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Abstract

Nanoparticles are increasingly implemented in biomedical applications,
including the diagnosis and treatment of disease. When exposed to complex
biological media, nanoparticles spontaneously interact with their surrounding
environment, leading to the surface-adsorption of small and bio-
macromolecules- termed the “corona”. Corona composition is governed by
nanoparticle properties and incubation parameters. While the focus of most
studies examining nanoparticle interactions with biological systems is on the
protein signature of the nanoparticle corona, the impact of experimental
protocols on nanoparticle size in the presence of complex biological media,
and the impact of nanoparticle recovery from biological media remains under

reported in the literature.

Therefore, the principal hypothesis of this thesis is that the methods used to
isolate nanoparticles during the screening of bio-nano interactions in biological
media, can significantly alter the results obtained from these studies. To further
probe this hypothesis, in this thesis polystyrene latex nanoparticles were used
as a robust and non-biodegradable model to investigate the impact of different
nanoparticle isolation pipelines on subsequent nanoparticle physical
parameters. To validate this hypothesis, | examined the routinely implemented
pipeline for nanoparticle isolation, which is the centrifugation-resuspension

protocol for nanoparticle isolation from biological media.

In Chapter2 ', | showed that the commonly used centrifugation-wash protocol
leads to a significant increase in the mean particle size, of nanoparticle-protein
samples when compared with in-situ samples analysed using Particle
Tracking Analysis. This is likely due to protein aggregation, and particle
agglomeration caused by high-speed centrifugation. The centrifugation-wash
protocol was typically accompanied by a significant decrease in sample
concentration. Furthermore, nanomedicines are typically intended for
intravenous administration (IV). Therefore, it was crucial to understand the
impact of physiologically-relevant shear flow conditions on protein corona
formation. Results showed that there were significant differences in measured
parameters following incubation at shear flow rates which mimicked the



median cubital vein, and arteries compared to static incubation conditions with

SDS-PAGE analysis further showing changes in protein corona composition.

Subsequently, | explored the use of asymmetric flow field flow fractionation
multiplexed with a range of multiple inline optical inline detectors (AF4-MD) to
optimise the separation of model polystyrene latex nanoparticles from bulk
incubation protein media, following exposure to physiologically-relevant
temperature conditions and protein composition mimicking cell culture
conditions. | studied the impact of AF4 flow parameters and decay profiles on
the quality of fractogram obtained and applied these design principles to the
analysis of polystyrene latex nanoparticles exposed to media containing 10%
vol FBS for 2 and 24 hours (Chapter 3).

Results from this chapter indicate that AF-MD offers a potential promising tool
for both the separation of nanoparticles from the bulk protein content in the
media, and inline analysis of physical changes occurring in nanoparticle
systems following exposure to biological media. An added benefit of using
AF4-MD as a technique for studying nano-bio interactions is that it is possible
to simultaneously study the physical properties of different intermediates
formed during the sample elution step. There is also the scope for downstream
recovery of pooled fractions collected from different elution peaks for offline
analysis using other techniques such as liquid chromatography-mass
spectrometry-based proteomics analysis of the nanoparticle protein corona
composition. In Chapter 3, | also found that through combining inline
multiangle light scattering with dynamic light scattering measurements, the
shape factor can be determined for particles- an indicator of nanoparticle
morphology. Peaks eluting at later timepoints were found to have altered
morphology from a spherical shape to more extended elongated shapes
following incubation with protein-containing media, with the extent being more

pronounced for samples incubated for up to 24 hours.

Findings from chapter 3 overall showed that frit-inlet based AF4 was more
appropriate for the resolution and analysis of nanoparticle-protein corona
complexes and the signal quality was consistently low across all three
polystyrene latex nanoparticle types studied. Therefore, the use of additional

Vi



AF4 based methodologies based on charge separation was explored in later
chapters to examine whether better efficiency of resolution and mass recovery

could be achieved.

