

To evaluate the consistency of the Table 6.2 | Transformation parameters of

extinction and fluorescence to FWMi data on
varying samples.

parameters across different samples for FWMi, [y sy 40nm | 60nm | Avg
. . Extinction plxel plxel] [plxel

fluorescence and extinction data were compared.

transformation process, the transformation

Error S
These parameters, if the transformation is scale x 1.026 1.024 1.029 1.026
. o .. .. scale y 1.104 1.103 1.106 1.104
reliable, should exhibit no significant variation. angle x T T G
The specific parameters under consideration are angle y 0.026 0026 0024 0.025
Parameters
elaborated upon in Section 4.2.6 and are detailed m%m%
for this dataset in Table 6.2. As the extinction Error S
, , , scale x 2.057 2.053 2.066 2.058
and FWMi data were acquired using the same T 0014 2222 2923 2990
set-up, no rotational adjustment was necessary angle x -0.079 -0.081 -0.074 -0.078
angle y 0.082 0.087 0.083 0.084

for data transformation (angle adjustments of -

0.022 and 0.025 pixels in the x and y axes, respectively). The transformation scaling was
minimal, at 1.026 in the x-axis and 1.104 in the y-axis, which implies a slight distortion in the
FWMi data, as indicated by the 8% discrepancy between the x- and y-scaling factors. This
distortion is also reflected in the x- and y-scaling parameters required for the transformation of
the fluorescence data. The distortion might originate in the way the FWMi data was regularised.

Regularisation is the term used to generate images from the acquired FWMi data, which is
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detailed in Section 3.5.7.3. The 2x2 binning in the fluorescence dataset required a scaling factor
that is twice that required for the transformation of extinction data. These findings are consistent
with those from previous comparisons of the transformation processes between extinction and

fluorescence data described within this work.
6.2.3.2 Determination of number of fluorophores per TfA and number of TfAs per GNP

The bleaching step size Iz was determined for both 20- and 60-OPT-GNP and plotted in a
histogram in Figure 6.16A. The distribution of Iy appeared similar to previously reported data
within this project (refer back to Figure 4.5), with a marginal increase in outliers towards a
larger I5. For a more detailed statistical analysis, additional box plot representations of the data
are provided. The 20 nm GNP-OPT exhibited an average Iz of 224 + 112 pe s}, the 60 nm
OPT-GNP at 227 + 151 pe s}, and free TfA at 195 + 102 pe s™'. The median values for these
samples were 215 pe s}, 169 pe s!, and 169 pe s, respectively, with a consistent statistical
mode of 153 pe s™! across all three samples. These statistical measures can be interpreted in
various ways. For instance, using the average Iy as a reference, both the 20- and 60-OPT-GNP
could be argued to amplify the fluorescence signal by 15% (fluorescence enhancement factor,
FEF, of 1.15). However, the slightly higher average I of the 60-OPT-GNP is influenced by the
presence of statistical outliers. Considering the median value, only the 20-OPT-GNP
demonstrated fluorescence intensity amplification with a FEF of 1.27. When focusing on the
statistical mode, all samples exhibit an I of 153 pe s™\. Given that the standard deviation is
approximately 50% of the average, none of these differences are statistically significant. The

20 nm GNP and TfA are separated through a 5 kDa PEG chain, creating distances between the
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Figure 6.16 | Determination of Bleaching Step Size of TfA on OPT-GNP. Histograms of bleaching step
sizes Ip of Alexa 647 attached to (blue) 20 nm OPT-GNP, (navy) 60 nm OPT-GNP, and (yellow) free TfA.
The data is additionally displays box plots to further showcase the statistics of the signal distributions. 20 nm
GNP-OPT showed a I'g (mean + standard deviation) of 224 + 112 pe s, 60 nm OPT-GNP of 227 + 151 pe s-!
and free TfA 195 + 102 pe sec”!. The median of the samples is 215 pe s, 169 pe s, and 169 pe s,
respectively. The statistical mode of all three samples is the same at 153 pe sec”!. IQR: Interquartile range.
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two constituents that have been reported to enhance fluorescence intensity by other groups

(19.7 nm GNP have been shown to express a FEF of 1.5 with a 14.3 nm spacer'®).

In order to confirm that the visible fluorescence signals did not originate from fluorescent
impurities on the glass substrate, a dH20 sample was included in the fluorescence analysis
together with unfunctionalised particles to validate that the particles neither produce
fluorescence themselves and that they do not enhance signals of fluorescence of fluorescent
debris. For visual comparison epifluorescence data of TfA, the OPT-GNP of 20 and 60 nm
diameter and the respective controls are shown in Figure 6.17. The distribution of the initial
fluorescence intensity values I(t,) at the start of the bleaching experiment analysis are depicted
in the histograms presented in Figure 6.18. The figures should be read as follows: Upper
histograms (white background) represent initial fluorescence intensity values I(t;) of
functionalised GNPs of 20 nm (blue) and 60 nm (navy) diameter, as well as I(t,) values from
unconjugated TfA (yellow). The lower histograms (grey background) represent I(t,) values
that have been measured on their respective control samples of unfunctionalised 20 and 60 nm
GNPs, and spin coated dH>O (red). To calculate N, the statistical mode of the samples’ Iz was
chosen (153 pe sec™!) to allow the use of a single scale for all samples for easier comparison,

though the implications of this will be further discussed below.