In chapter 4, | further explored the utility of simultaneous diffusion and charge-
based separation through the implementation of electric flow-field flow
fractionation (EAF4) multiplexed with online light scattering, UV and
fluorescence detectors. In addition to simultaneous separation and online
analysis via multiple detectors, | demonstrate the resolution of different
charged species in response to incubation with protein-containing media,
where | also compared the different approaches used in this thesis in terms of
their ability to resolve nanoparticle from complex biological media use to
screen nano-bio interactions in drug discovery efforts. EAF4 demonstrated
more significant promise for the resolution of nanoparticles from bulk protein
content in comparison to conventional and frit-inlet AF4, and the simultaneous
inline analysis of nanoparticle-protein complex surface electrostatic properties
(zeta potential) and changes occurring in particle size and geometry (shape

factor) in response to incubation with media containing protein.

Overall, this thesis has examined the current state of the art in the separation
and physical analysis of nanoparticles from biological media. For future efforts,
I recommend that pipelines studying bio-nano interactions during early
nanomedicine development consider more biologically relevant shear flow
conditions and media composition that can significantly alter nanoparticle
physical parameters and subsequent conclusions from these studies.
Moreover, in this thesis | demonstrate the need for case-by-case optimisation
of AF4 based protocols, an area which at the time of this thesis remains

underreported in the literature.
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Chapter 1 Introduction

This chapter introduces the topics of nanomedicine, the nanoparticle protein
corona and methods that have been employed for the analysis of the
nanoparticle protein corona to-date by reviewing research within these fields.
Initially, the concept of nanomedicine and physicochemical properties dictating
the quality, safety and efficacy of this therapeutic modality are explored. This
section is concluded with an introduction to the model nanoparticles used for
the purposes of this thesis. Current gaps in the existing literature and areas
requiring further consideration in researching the nanoparticle protein corona

are highlighted.

This is followed by the necessity for comprehensive analysis of bio-nano
interactions is highlighted, which is followed by the concept of the protein
corona and existing knowledge of the processes underpinning protein corona
formation and factors that impact the formation and composition of the protein

corona.

Next, the analytical processes including protocols for the isolation and
recovery of nanoparticles from biological media and their relative merits are
reviewed and discussed. Finally, the hypothesis, aims and objectives of this

thesis are defined.



1.1 What are nanoparticles?

In recent years the use of nanocarriers for biomedical applications rose to the
global public health challenge of the COVID-19 pandemic, where lipid
nanoparticle vaccines were developed by Pfizer/BioNTECH and Moderna for
the global immunization of the world population against this deadly virus.2
Since 1995, over 50 nanoparticle-based medicinal products have been
approved by regulators for clinical use.? There has been a steady increase in
the approval of novel nanocarrier-based products for clinical applications with
the recent approval of three key formulations (Onpattro, Hensify and Vyxeos)
and > 400 nanoparticle products are currently under clinical evaluation in
ongoing trials with an estimated 65% of these products being developed for
the diagnosis and treatment of cancer® Recent developments in
nanomedicine research have enabled scientists to treat diseases such as
cancer with enhanced safety and efficacy profiles compared to conventional

medicines.®
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Figure 1.1 Trends in the number of approved nanomedicine products for
clinical use. Adapted from (Germain, M. et al. 2020).4

Nanotechnology is a multidisciplinary field, which combines biology, chemistry,
physics and material science for the design of materials and objects with at
least one dimension on the nanoscale (1-100 nm), which can interact with cells

and molecules at the molecular level for specialised functions such as drug



delivery, imaging and diagnosis. The implementation of nanotechnology for

medicinal purposes in known as nanomedicine.®

Nanoparticles are small colloidal particles which typically have at least one
dimension in the 1-100 nm size range. They have become an increasingly
popular therapeutic and diagnostic tool due to their versatile properties such
as a large surface area to volume ratio, their flexibility for drug delivery
applications through encapsulation or adsorption of drug onto the nanopatrticle
surface, and changes in drug properties when reformulated at the nanoscale.’
The physiochemical properties of a nanoparticle will determine its biological
fate, and these include nanoparticle characteristics such as size (diameter),
shape, surface area to volume ratio, surface chemistry, their colloidal stability
(aggregation, dispersion and agglomeration) under formulation conditions and
physiological conditions.® Comprehensive knowledge of nanoparticle physical
and chemical properties and disease pathophysiology is vital for the design of
new safe and effective nanoparticles for targeted drug delivery in areas of

unmet clinical need.®

1.2 Physiochemical properties of nanocarriers dictating biological fate

This section focuses on how different physical (e.g., size, shape, curvature)
and chemical properties (e.g., surface charge, roughness, hydrophobicity) of
nanoparticles impact their biological performance and subsequent biological

fate.
Particle Size and polydispersity

Nanoparticle size plays a crucial role in determining the biological fate of a
nanoparticle and its therapeutic cargo. Nanoparticle size affects cellular
interactions, cytotoxicity, cellular uptake, biodistribution and drug release,

which are overall crucial for nanomedicine safety and efficacy.%-12

Nanoparticle internalisation takes place predominantly via endocytosis, which
is a cellular function used to maintain homeostatic conditions. '3 There different
mechanisms of endocytosis that are classified as receptor-mediated or non-
receptor-mediated endocytosis. Endocytic internalisation of nanoparticles

takes place following adsorption (passive or receptor-mediated) of the



nanoparticles to cellular membranes, which is followed by invagination of the
membrane into endocytic vesicles. Internalised endocytic vesicles are
sequestered to the early endosome, from which they are sorted. Late
endosomes are subsequently formed, where further breakdown of the cargo
may take place, or transport to lysosomes where under acidic pH and

hydrolytic enzyme conditions further breakdown of the cargo takes place.™
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Figure 1.2 A simplified schematic illustrating the internalisation of

nanoparticles by cells via endocytosis. Created in Biorender.

Nanoparticle internalisation may occur via one or more endocytic
internalisation routes, namely clathrin- and caveolae- mediated endocytosis,

and macropinocytosis.'

There are three general mechanisms of nanoparticle cellular uptake, that
include i) phagocytosis, ii) pinocytosis and iii) receptor-mediated endocytosis.
The uptake of nanoparticles in tumour cells is determined by nanoparticle size
and shape."® A study compared a range Poly(lactic-co-glycolic acid) (PLGA)
nanoparticles at various sizes including (~70, ~100, and ~200 nm) with results

showing an increased tumour uptake with a decrease in particle size.®

Recent studies have suggested transmembrane penetration, electroporation
and cytoplasmic microinjections as alternate endocytosis pathways; however,

the two main endocytic pathways recruited for internalisation are caveolin-



dependent endocytosis and clathrin-mediated endocytosis. The caveolin-
dependent pathway is initiated by the formation of flask-shaped caveolae,
which are 50-80 nm in size and has shown certain advantages in gene delivery
due to opportunistic escape of caveolae from lysosomal degradation.’
Clathrin-mediated endocytosis is the primary mechanism for nanocarrier
internalisation and the most widely studied, being the most effective
internalisation mechanism for particles in the 100-120 nm size range and one
of the main strategies for nanoparticle drug delivery.’” This occurs initially
through the binding of ligands on the nanoparticle surface to cell surface
receptors, which leads to the formation of clathrin-coated pits which forms a
vesicle for nanoparticle internalization with studies suggesting the occurs
within (30-120 seconds) of ligand binding.'®'® A previous study using
coumarin-6-loaded PLGA nanoparticles (100-200 nm) shows that PLGA
nanoparticles were mainly internalised using the caveolin, and clathrin-

mediated pathways.20



Corresponding mechanisms of cellular uptake used by nanoparticles are

governed by their size, which is summarised in Table 1.1.

Table 1.1 The impact of nanoparticle size on route of cellular internalisation

Nanoparticle Size Uptake Mechanism

50-80 nm Caveolin-dependant endocytosis 17
100-120 nm Clathrin-mediated endocytosis "7
200-500 nm Pinocytosis '

>500 nm Phagocytosis 22

Nanoparticles show increased cellular uptake when compared to larger
micron-sized particles (1,000-10,000 nm) due to showing the same uptake
mechanisms of absorptive endocytosis.?® When developing new nanoparticles
it is crucial to optimise size for the intended therapeutic indication and target
biology, as this will subsequently play a major role in determining the efficacy
and mechanism of cellular uptake in target tissues, off-target organs and

tumour cells. !