C —20-OPT-GNP E —60-OPT-GNP

D —-20nm GNP F —60 nm GNP

Figure 6.17|Initial Fluorescence Intensity Indicates Successful GNP Functionalisation. This figure
displays initial fluorescence intensities (/(ty)) from time-lapse experiments in epifluorescence mode,
differentiating between spin-coated samples of OPT-functionalised GNPs and their unfunctionalised
equivalents. Controls include (A) free TfA and (B) spin-coated dH,O. The comparative analysis includes GNPs
of varying sizes: (C) 20 nm GNPs functionalised with OPT alongside (D) unfunctionalised 20 nm GNPs; (E)
60 nm GNPs with OPT functionalisation compared to (F) unfunctionalised 60 nm GNPs. Scale bar: 20 pm.
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The distribution of GNP construct fluorescence was observed to be comparable to the
fluorophore distribution of free TfA within the range of 1-9 attached fluorophores with the bulk
of both distributions located within 1-4 fluorophores attached to 20-OPT-GNP and free TfA,
respectively. However, free TfA exhibited several signals indicative of labelling with up to
20 fluorophores. The absence of similar high-intensity signals in the 20-OPT-GNP samples
suggests that the likelihood of GNPs conjugating to highly labelled proteins is reduced. This
reduction seems plausible considering that both, OPN and Alexa647, target lysines via NHS-
chemistry. Proteins with a high degree of labelling are less likely to have free primary amines
available for OPN attachment. GNPs with diameters of 20 nm and 60 nm exhibit a difference
in surface area by a factor of nine. The majority of fluorescence signals from 60-OPT-GNP
samples were found to fall within a range of 4-11 fluorophores per construct, although the range
extended from 1 to 90 fluorophores for constructs comprising of a single GNP. In contrast, the
20-OPT-GNP samples displayed a labelling range of 1-8 fluorophores, mirroring the available
surface area of the GNPs with the respective diameters. Had the mean Iy been utilised to
calculate the degree of labelling, the ratio observed would have remained the same. However,
Ne Ne
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Figure 6.18 | Distributions of I(ty) on free TfA and GNP-TfA constructs. Distribution of I(t,) for (yellow)
free TfA and GNP-TfA constructs of (blue) 20 nm and (navy) 60 nm diameter using a bin size of 800 pe s’
(right histograms). Data show initial fluorescence rates from time course experiments in epifluorescence mode
(from the first frame with 3 sec integration time) to assess the DOL of OPT-GNP constructs. BG fluorescence
was acquired by measuring samples of spin-coated GNP prior to functionalisation in epi fluorescence mode
using the same settings as for the constructs and is shown flipped with the same bin settings. Additionally, one
sample was spin coated with (red) dH,O that was used for all steps of functionalisation, dilution, and production
of buffers. For additional resolution, a zoom of I(t,) in the range of 0-1400 pe sec™! is provided with a bin size
of 150 pe s-'. Lower axes represent I(t,), upper axes represent the corresponding Ny (I(t,) divided by I).
Seven especially large signals found for 60-OPT-GNPs are not shown on this histogram. They show I(t,)
values of 114,820 pe sec!, 128203 pe sec!, 135389 pe s', 184,514 pe sec’!, 254,805 pe sec’,
320,829 pe sec”!, and 431,671 pe sec™.
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employing the median Iz values would indicate a labelling degree of 1-6 for 20-OPT-GNP and
1-82 for 60-OPT-GNP. Although these values still align with the available surface area, they

do not reflect the proportional relationship as precisely.

Background fluorescence signals from samples containing unfunctionalised particles and dH>O
exhibited comparable I(t,) distributions in respect to one another, indicating that any
fluorescent impurities present on the glass substrate were not amplified by the presence of
GNPs. The intensity of these background signals was comparable to what might be interpreted
as a GNP with a single attached fluorophore. However, none of these background signals
colocalised with an extinction signal, suggesting that the colocalising extinction and
fluorescence signals can be confidently interpreted as successfully functionalised constructs. It
is important to acknowledge that the variable N in Figure 6.18 represents the total number of
fluorescent emitters analysed by the ESM. On certain occasions, some signals were in close
proximity to each other, activating the proximity restriction of the ESM protocol. As a result,
the intensity of these signals was not evaluated. However, these constructs were identifiable as
successfully functionalised and were subsequently incorporated into the assessment of sample
fractions. These fractions include free TfA, unconjugated GNPs, and successfully
functionalised GNPs as will be described in the following sections. Therefore, the value of "N'
exhibits variation across different figures, despite the overall number of successfully

functionalised GNPs remaining consistent.
6.2.3.3 Determination of construct size distribution

To assess the size of the constructs the samples were imaged using correlative widefield
extinction microscopy and analysed using ESM. The results of this analysis are presented in
Figure 6.19. The unfunctionalised particles with diameters of 20 and 60 nm exhibited average
Gex of 378 £ 110 nm? (corresponding to 18 nm diameter GNPs) and 18,186 = 7189 nm?
(corresponding to 60 nm diameter particles), respectively. These values are within the expected
range for size variation in GNP samples. For the functionalised particles, the average oe.: values
were calculated as 526 + 205 nm? for 20-OPT-GNP (equivalent to a 20 nm diameter GNP), and
22,023 £ 25,117 nm? for 60-OPT-GNP (equivalent to 66 nm diameter GNPs). The discrepancy
between the 20 nm GNPs and their corresponding constructs was minimal, with both

measurements not differing significantly.

Regarding the 60-OPT-GNP, the substantial standard deviation indicates that the outliers in this
sample contribute to an elevated average oe,. Excluding the eight largest particles from the

analysis reduces the mean gex to 19,605 + 12,073 nm?, corresponding to a GNP diameter of
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Figure 6.19 | Extinction Cross Sections of Unconjugated GNPs and GNP-TfA Constructs. Histogram of o,
measured on unconjugated (blue) 20 and (navy) 60 nm diameter (top) GNP-TfA constructs and (bottom, flipped)
GNPs prior to functionalisation with a bin size of 2000 nm?. For better resolution, an additional zoom of the
histogram in the range of 0 and 3200 nm? with a bin size of 250 nm? was added (left). The functionalised particles
exhibit average diameters of 526 + 205 nm? for 20-OPT-GNP (20 nm diameter GNPs) and 22,023 + 25,117 nm?
for 60-OPT-GNP (corresponding to 66 nm diameter). Unfunctionalised GNPs show average o,,; values of 378 +
110 nm? for 20 nm (approximating 18 nm diameter particles) and 18186 + 7189 nm? for 60 nm (corresponding to
60 nm diameter particles). Three exceptionally large particles with o,,; values of 171,164 nm? 204,471 nm?, and
256,776 nm? are excluded from this histogram (all found in the 60-OPT-GNP sample).

62 nm. However, the average ge.: of unfunctionalised 60 nm GNPs is skewed towards lower
values by GNPs with values between 500-10,000 nm?, which are notably absent in the construct
sample of the same size. The most likely cause of this are the varying centrifugation speeds
employed to centrifuge GNPs of different diameters. When purifying stock GNP samples of
different sizes, different centrifugation conditions are applied as larger particles sediment faster
than smaller particles and therefore, 60 nm GNPs are spun down at 900 rcf, and 20 nm GNPs
at 10,000 rcf (see Methods section)!”. This introduces an inherent separation of small GNPs
for the 60 nm GNP stock solution, as the small particles don’t precipitate at the applied
centrifugation conditions and are removed when exchanging reaction buffers. Apart from the
removal of these small GNPs, the distribution of 60-OPT-GNPs mirrors that of unfunctionalised
particles apart from a few outliers. 2 % of all 60-OPT-GNP c.x: values show exceptionally large
values, corresponding to constructs made of 6-13 GNP of 60 nm diameter. Given that more
OPT can attach to the larger surface area, the probability of a protein conjugated to more than
one OPN molecule is higher, leading to a higher probability of larger aggregates consisting of

multiple particles.
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6.2.3.4 Correlation of fluorescence and extinction signals

Further insights into the functionalisation process can be drawn when looking at a correlative
analysis of fluorescence and extinction signals. This involves evaluating the extinction cross-
sections against I(to) on a single-particle basis, as depicted in Figure 6.20. The correlation
analysis reveals that the majority of constructs from all samples (represented by blue squares)
align with the size range of unfunctionalised GNPs (indicated by yellow diamonds) in panels
A-C. This observation suggests that OPN chemistry does not lead to extensive crosslinking of

GNP-constructs.