Particle size impacts nanoparticle circulation time (half-life), with nanoparticles
<10 nm in diameter being cleared rapidly by the kidneys, reducing the efficacy
of these nanocarriers for drug delivery due to glomerular filtration.
Furthermore, nanoparticles with a diameter > 200 nm activate the complement
system, which results in their accumulation in either the spleen or the liver."
This occurs due to the opsonization of nanoparticles upon exposure to a
biological system, opsonin proteins will bind to the nanoparticle surface and
are components of the protein corona composition. Opsonin protein increase

binding to phagocytes which leads to internalization."24

The multinuclear phagocytic system determines the site of accumulation of
engineered nanoparticles by size, with nanoparticles in the 200-500 nm
diameter size range accumulating in the spleen. This is due to the size of the
inter-endothelial cell slits in the spleen, which allow for nanoparticles to
permeate the endothelial barrier. Nanoparticles in the 50-100 nm size range

have predominantly been shown to accumulate in the liver.?®



Phagocytosis is the predominant mechanism for the efficient cellular uptake
of nanoparticles >500 nm in diameter. Previous studies in mice have shown
that for polystyrene particles in the 1-2 um size range, phagocytosis is the
optimal uptake pathways.?? Pinocytosis is an actin-mediated mechanism and
the main uptake pathway for particles in the 0.2- 5 ym size range, and is non-

specific pathway for large particles, pathogens and macromolecules.
Nanoparticle Morphology

The transport of nanoparticles in biological systems is dependent on their size
and morphology, which must be taken into consideration when designing a
new nanoparticle based delivery system.?® Some of the key characteristics
affected by nanoparticle morphology, include degradation and drug release
kinetics due to changes occurring in the particle surface area to volume ratio.?”
The morphology of nanoparticles has also been shown to directly impact the
extent of their cellular uptake, through altered contact-based interactions
between the nanoparticle and cell membrane ligands. It is important to
account for both nanocarrier morphology and size for cellular uptake, since
optimal sizes for cellular uptake are based on different morphologies and

material types.?®

Nanoparticle morphology has also been shown to impact nanomedicine
circulation times due to alterations in the immune response, interactions with
vascular endothelial cells (adherence), and behaviour under haemodynamic

flow conditions.29:30

The large variability in nanoparticle morphology and its definition has led to
challenges in achieving consensus on particle geometry within the community
due to similar nanoparticle morphologies being given different names by other
scientists. Therefore, a quantitative framework for nanoparticle morphological
classification is being developed to improve methodologies and allow for
replication. The current four primary morphological descriptors used for

nanomaterials are nanospheres, nanorods, nano-urchins and nano-stars.3"32
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Figure 1.3 Schematic representation of different nanoparticle morphological

descriptors. Created in Biorender.

With smaller-sized nanomedicines the extent of particle surface curvature
increases, leading to alterations in the particle surface area available for
interactions with its surrounding environment. Nanoparticle curvature is crucial
as it combines both particle size and shape to regulate interaction forces (e.g.,
van der Waals).3? The curvature of a nanoparticle in combination with its shape
play a significant role in determining the biological fate of nanocarriers in the
context of surface area available for ligands and proteins to interact with, and
adsorb on to the nanocarrier surface, which in turn dictates the range and
types of interactions with biomolecules.®? For example, studies using silicon
oxide nanoparticles at different sizes and curvatures showed that particles in
the 50-100 nm size range, which would have a curvature between 0.02-0.04
nm show a higher level of target receptor activation as opposed to
nanoparticles with shallower or sharper curvatures.3? Furthermore, a previous
study compared three different shapes of gold nanoparticles (nanostars,
nanorods, and nanotriangles) with nanotriangles showing the greatest cellular

uptake followed by nanorods, and then stars.3*

Knowledge of the interplay between nanoparticle size, polydispersity, shape
and curvature parameters and their relationship with cellular internalisation
mechanisms and organ biodistribution in biological systems (in vitro and in

vivo) is critical for the clinical translation of novel nanoparticle-based therapies.



Surface characteristics
Surface Charge

The surface charge of nanocarriers plays a key role in their cellular uptake,
biodistribution and how they interact with biological systems (e.g., cellular
uptake into tumours and interactions with the circulatory system). For
example, nanomedicines with a cationic surface charge (zeta potential >+10
mV) have been shown to be cytotoxic, interacting with blood constituents,
inducing haemolysis, and undergoing rapid clearance by the multinuclear
phagocytic system in the circulation, overall resulting in systemic toxicity and

a short half-life under circulation.3536

Nanomedicines with native charges (zeta potential < — 10 mV), have a lower
extent of cellular uptake in comparison to cationic nanomedicines and also
cause rapid clearance via the mononuclear phagocytic system, leading to a
low circulation half-life. Rapid hepatic clearance of nhanomedicines has been
observed for nanocarriers with a zeta potential below -40 mV.3% Therefore,
nanomedicines with a near neutral zeta potential of approximately £ 10 mV
are preferred for the longest circulation time. However, a challenge with such
systems is poor colloid stability, requiring formulation design efforts using
steric stabilisers.®® This can be explained due to the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, with higher colloidal stability achieved with
an increasing surface charge via electrostatic repulsion.3” With colloidal

nanoparticle formulations showing (+30 mV) being considered stable.38

The surface charge of nanocarriers also impacts the composition of proteins
and biomolecules that adsorb on the nanoparticles surface in complex
biological media. Studies have shown that negatively-charged liposomes
showed higher levels of fibrinogen adsorption as opposed to neutral or
positively-charged liposomes. Furthermore, positively-charged domains in
immunoglobulin G have also shown higher levels of protein adsorption on to
more negatively-charged nanoparticles.?® The adsorption of proteins on
nanoparticle surface, leads to the formation of a multilayered complex referred
to as the protein corona (PC), which plays a crucial role in the biological

interactions of nanoparticles.



Some general trends in nanocarrier surface charge association with biological
fate can be seen across nanoparticles. For example, positively-charged
nanoparticles are internalised more extensively in comparison to neutral or
negatively-charged nanoparticles. However, positively-charged nanoparticles
also have a higher chance of accumulating in the liver. This is similar to the
clearance rates typically seen with cationic macromolecules.*® A study by #'
showed that positively-charged nanoparticles are internalised more
extensively in proliferating cancer cells showing both higher uptake and
dissociation, while negatively-charged nanoparticles show higher rates of

diffusion which may make them more ideal for deep tissue drug delivery.4°

A further study suggested that that higher nanoparticle surface charge density
will lead to an increase the quantity of proteins adsorbed unto the
nanoparticles cell surface however there are other properties which relate to

protein adsorption include hydrophobicity.*?
Surface Hydrophobicity

Nanocarrier surface hydrophobicity plays a crucial role in nanoparticle
biological interactions, especially with the cell membrane and cell surface
receptors. Prior work has shown that hydrophobic nanoparticles tend to create
inclusions in the target cell membrane which allow nanocarriers to
spontaneously embed themselves in the hydrophobic core and be
internalised. Conversely, hydrophilic nanoparticles will adsorb on the target

cell surface and are then wrapped and internalised into the membrane.*3

For example, increasing the hydrophobicity of N-isopropylacrylamide:N-tert-
butylacrylamide (NIPAM:BAM) copolymers resulted in significant changes in
the type and extent of proteins that adsorbed onto nanoparticle surfaces
following exposure to protein-containing medium. Increasing the ratio of BAM
monomer, which is hydrophobic, was found to increase the quantity of surface-

bound proteins by five-fold.44

The hydrophobicity of nanoparticles impacts nanoparticle-protein interactions,
with a direct positive correlation between nanoparticle hydrophobicity and the
quantity of protein adsorbed as a general trend. Hydrophilic nanoparticles

adsorb proteins to a much lesser extent, but only under highly favourable

10



charge conditions, which drive electrostatic interactions with proteins. These
results suggest that surface charge and hydrophobicity both play a role in

protein adsorption onto the nanoparticles surface.