This trend holds true for most 60-OPT-GNP constructs as well, although there is a subset of
notably larger constructs. Generally, there is an extensive variability in the number of
fluorophores per construct in the 60-OPT-GNP sample that fall within the size range of a single
GNP, ranging between a DOL of 1 to 40. However, this DOL seems low when considering that
the functionalisation ratio was at 283 OPT per GNP. The cext values of the notably large
constructs range from approximately 65,500 nm? to 256,800 nm?. When these Gex values are
divided by the average cex: of unfunctionalised GNPs to calculate the number of particles in the
construct, the implication is that these larger constructs consist of 3-14 GNPs though it should
be noted that the size distribution of the 60 nm GNPs was quite broad to begin with so the
constructs might consist of slightly less or slightly more GNPs. The unfunctionalised 60 nm

GNPs show a broader size distribution than the 60-OPT-GNP constructs when comparing the
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Figure 6.20|Correlation Between Extinction Cross-Section and Fluorescence Rates in GNP-TfA
Constructs. Correlation of extinction cross-section and fluorescence rates for GNP-TfA constructs of
(A) 20 nm and (B) 60 nm diameter. In each panel, the data points are represented as follows: blue squares for
construct signals, hollow orange circles for fluorescence signals not associated with an extinction signal within
the construct sample assigned an arbitrary cex value, hollow navy triangles for GNPs not associated with a
fluorescence signal within the construct sample with an assigned arbitrary fluorescence intensity, hollow red
triangles for fluorescence signals from control samples of unfunctionalised GNPs of the same size assigned an
arbitrary cex value, and hollow yellow diamonds for c.x distribution of GNPs of the same size with an arbitrary
fluorescence value. (C) All constructs deriving from (blue squares) 20-OPT-GNPs, and (navy triangles) 60-
OPT-GNP.
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distribution of the blue squares and Table 6.3 | Large 60-OPT-GNP Constructs. Values of o values
are given in nm?, I(to) in pe sec™'.

the yellow circles in Figure 6.20B,

which has been linked to the mm“m

centrifugation  conditions as 65289 12079 S 26(3)/20(4)

described in section 6.2.3.3. 81984 4428 45 29 7(4)/6(5)
96041 8256 5 54 11

The initial fluorescence intensity ;. cco 14312 56 - 19(5)/ 16 (6)

values I(to) of 60-OPT-GNP range ;13406 10891 6 70 12

between 4428 — 43,1671 pesec', 156219 10395 7 68 3

equating to 29-2,823 fluorophores 113496 184514 6 1206 201

per construct. These values are 114996 320829 6 2097 349

further detailed in Table 6.3. The 125706 128204 7 838 120

DOL of these constructs varies 155131 135389 89 885 111(8)/98(9)

significantly, ranging from 6 to 349 171164 114820  9-10 750 83(9)/75(10)

fluorophores per GNP. A DOL of 2044/1 254804 11 —— —

349, while high, is possible 256776 431671 14 2823 202

considering the functionalisation ratio of 283 OPT per particle. The DOL of 349 fluorophores
per GNP corresponds to 1 OPT per 32 nm? of a 60 nm GNP surface. Theoretically, a density of
1-2 OPN per nm? is possible. The variation of Iy of fluorophores can be significant, meaning
that the actual DOL of the GNPs is likely narrower. It is unclear why there is a notable gap
between the larger 60-OPT-GNPs, creating a small subpopulation that stands out within the
scatter plot in Figure 6.20B (and C). It should also be noted, however, that these larger
constructs constitute outliers, accounting for only 2% of the total 60-OPT-GNP construct
population. Their size might enable their purification from the rest of the ensemble through gel
electrophoresis. While their size renders cellular internalisation unlikely, they may still interact

with the TfR on the cell surface.

A significant proportion of the construct fluorescence and fluorescence signal from
unconjugated protein (represented by orange circles) falls within the range of the background
fluorescence for all samples, as represented by red triangles in Figure 6.20A-B. As previously
mentioned, background fluorescence in control samples did not colocalise with GNPs, lending
confidence to the assumption that colocalising intensities of fluorescence and extinction
measured on OPT-GNP samples are indeed attributable to successfully formed GNP-Tf
constructs. However, background fluorescence on the glass substrate might lead to an

overestimation in the proportion of free TfA within the overall construct population.

135



Establishing a GNP functionalisation procedure - Results and discussion

The surface area of the 60-OPT-GNP is approximately an [ GNP [ Tf Il GNP-TT]

order of magnitude greater than that of the 20-OPT-GNP. 100 |

This disparity is also mirrored in the DOL, which differs 80 |
60-
40
20-
0 ;
Figure 6.21. For both 20- and 60-OPT-GNP constructs, the 20 nm 60 nm

Figure 6.21|Sample Quality of OPT-
GNP Samples. Fractions of unbound
constitutes the largest fraction, accounting for 64% and protein  (light blue), unconjugated

particles (orange), and successfully TfA-
85% respectively. The composition of the remaining conjugated GNPs (dark blue) of each

. . o . . o sample. Presented here are the fractions
fractions comprises 28% unfunctionalised GNP and 7% of 20-0PT-GNP (N=337), 40-OPT-GNP

free OPT for the 20-OPT-GNP, whereas the 60 nm sample (N=294), and 60-OPT-GNP (N=633).

by an order of magnitude between these two samples, as =

evidenced in Figure 6.20C. The observed trend is further

exemplified in the analysis of sample fractions depicted in

fraction representing successfully functionalised GNPs

includes 12% unfunctionalised GNP and 3% free OPT. Previous research has demonstrated that
OPN detaches from cell surfaces over time, with desorption dynamics typically accelerating for
larger particle sizes'®!. This phenomenon seems to be verified in the present study, as evidenced
by the higher fraction of free OPT observed in the 60-OPT-GNP constructs. Another argument
could be that extended incubation times during the functionalisation process might result in
larger fractions of successfully formed constructs. In both samples, one of the two remaining
fractions of unconjugated components is notably smaller, indicating the potential for the

unreacted component to lack sufficient time to find reaction partners.
6.2.3.5 Zeta potential measurements for validation of functionalisation

Lastly, the OPT-GNP samples were further o0

‘Stern layer

characterised by measuring their zeta ({) potential. Slipping plane
The { potential is a measure in colloid chemistry,
defining the average net electric charge of charged
particles in suspension within a solution (see Figure N e:. @
6.22). It quantifies the potential difference across the |

182

boundaries of solids and liquids'®, specifically at  Surface potential

.. . . . >
the slipping plane, which is the juncture where  Stern potential =
) . Cpotential ... =
loosely attached ions no longer move with the - =
Distance from
particle. When ligands attach to a GNP, they form particle surface

Figure 6.22| { potential of a Particle with
Positive Surface Charge. The diagram depicts
carries a charge which, in turn, attracts a the potential difference according to the distance

from a charged surface of a particle in a dispersion
surrounding layer of solvent ions, producing what's medium.

what's known as the Stern layer'8’. This layer
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Figure 6.23 | Zeta Potential of GNPs. { potential over three measurements of the same sample of (blue)
20 nm, (orange) 40 nm, and (navy) 60 nm GNP before functionalisation, after PEGylation, and after OPT-
conjugation. The mean ( potential of the samples was: -30.8 mV (20 nm bare), -5.7 (20 nm PEG), -5.1 mV
(20 nm OPT), -33.3 mV (40 nm bare), -2.9, mV (40 nm PEG) -4.1 mV (40 nm OPT), -39.8 (60 nm bare),
-0.1 mV (60 nm PEG), -4.4 mV (60 nm OPT). Measurement conditions: dH,O for bare GNPs, PBS for
PEGylated and OPT-functionalised particles, 25°C.

referred to as an electrical double layer bound to the particle. The boundary between this double
layer and the surrounding free liquid defines the slipping plane. The { potential can be
experimentally determined through the electrophoretic mobility of a particle, which measures
the speed at which a charged particle moves under the influence of an external electric field.
Therefore, negatively charged particles gravitate towards a positively charged electrode, with

their velocity being directly proportional to the { potential of the particle!.