Therefore, a strategy in the design of nanomedicines to reduce protein binding
and adsorption interactions, has included the use of surface functionalisation
to render the nanoparticle surface more hydrophilic. Functionalisation with
hydrophilic groups drives the formation of hydration shells around the
nanoparticle, making the surface less available for interactions with protein
molecules.?® Overall, these strategies result in reduced surface adsorption of
proteins, which stealth nanomedicines from immune recognition by the

multinuclear phagocytic system and increases their circulation half-life.4°

For example, poly(ethylene glycol) (PEG) coating is the most well-
characterised surface motif that has been used, the incorporation of which can
control nanoparticle properties based on molecular weight chain length and

branching properties of the PEG used in nanoparticle stealthing.4®
Surface roughness

Surface characteristics of nanocarriers impact their nanoparticle-protein
interactions, with the surface roughness influencing the identity and quantity
of surface-adsorbed proteins. General trends have shown that nanoparticles
with a smooth surface preferably adsorb proteins in the 120-310 kDa and 30-
70 kDa molecular weight range. Nanoparticles with a rough surface preferably
adsorb proteins in the 10-30 kDa and 70-120 kDa molecular weight range,
which include proteins such as albumin, fibrinogen and clusterin. Furthermore,
nanoparticles with a rough surface typically show lower zeta potential (surface
charge) when compared to smooth nanoparticles of the same material

composition.47:48

Overall, the early characterisation of nanoparticle physical and chemical
properties is critical for the late-stage success of these drug delivery systems.
Poorly designed nanoparticles in terms of properties and colloid stability can
limit the safety (e.g., toxicity resulting from off-target accumulation of
nanoparticles) and efficacy (e.g., insufficient cellular uptake) of nanocarrier

based delivery systems. Moreover, the scope exists to engineer nanoparticles

11



so that the composition of the proteins binding to nanoparticles are altered,
with the ultimate goal of controlling circulation half-life and minimising off-
target accumulation of nanocarriers. In the next section of this introduction, |
will give an overview of nanoparticle interactions occurring with proteins and

how these are characterised for nanoparticle-based systems.
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1.3 The Nanoparticle Biomolecular Corona

Most nanomedicines are intended for administration via the intravenous
injection route into the body, meaning that all injected nanoparticles will

immediately be surrounded by cells and biomolecules under blood flow.

Upon entering a biological system, nanoparticles will interact with their
surrounding environment and circulating biomacromolecules including
proteins will spontaneously adsorb onto the nanoparticle surface- a concept
referred to as the nanoparticle biomolecular corona- a term coined by Dawson
and co-workers.*° The high surface energy of nanoparticles gives rise to the

spontaneous adsorption of free circulating proteins.
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Figure 1.4 Schematic representing the exposure of administered nanoparticle
to blood protein components and surface adsorption of biomolecules. Created

in Biorender.

The focus of this thesis is on studying the development of protocols for
examining the protein corona, so the remainder of this thesis introduction will
discuss nanoparticle-protein interactions. Since the discovery of the
biomolecular (protein) corona in 2007, there have been >100 reviews
concerning the nanoparticle protein corona and its impact on nanoparticle

biological fate.®°
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The protein corona is dynamic in nature and its composition changes over
time because of continuous protein interactions (Figure 1.4). As
aforementioned earlier in this introduction, nanomedicines have various
different physical and chemical characteristics, which dictate their affinity for

various types of proteins and biomolecules following administration.

During the initial stages of exposure to biological media (e.g., serum) following
injection, the proteins occurring at high abundance in serum such as albumin
and apolipoproteins, will adsorb on the nanoparticle surface and form the soft
protein corona. These proteins do not necessarily bind at a high affinity to the
nanomedicine. However, during extended exposure to the circulatory system
and interstitial fluids under shear flow, higher affinity proteins occurring at a
lower abundance will adsorb onto the nanoparticle surface to form the hard
protein corona as described by the Vroman effect (Figure 1.5).>' The high
abundance low affinity proteins will be replaced by higher affinity proteins over
time until an equilibrium state is achieved. This is the reason why the protein
corona composition often does not reflect the naturally occurring abundance
of proteins in circulation. Moreover, as the nanomaterial under circulation
undergoes organ biodistribution and experiences different fluid shear flow
rates and protein compositions, the composition of the protein corona will be

continually altered.>?
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Figure 1.5 The dynamics of protein corona formation during initial (soft) and
late (hard) exposure of nanoparticles to biological media (Created in

Biorender).