The unfunctionalised GNPs exhibited a negative { potential due to their citrate group
decoration, which has a negative charge. The { potential was more negative as the size of the
GNP increased, attributable to the larger surface area accommodating more citrate groups
(which are negatively charged). The measured ( potentials were -30.8 mV for 20 nm GNPs and
-39.8 mV for 60 nm GNPs (Figure 6.23). In contrast, the mPEG used in these samples is methyl-
terminated and therefore not charged. This characteristic is evident in the ( potential
measurements of the PEGylated particles, with 20 nm GNPs showing a { potential of -5.7 mV,
and 60 nm GNPs -0.1 mV. The diminished negative charge suggests successful PEGylation,
but also indicates the quality of PEGylation achieved. The neutral charge of the 60 nm GNPs
implies a more effective PEGylation compared to the 20 GNPs which indicates a suboptimal
PEG density. Under the measurement conditions (PBS at pH 7.4), Tf has been previously
reported to possess a slight negative charge!>. This was reflected in the measurements, as the
OPT-functionalised GNPs exhibited a slightly more negative { potential compared to their
PEGylated counterparts, measured at -5.1 mV for 20 nm GNPs and -4.4 mV for 60 nm GNPs.
The outcomes of the { potential assessment indicated that particle functionalisation was

successful.
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6.3 Limitations and Future Considerations

6.3.1 GNP Functionalisation is Characterised by Significant Variability

Throughout this project, numerous iterations of various reaction mechanisms have been
extensively tested. On occasion, identical reaction mechanisms were conducted using the same
buffers and GNPs, but in different reaction tubes on the same day, leading to markedly different
outcomes in the resulting constructs. The concentration of added particles to cell samples was
consistently maintained at an OD of 0.01, ruling out high sample concentration as a causative
factor for these discrepancies. In the project's initial stages, 20 nm GNPs from various vendors
were employed, as well as GNPs purchased at different times before and during the course of
the project from the same vendor. Although some consistency was observed within identical
batches, GNPs of the same size, stabilised with the same polymer and stored in identical buffers,
displayed varying levels of stability, particularly evident during medium exchanges from citrate
to dH>O. Given that the primary focus of this project was to develop constructs for assessing
GNP internalisation and their intracellular pathways, there was limited opportunity to
investigate the variability in construct samples under consistent reaction conditions. Detailed
studies addressing this variability would be valuable to the broader scientific community,

especially for those employing functionalised GNPs in applications with medical relevance.

6.3.2 The Order of Functionalisation is likely more Important than the

Functionalisation Mechanism

Within this project, two primary reaction mechanisms were explored: maleimide chemistry
targeting thiol groups in proteins and NHS chemistry focusing on primary amine groups, with
EDC employed for anchoring via carboxyl groups. The use of GNPs with pre-attached
stabilising polymers introduced complexities in discerning the specific causes of issues
encountered during functionalisation, which frequently resulted in sticky particles. This
stickiness were found to stem from unreacted reactive groups binding to cell remnants on the

dish or interacting with tube walls, as observed in sulfo-SMCC reactions.

The reduced internalisation of GNPs with pre-attached polymers compared to those
functionalised in-house may be attributed to differences in surface chemistry, steric hindrance,
and charge distribution. Pre-attached polymers often obscure the nanoparticle surface
properties, with unknown polymer composition potentially increasing the hydrodynamic radius.
This can limit close interactions with the cell membrane and prevent uptake!¢. Additionally,

dense polymer coatings may sterically hinder the efficient functionalisation of GNP attachment
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sites (e.g., with Tf), reducing the effectiveness of targeting ligands and impacting cellular

internalisation'®’.

The dense presence of hydrolysed NHS groups, carboxyl groups, or amine groups on the NP
surface further influences their ability to interact with mammalian cells. Hydrolysed NHS
groups convert to carboxyl groups, which have a negative surface charge’’. This charge creates
electrostatic repulsion with the negatively charged cell membrane, reducing the likelihood of
non-specific uptake and receptor-mediated endocytosis'®¢. Particles with pre-attached carboxyl

groups face these same challenges.

In contrast, particles with a high density of amine groups exhibit a positively charged surface,
enhancing electrostatic interactions with the negatively charged cell membrane. This can
promote uptake through non-specific endocytosis or adsorptive-mediated mechanisms'®3,
However, an excessive number of amine groups can result in an overly high surface charge,
which can lead to cytotoxicity, membrane disruption, or aggregation in biological media'®.
These observations demonstrate that in-house functionalisation allows for better control over

the density and type of functional groups on the NP surface.

Conducting the entire functionalisation process in-house offered enhanced control over the
procedure, even though it introduced additional potential sources of error, particularly for less
experienced experimenters. Two main functionalisation approaches were tested: firstly,
attaching the stabilising polymer to the GNP, followed by the targeting protein, or alternatively,
conjugating the stabilising polymer to the protein before functionalising the GNP with this
complex. In this study, stabilising polymers were initially attached to the GNP surface,
anchoring via a dithiol group. The proximal groups employed were sulfo-SMCC, which is
directed towards thiol groups. Conversely, OPN polymers, conjugated first to primary amine
residues in Tf, were then anchored onto the GNP using a dithiol group within the OPSS
structure. The results from the OPN-based experiments were notably better in quality,
characterised by reduced dish binding and more effective internalisation. This success was
attributed to the filtration step in the initial step of conjugating stabilising polymer with protein.
Through dialysis, unbound stabilising polymer was extracted from the sample. The amount of
unconjugated TfA was mitigated by adding an excess of OPN. Nonetheless, the presence of
unbound TfA is unlikely to attach to the GNP. This introduces an additional degree of control
in the functionalisation process, enabling the incorporation of OPT at controlled concentrations,
and thereby avoiding excessive surface crowding that could impede the interaction between Tf

and TfR.
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It is possible that a similar outcome might have been attained with sulfo-SMCC polymers,
provided they had been initially conjugated to the proteins and subsequently filtered. Sulfo-
SMCC particles showed enhanced cell internalisation compared to their PEGylated
counterparts. However, their tendency to adhere to tube walls and cell culture dishes persisted
as a complication. Assuming that this adhesiveness was a consequence of unreacted sulfo-
SMCC, the dialysis filtering step would likely have fixed this issue. It would be a good addition
to look into this further to validate this assumption drawn from the outcomes of the experiments
presented in this chapter and would provide further insight into how particle functionalisation
works. An additional measure during OPT functionalisation involved the incorporation of a
mPEG backfilling step, which contributed to the stabilisation of the constructs. Following the
overnight incubation with OPT, mPEG was applied to cover any residual exposed gold surfaces,
which could act as seed for irreversible GNP aggregation. This additional step might also have
enhanced the quality of SMCC-GNPs. Control samples for SMCC-GNP, which included
PEGylated GNPs, were prepared by introducing unconjugated diS-PEG-sulfoSMCC.
Considering that unreacted sulfo-SMCC is assumed to be the origin of the observed

adhesiveness, this likely resulted in GNPs with increased stickiness.
6.3.3 FWMi aids in identifying GNP constructs in correlative experiments

In this chapter, FWMIi has been utilised as a tool for construct localisation. Ideally, FWMi could
be utilised to verify the size of GNPs by comparing the FWM? to the extinction cross section
of each construct. This comparison was not conducted with this set of experiments due to
unexpected strong sample tilt, which affected the uniformity of the measurement plane across
the FOV. Unlike extinction measurements, which were conducted across multiple z-planes to
differentiate GNPs from debris, this multi-z-plane imaging was not applied in FWM field
acquisition. In Future correlative experiments, FWMi should be recorded at multiple z-planes

at the same FOV to account for potential tilt.

Nonetheless, the correlative experiments provided further insights into GNP functionalisation
for cell targeting. It was observed that the DOL of GNPs correlated with the available surface
area on 20- and 60-OPT-GNPs, reinforcing the reliability of the correlative fluorescence and
extinction evaluation methods. An illustrative zoomed FOV of correlative fluorescence,
extinction and FWMIi is presented in Figure 6.24, where both extinction and fluorescence data
have been transformed to align with the FWMi data. It also proofs the capability of FWMi to

resolve single GNPs.
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Figure 6.24 | Correlative Analysis of Extinction, Single Fluorophore Bleaching, and FWMi in Spin-
Coated OPT-GNP Constructs. An exemplary area of a 60 nm OPT-GNP sample processed by spin-coating
is presented. From left to right, (panel 1) a false-colour overlay illustrates (panel 2) extinction, (panel 3)
fluorescence captured in epi-fluorescence mode, and (panel 4) FWM amplitude. Both extinction and
fluorescence data have undergone transformation for alignment with the FWMi data, facilitating correlative
analysis. Scale bar: 5 um.

6.3.4 Fluorescence intensities of the constructs differ in cell applications and in single

fluorophore bleaching

A notable discovery was that fluorescence generated by the constructs was visible in single
fluorophore bleaching experiments but absent in live cell applications. Other research groups
have reported the use of additional fluorescently labelled mPEG for PEG-backfilling of their
constructs to generate sufficient fluorescent signals in cell experiments, indicating that the sole
use of fluorescently labelled proteins does not generate constructs capable of producing visible
fluorescence intensities strong enough to be detected by most standard fluorescence
microscopes!’> 18119 These microscopes, unless specifically designed or optimised to detect
single-molecule fluorescence, typically lack the sensitivity required to pick up such low-
intensity signals. This suggests that while labelled GNPs may produce fluorescence, the
intensities are insufficient for practical imaging in many experimental setups, requiring
alternative strategies such as fluorescent PEG-backfilling to enhance signal visibility. A likely
explanation for the variance in signal intensity observed may be attributed to the nature of
fluorescence emission in spin-coated constructs. These constructs, being static emitters,
produce a consistent photon flux towards the detector from a fixed position over a duration of
three seconds, thereby yielding a higher signal-to-noise ratio. In contrast, constructs that are
freely diffusing within a solution during live cell epi-fluorescence experiments exhibit
movement. This mobility, coupled with a shorter integration time of one second, results in
diminished signal intensity. While the movement of the constructs in solution might be the main
contributing factor to the lack of distinguishable fluorescence signal observed in cellular
applications of GNP-constructs, it is unclear how measuring fluorescence of such constructs in
air compares to measuring fluorescence of the same construct in a polar solution such as cell

culture media.
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This difference in measurement environments raises questions about the inherent fluorescence
properties of the constructs and how they are influenced by their surroundings. In air, the
absence of a solvent medium may lead to different interactions between the fluorescent labels
and the GNPs, potentially affecting the fluorescence intensity or spectral characteristics. In a
polar solution on the other hand, solvent molecules could interact with the fluorescent labels or
the GNPs, potentially quenching the fluorescence or altering its properties in other ways. H2O
has been shown to quench organic fluorescent labels, especially those emitting in the red,
whereas their fluorescence intensity could be restored in deuterated solvents'®!. Works
focussing on comparisons of different solvents to air in this regard have not been found. Future
research should focus on exploring these discrepancies to develop a more comprehensive
understanding of the fluorescence behaviour of GNP-constructs under varying environmental

conditions.

6.4 Conclusions

In this chapter, established functionalisation mechanisms and reactions were tested for their
quality in internalisation studies, employing TfR-targeted GNP-protein constructs as primary

imaging labels. This involved:

1) Utilising live and fixed cell brightfield, epi-fluorescence, and FWMi with simultaneous
confocal fluorescence, to assess the uptake of GNP constructs into HeLa cells.

2) Applying correlative extinction and single fluorophore bleaching in conjunction with
FWMIi on spin-coated GNP constructs, to determine the fluorescence DOL and the
overall quality of the construct samples.

3) Conducting { potential and UV-Vis spectroscopy measurements for an in-depth

characterisation of the resulting constructs.

These experiments were initiated following the observation of inconsistent colocalisation
between fluorescence and GNP signals in cellular applications of GNP-TfA constructs
developed using previously published methodologies. The findings indicate that fluorescence
alone can be an unreliable indicator of GNP localisation. To address this, further investigations
were undertaken to discern the distinctions among various functionalisation mechanisms,
primarily to identify a method that yielded targeted constructs with high specificity and minimal
retention at the cell surface. It was established that employing sulfo-SMCC and NHS reaction
chemistries lead to the formation of GNP-TfA conjugates capable of efficient cellular
internalisation. A critical aspect was the order of functionalisation, specifically with the

conjugation of the protein to the stabilising polymer as the first step, followed by purification
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to separate unconjugated polymers with reactive NHS groups. These conjugates could then be
attached to GNPs, resulting in samples of high quality and functionalisation yield. FWMi
proved effective in validating the localisation of GNPs, offering insights into the intracellular
trafficking pathways in HeLa cells, improved by simultanecous confocal fluorescence

measurements to localise fluorescently labelled endo-lysosomal compartments.
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7 Thesis conclusions

7.1 Fluorescence is not necessarily a faithful reporter of GNP localisation

Previous works have shown that the labelling of proteins with fluorophores alters their

192,193 and furthermore it has been

behaviour, toxicity and trafficking pathway within living cells
shown that there is little to no colocalisation between fluorophore and GNP signals®!*2. As
illustrated in Chapters 4 and 6 of this thesis, fluorescence signals may fail to accurately report
the localisation of GNPs within biological systems, which could lead to potential inaccuracies

in conclusions drawn about NP function, distribution, and behaviour.