The biological identity of nanoparticles changes in response to protein corona
formation, which in turn dictates their biological fate. Following protein corona
formation, many nanoparticle physicochemical properties such as size, shape,
and surface chemistry are altered. These changes subsequently impact the
cellular uptake, drug release and biodistribution profiles of nanoparticles.53
The interactions between nanoparticles and proteins, and protein-protein
interactions may induce protein misfolding and aggregation, which increases
the immunogenicity risk of nanoparticles and a reduced circulation time for
nanoparticles due to increased elimination by the MPS and may elicit an
immune response and damage healthy tissues. There is a concern that
surface ligands present in actively targeted nanoparticles will have their

function eliminated or reduced following protein corona formation.%

The composition of the protein corona is primarily proteins, however there are
other biomolecules present including sugars, lipids and nucleic acids.%®
Analysis of the protein corona and its impact on nanoparticle physical and
compositional properties is crucial to developing our understanding of the

biological interactions of nanoparticles and their subsequent fate.
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1.4 Factors influencing the nanoparticle protein corona beyond nanoparticle

properties

Blood Flow

Most nanomedicines are intended for intravenous administration; therefore, it
is of paramount importance during the development of a new nanomedicine
to profile the interactions taking place between nanoparticles and blood
protein components. While many studies have profiled the protein corona in
response to incubation with blood plasma and serum components, very few
studies to date have considered how these interactions occur under

hemodynamic conditions, and in the presence of blood flow.

A nanoparticle injected intravenously, will experience a high degree of shear
resulting from blood velocities it will encounter throughout the circulatory
systems. For example, blood velocities of 0.85 cm/s and 8.5 cm/s have been

reported for veins (median cubital vein) and arteries, respectively.%

In considering haemodynamic effects on nanoparticles, the following

assumptions can be made:

Vasculature is cylindrical and based on rigid tubes, despite compliance
resulting from the presence of elastic smooth muscle layers. Blood is assumed
to be a Newtonian fluid, though the presence of blood cells and
biomacromolecules renders it essentially non-Newtonian. The blood flow to
which a nanoparticle is subjected is constant, not accounting for heartbeats,
pulses, or entrance to capillary beds within the vascular tree. Based on these
assumptions the Haagen-Poisseuille’s law®” can be applied to estimate the
shear stress to which a nanoparticle is being subjected in the circulatory

system.

T = 8.11.3 Equation 1.1

Where tis the shear stress, u the viscosity of blood, u the velocity of blood

flow, and d the diameter of the vessel.

The Haagen-Poisseuille equation shows that shear stress is directly

proportional to the diameter of the blood vessel and the reciprocal of the vessel

16



diameter. For example, based on this model, the shear stress experienced in
the aorta will be up to ~10 dyn/cm, while in the capillaries the shear stress will

increase up to 55 dyn/cm.5%8

Recent studies investigating nanoparticle interactions with biological media
have considered the introduction of flow into experiments to compare how flow
and shear stress impacts the range and extent of protein corona formation
with nanocarriers.® Though the role of flow in protein corona composition has
been increasingly recognised; however, only a limited number of studies have

adopted these conditions.5%:60

In recent years the increased availability of commercial lab on a chip-based
microfluidics systems has offered the scope to study the interactions occurring
between nanoparticles and biomolecules under flow in systems mimicking
haemodynamic conditions. However, studies using such approaches in the

literature are currently lacking.
Composition of the biological media and environmental parameters

Several environmental parameters are known to play a key role in mediating
nanoparticle interactions with cellular and biological systems, particularly the
formation of the nanoparticle protein corona during in vitro screening

experiments.%’