The analysis combining epifluorescence and extinction microscopy, detailed in Chapter 4,
revealed that GNP-protein constructs, purified using the widely accepted method of
centrifugation, contained a significant proportion of unconjugated proteins. This finding
highlights the limitations of conventional purification techniques in separating GNPs that are
fully conjugated to proteins from the reaction constituents, suggesting that a substantial fraction
of the proteins does not attach to the GNPs as intended. As a result, fluorescence signals in such
systems may (in a worst case scenario predominantly) arise from free, unconjugated proteins
rather than the GNP-protein constructs being studied. This can lead to significant

misinterpretations in studies relying on fluorescence alone.

While this thesis does not aim to undermine the utility of fluorescent tagging as a whole, it does
advocate for a more cautious and nuanced approach to its use in NP studies. Fluorescent tagging
has been employed successfully in numerous studies to accurately report GNP internalisation

and behaviour' %!

, and its value as a tool for visualising and tracking biological processes is
undeniable. However, these findings highlight the importance of complementing fluorescence-
based methods with direct NP detection techniques in cases where the intracellular localisation
of particles is studied. By integrating fluorescence with methods capable of detecting GNPs
directly, such as FWMi, parallax DIC microscopy, and photothermal imaging, a better
validation of results is possible, which ensures the accuracy of experimental data

interpretations.

Furthermore, concerns of pathway alteration after fluorescent tagging of proteins has been
reported!*>1%®. Although relatively few studies have explored this, likely due to a lack of robust
non-fluorescent protein tracking methods, the existing evidence suggests that tagging can
introduce substantial changes in the biological behaviour of proteins. The developments of this

work, especially live FWMi in Chapter 5, can help to provide a more direct and accurate means
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of studying the behaviour and trafficking of GNP-protein constructs in living systems without
relying on fluorescence. The findings presented in this thesis suggest that this methodology
could be an important imaging modality to explore how fluorescent tagging may alter protein

trafficking pathways. A future directions project based on this is described in Chapter 8.1.

7.2 For GNP-protein constructs to be used as therapeutics in vivo, sophisticated
purification methods are still needed to make sure the internalisation

pathway of interest is induced

Apart from looking at GNPs as pure labelling agents, they also hold great promise as
fundamental tools for understanding cell biology and as drug delivery vehicles. Up to this point,
the state of the art for assessing ligand density on GNPs has involved an averaged calculation,
where the total protein number is divided by the number of GNPs, assuming a uniform particle
size.” However, as shown in Chapter 4, the reality of GNP functionalisation processes
significantly deviates from such assumptions. Given the impact of ligand density on the
trafficking pathways, especially when multiple ligands induce crosslinking among particles
typically functioning independently, developing sophisticated purification techniques that can
discernibly separate various construct fractions becomes critical. In the absence of such
methodologies, unintended trafficking routes could compromise the utility of GNPs as imaging

labels, nanocarriers, or therapeutic agents.

The need to refine NP purification and characterisation methods is important for pushing GNPs
in the fields of biomedical research and therapeutic applications. Section 8.1 proposes a project
that includes the development of such a purification technique as a milestone. Once a
purification method has been developed and validated using particle by particle analysis, for
example using the technique from Chapter 4, live cell FWMi (Chapter 5) can be used to
specifically test GNPs how ligand valency influences their trafficking, which is proposed in the
future directions in Chapter 8.2.

7.3 Specific changes to GNP functionalisation procedures and GNP morphology
can be closely monitored with the help of particle-by-particle ligand density
determination and FWMi

Controlling, characterising, and understanding all other fabrication parameters of functionalised

GNPs will be key to interpreting data obtained from any source, imaging or otherwise. Surface

functionalisation along with the size and shape of the NP itself need to be correlated. Addition

of physical spikes to the NP shape has been shown to increase internalisation by regulating
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myosin IIA recruitment at the cell membrane during cellular uptake'®’, highlighting that just
small changes to NP geometry can impact interactions between NPs and the cell. The combined
developments described across Chapter 4-6 open up a validation workflow on how small
changes in particle functionalisation affect the constructs and their internalisation or whether
the chosen functionalisation protocol yields effective particles at all. Studying additional NP
parameters such as morphology and how they affect internalisation are incorporated in the study

proposed in Section 2 of Chapter 8.

7.4 Live cell FWMi helps with revealing GNP trafficking in living cells but needs

to be improved on speed

In its current configuration, FWM i is capable of detecting single GNPs down to 10 nm diameter
with high signal-to-noise ratio in live cellular environments®***”!?®, Background signal can only
be generated by objects with ¥’ susceptibility, which aren’t naturally present in cells, while the
FWM signal is only modulated by coherent signals. Therefore, the signal is not affected by
autofluorescent background and with an imaging speed of 0.1—1 ms per pixel it allows to follow
internalisation events at the single particle level. The main limiting factor of this technique is
speed. This is mostly due to its point-scanning configuration, where a single laser beam is
focussed on a specific location of the sample and moved in 3D using a nanostage. Using galvo
mirrors could significantly speed up the scanning, but the three beams (pump, probe, reference)
would need to be aligned perfectly both spatially and temporally. A recent review on NPs from
a group of cell biologists however gives an alternative perspective on this problem, in that “the
identification of a specific pathway might not always need to be a priority and the focus should
instead be on establishing that internalization occurs, its relative efficiency, and showing where
in the endocytic pathway internalised NP are located at specific times after endocytosis”!’.
Due to the non-invasive, high signal to noise and long timeframes for acquisition available,
FWM is ideally placed to be able to answer exactly these questions within cells. For example,
understanding GNP trafficking is further complicated by the large variation possible in proteins
binding to the surface of NPs as they encounter biological material (i.e. different types of media
components). Efforts are being made to understand how the NP surface changes within a

200

biological environment, specifically with the formation of a protein corona=™ that can impact

and affect the way in which NPs bind to, and traffic within cells.

7.5 Concluding remarks

The objective of this project was to pave the way for a comprehensive analysis GNP trafficking
within cells by developing a method for assessing ligand density at an individual particle level,
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upgrading the FWM microscope for live cell studies, and evaluating functionalisation

techniques to minimise off-target binding.

In Chapter 4, we achieved a more refined evaluation of ligand density through correlative single
fluorophore bleaching and single particle detection via extinction microscopy. Although this
method allows for the quantification of fluorophores per construct, the calculation of
fluorophores per protein remains an average estimate. Despite this, the method offers higher
resolution compared to all other available techniques. The estimation is based on the DOL of
proteins, which can result in slight over- or underestimations of the exact number of proteins
on GNPs. However, this method allows for high-resolution comparisons on a construct-by-
construct basis, assessment of sample fractions, and estimations of particle crosslinking. These

measures are not provided by any other current method for quantifying ligand density on GNPs.

The uncertainty of DOL on the proteins themselves could be addressed by creating a genetically
encoded binding site into the protein such as a fluorescent unnatural amino acid, validating that
there is only one fluorophore attached to the protein. It was observed that proteins highly
labelled with fluorophores exhibit reduced binding affinity to GNPs, attributed to the saturation
of chemical groups involved in both protein labelling and GNP polymer coating
functionalisation. This insight is a significant step forward in understanding ligand density,
surpassing the capabilities of existing quantification methods which do not account for variable

DOLs on proteins.

Chapter 5 demonstrated the capability of imaging GNPs within living HeLa cells, capturing
individual endocytosis events over extended periods. However, to achieve statistically
significant datasets for internalisation studies, an increase in imaging speed is necessary. FWM
microscopy serves as a valuable tool for validating ligand density data as well, either by
confirming GNP presence at targeted locations or, when adjusting for sample tilt during

measurements, estimating particle size based on FWM signal amplitude.

Chapter 6 revealed that not all GNP functionalisation approaches yield functional constructs
and may lead to considerable off-target binding. This phenomenon is likely due to unreacted
functional groups on the stabilising polymers, warranting further investigation for validation.
Although lower quality samples can in theory be utilised for internalisation studies, their
suitability for therapeutic applications is questionable, highlighting the need for a critical
evaluation of GNP constructs in medically relevant research. It can generally be questioned if
studying GNP constructs in a medically relevant context which won’t be fit for use in medically

relevant applications in the future is a worthy effort. The findings suggest that initial
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functionalisation of the stabilising polymer with proteins, followed by size exclusion
purification to remove unreacted polymers, could mitigate the issue of sample quality.
Nevertheless, strategies for separating unfunctionalised GNPs after functionalisation require

further exploration.

Furthermore, as detailed in Chapter 6, epifluorescence imaging was employed to explore the
trafficking pathways of fluorescently tagged GNP constructs within cells. Initial observations
suggested altered trafficking patterns. However, upon employing FWMi it became apparent
that the actual internalisation of GNPs was negligible. This discrepancy between the
fluorescence imaging and FWMi outcomes highlights the challenges in using fluorescence-
based methods to track GNP localisation and behaviour accurately within cellular
environments. The findings from this project reveal the need for more reliable and precise
methodologies for studying GNP-protein constructs in cells. The apparent discrepancy in
fluorescence imaging results calls for a revaluation of current assumptions regarding the
behaviour of GNPs in biological systems. It emphasises the potential of live cell FWMi,
described and developed in Chapter 5, as a superior alternative for accurately determining the
fate of GNPs in cells, offering a clearer understanding of their interactions and mechanisms of

action at the cellular level.

In essence, the project's findings lay a foundational framework for the next steps in the
optimisation of GNP constructs and for a more detailed analysis of internalisation pathways.
By pinpointing the limitations of current practices and proposing actionable solutions, this
research contributes significantly to the field of nanotechnology in medicine. The ultimate goal
is to refine GNP functionalisation and purification techniques to a degree that ensures their
effectivenes and safety in clinical settings, thereby realising the full potential of GNPs as

versatile tools in biomedical research and therapy.
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8 Future Directions

This chapter gives suggestions for two future studies based on the results of this work. This
work has shown that different functionalisation mechanisms, while seemingly all cause GNP
uptake when using fluorescence microscopy for validation, do not result in the same sample
quality and level of protein labelling as widely assumed. Furthermore, live cell FWMi can now

be used to track GNPs as they are being trafficked throughout the cell.

8.1 Influence of fluorescent labels on the trafficking profile of proteins

Background: As highlighted repeatedly in this thesis, various studies indicate that fluorescent
tags can alter the trafficking pathway of proteins and that fluorescent signal and GNPs do not
necessarily colocalise®’*. Given that fluorescent tags are predominantly used for studying
cellular processes, it's important to verify their reliability as reporters in live cell applications.
Previous research within our group focused on fixed cell samples, leaving uncertainty around
whether the observed effects were due to inadequate fluorescence intensity of the construct or
disintegration of the complex within the cell, possibly due to degradation. Employing live cell
FWMi offers an opportunity to elucidate the impact of fluorescent labelling on protein
trafficking, providing valuable insights into the accuracy and effectiveness of these commonly

used biological markers.

Main objective of this study: to determine whether fluorescent labelling alters the
trafficking pathway of fluorescently tagged GNP-proteins. This objective would need to
validate a few points to answer this question. 1) Is the functionalisation of GNPs reproducible
enough to assume that constructs made using the same functionalisation approach result in the
same sample quality? 2) Do GNPs functionalised with fluorescently labelled proteins traffic
differently through a mammalian cell than their native counterparts? 3) Are there any

differences between fluorescent tags of different molecular structure?

Approach: 1) Investigate the consistency of functionalising GNPs with fluorescently labelled
proteins using the protocol detailed in Chapter 6. This functionalisation can be applied under
various conditions. These include functionalisation on the same day in different tubes or on
different days, using different batches of GNPs or proteins. The aim is to determine if the
functionalisation consistently yields similar constructs, as assessed by the methodology
developed in Chapter 4. This step is crucial for validating that native protein-GNP constructs
differ from their fluorescently labelled counterparts solely in the absence of the fluorescent

label. This validation is important, considering the limitations in analysing non-fluorescently
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labelled constructs on a particle-by-particle basis, which isn’t possible with the technique
developed in Chapter 4. If the functionalisation outcome is similar every time, the same could
be assumed when swapping out the labelled proteins for native proteins. 2) Compare the
trafficking of GNP constructs functionalised with fluorescently labelled proteins against those
with native proteins. Any observed differences in trafficking will be closely examined,
particularly in relation to the various cellular compartments the constructs traverse. To achieve
this, different cellular compartments will be co-labelled to discern the specific trafficking
pathways. This analysis will be conducted using live cell FWMi, as described in Chapter 5, to
trace the construct’s journey through the cell. 3) GNPs can be functionalised with red
fluorophores or dyes of different molecular structures, which can either be sourced from
multiple vendors or synthesised in-house. If opting for commercially available tagged proteins,
it's recommended to select those conjugated using the same reaction chemistry. This ensures
that any potential alterations in trafficking are not attributed to the labels being attached to
different residues. The trafficking of these differently labelled constructs will then be monitored
using FWMi, providing further insights into the impact of fluorescent labelling on protein

behaviour within cells.

Expected results: Should the existing literature prove accurate in suggesting that fluorescent
tags modify protein trafficking profiles, we anticipate detecting these differences in uptake
using live cell FWMi'®>!%  An intriguing aspect of this investigation would be to
simultaneously track the fluorescent tag and the GNP to determine if and when the complex
disintegrates. While FWMi typically leads to rapid bleaching of the fluorophores, rendering this
simultaneous tracking challenging, an exploratory approach could involve reducing the laser
intensity. The objective of this adjustment would be to prolong the visibility of the fluorescent

signal, thereby potentially allowing us to observe these processes in greater detail.

Possible Limitations: If fluorescent tags are found to influence protein trafficking, it's plausible
to consider that GNPs might have a similar effect. Given the distinct chemistries of GNPs and
fluorophores involved, it's worthwhile to investigate whether GNPs impact protein behaviour
differently. The main limiting factor of success for this project would be ensuring the
reproducibility of GNP functionalisation. Consistent functionalisation across experiments is
essential to infer that the resulting constructs are of similar quality, which is important as the
correlative fluorophore bleaching and extinction evaluation is not possible with non-
fluorescently labelled protein-GNP constructs. Hence, this uniformity in construct formation is

a key factor in reliably determining whether any observed changes in protein trafficking are due
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to the presence of fluorophores or other experimental variables. Establishing this consistency

will be a fundamental step in validating the influence of fluorophores on protein trafficking.

Significance: This research project is designed to enhance the understanding of the impact of
fluorescent tagging on protein trafficking, particularly investigating if various tags affect this
process differently. This study aims to determine the reliability of fluorophores in accurately
reporting GNP localisation and, if discrepancies exist, to quantify these variations. To achieve
this, the project will employ systematic experiments to compare the effects of different
fluorescent tags on GNP-protein behaviour and track any resultant changes in their trafficking
pathways. By doing so, the research will provide insights into the reliability of fluorescent
tagging in biological studies where GNPs are used, potentially guiding the selection of

appropriate tagging methods for accurate GNP-protein localisation.

8.2 Trafficking of mono- and multivalent GNPs in living cells

Background: This study focuses on investigating the mechanism of receptor crosslinking. A
key aspect would be to distinguish between receptor crosslinking and non-crosslinking
internalisation pathways. This differentiation suggests that GNPs targeting the same receptor,
but with either monovalent or multivalent constructs, would exhibit distinct trafficking profiles.
Additionally, the study considers how the size and shape of GNPs can influence their interaction
with the cell membrane. Since different sizes and morphologies present ligands in varying
manners to a cell membrane, it is hypothesised that these physical attributes might significantly
impact the uptake of GNPs by cells. The investigation will therefore include a comparative
analysis of GNPs of different sizes and shapes to assess how these factors influence receptor-
mediated internalisation and trafficking within the cells. Through these analyses, the study aims
to gain a deeper understanding of the intricate processes governing receptor crosslinking and

GNP internalisation, contributing to the broader knowledge of cellular interaction mechanisms.

Main objective of this study: The research aims to determine whether multivalency affects
the trafficking of GNPs and to identify if there is a specific multivalency threshold that
may cause GNPs to adhere to the cell surface. The main questions of this project include 1)
Is it possible to separate constructs from their reaction constituents as well as based on their
DOLs? 2) What constitutes the minimal receptor count required for inducing the receptor
crosslinking pathway, and is there a specific receptor threshold that controls the rate of construct
internalisation, either accelerating, decelerating, or preventing it entirely? 3) In what manner
does the morphology of the construct impact these processes and which parameter causes more

significant changes: valency or shape?
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Approach: 1) The development of effective purification methods is important for separating
different sample fractions of GNP-protein constructs with different valences. As briefly
mentioned in Section 4.4.4, density gradient centrifugation, diafiltration and gel electrophoresis
are potential starting points for isolating particle clusters and unconjugated proteins. These
techniques have been shown to be capable of separating GNPs of varying shapes. The efficiency
of the developed purification method will be assessed using correlative fluorophore bleaching
and extinction microscopy techniques, as detailed in Chapter 4. The OPT functionalisation
mechanism discussed in Chapter 6 could be tweaked to ratios that make the formation of certain
fractions more likely by adjusting the ratios of GNP to OPT in each reaction. 2) The project
would involve separating the constructs into distinct fractions, such as monovalent, divalent,
and so on. Separate pulse chase experiments should be conducted with these fractions to
measure their trafficking dynamics using live FWM|, as described in Chapters 5 and 6. The aim
is to discern any differences in the trafficking and retention of these constructs across various
cellular compartments. This analysis should include co-labelling of cell compartments to allow
comparison. The study can explore the mechanisms of endocytosis by employing specific
blockers to inhibit different endocytosis pathways, thereby determining the role of these
mechanisms in the uptake and trafficking of the constructs. 3) To further the research, the
experiments can be repeated with GNPs of different morphologies. This will allow for a
comparative analysis of their trafficking and retention profiles using live FWMi. By examining
GNPs of various shapes and sizes, the study seeks to understand how these physical
characteristics influence the cellular interaction and behaviour of GNPs, contributing to a more

comprehensive understanding of NP-cell interactions.

Expected results: Assuming successful separation of constructs with varying valences is
achievable, this study could reveal more details regarding the mechanism of receptor
crosslinking. This insight could enhance our understanding of targeted delivery of therapeutic
payloads into specific cellular compartments. The research anticipates that receptor
crosslinking may require a certain threshold of crosslinked receptors to be effectively induced.
The verification (or disproof) of this hypothesis is a key objective of this study. Furthermore,
previous research has shown that GNPs of different morphologies are internalised by cells
differently. Building on this understanding, it is anticipated that constructs of different
morphologies and valences will demonstrate further discrepancies in terms of their uptake. By
comparing the internalisation of GNPs with different sizes, shapes, and valences, the study aims
to provide a more comprehensive understanding of the factors influencing receptor-mediated

endocytosis and the potential for targeted intracellular delivery of therapeutic compounds.
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Possible Limitations: Even with the successful development of methods to separate constructs
based on the number of ligands per GNP, it remains a challenge to definitively confirm that all
these ligands are presented to the cell membrane in a manner that enables simultaneous binding.
To investigate this aspect thoroughly, a substantial number of samples would be required to
provide statistically significant data. This necessity stems from the complexity of ligand-
receptor interactions and the variability in how ligands on a single GNP may engage with cell

membranes.

Significance: Developing a purification method capable of effectively separating constructs of
functionalised GNPs could significantly benefit the scientific community, particularly those
focusing on targeted therapeutic applications. Currently, it remains uncertain whether suppliers
offering monovalent GNPs employ specific purification processes that distinguish between
mono- and multivalent GNPs or if their production relies primarily on controlling the protein-
to-GNP ratio. If the latter is true, the introduction of a purification method capable of this would
not only be of scientific interest but also hold substantial value for industrial partners. Such a
method would enable more precise control over the targeting capabilities of GNPs, enhancing
the potential for targeted drug delivery and other therapeutic applications. Additionally, a better
understanding of the receptor crosslinking mechanism could lead to more effective strategies
for directing therapeutic agents to specific organelles within cells. In essence, refining the
process of functionalising GNPs with a controlled number of ligands would be an advancement,
contributing to both the fundamental understanding of NP-cell interactions and the practical

application of GNPs in biomedicine.
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