Screening cellular uptake of nanoparticles is a routine experiment performed
during the early evaluation of prototype nanoparticulate delivery systems prior
to their preclinical evaluation. Prior studies have reported that the exposure of
nanoparticles to fetal bovine serum enhances the cellular uptake of chitosan
nanoparticles and alters their biodistribution due to the presence of proteins
such as lipoproteins in serum that interact with and adsorb onto nanoparticle

surfaces.®2

Partikel et al demonstrated that the composition of human serum and
concentration used in protein corona studies has significant potential to impact
the nanoparticle protein corona for poly(lactic-co-glycolic) acid
nanoparticles.®3 Beyond the effects of serum protein composition and protein

concentration-dependency, they also showed that the physiological

17



environment to which the nanoparticle is exposed, significantly impacts

nanoparticle cellular interactions.%3

Environmental pH has been shown to influence the surface adsorption of BSA
in silicone oxide nanoparticles, concluding that electrostatic contributions can
be significantly altered by pH of the test medium explored.®* These findings
overall have implications for screening nanoparticle biological interactions in
media mimicking blood or the tumour microenvironment, since the tumour pH
is slightly acidic in nature, which may alter the range of electrostatic
interactions occurring between nanoparticle systems and tumour cells under
acidic pH (pH 6-7).%% Variations in incubation temperature conditions in
combination with media pH alterations regulate interactions between
nanoparticles and biological media, through altered protein conformations
resulting in different charge distribution profiles on protein molecule

surfaces.%®

Temperature conditions under which nanoparticles are incubated with
biological media, will also impact the protein corona content. A survey of the
nanomedicine protein corona analysis literature reported that the use of
physiologically relevant temperature was reported in up to 75% of studies
within the field, whereas no incubation temperature was reported in 10% of

the literature.®”

With the composition of the nanoparticle protein corona being impacted to
such a large extent by variables during incubation with protein containing
media, there is a critical need within the field to define gold standard incubation
conditions for evaluating the nanoparticle protein corona. Defining such
approaches requires a consideration of the composition of the incubation
media, pH, temperature and total protein concentration. This becomes
particularly relevant in the context of the biology being targeted by the
nanomedicine and the use of systems that adequately simulate the biological

system to which the nanomedicine will be exposed.
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1.5 Techniques used to isolate the nanoparticle protein corona from biological

media

Since understanding the protein corona range and concentration of surface-
adsorbed proteins is essential, comprehensive analysis of the nanoparticle

protein corona needs be performed. This may be achieved through:

i) physical separation of the nanoparticles from biological incubation
media, or
i) the in-situ separation and analysis of the nanoparticle protein corona.

A key challenge in the development and implementation of approaches for
nanoparticle isolation/resolution from biological media, is balancing the
alterations in the corona composition during the process of separation against

background matrix effects during in situ measurements of the protein corona.

Generally, any separation-based technique will result in alterations in the
protein corona, particularly since all approaches can alter the equilibrium of
free unbound and adsorbed proteins. Most separation techniques will result in
the soft corona being removed, which has significantly restricted the existing
body of knowledge on the composition and characteristics of the soft corona
to-date. Most existing knowledge on the nanoparticle protein corona at present

is based on the analysis of the hard protein corona.

The importance of the protein corona in determining the biological fate of
nanoparticles has been established in the previous sections of this report.
Therefore, it is also crucial to understand the advantages and limitations of
existing techniques used for the isolation of nanoparticles from biological

media, for the downstream characterisation and analysis of the protein corona.

Current methods for nanoparticle recovery following incubation with biological
media include i) centrifugation-wash, ii) magnetic isolation, iii) size exclusion

chromatography (SEC), and iv) flow field-flow-fractionation (AF4) modes.

Centrifugation-wash recovery is the most widely used technique because it
can be optimised for many different nanoparticles (centrifugation times and
speed) and is the most widely accessible approach for nanoparticle isolation

for most labs worldwide. However, there are limitations associated with
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centrifugation-based recovery, which need to be considered. These may
include the loss of the soft protein corona and false negatives resulting from
the dissociation of proteins from nanoparticles due to the centrifugation speed.
Further limitations include the possibility of false positives caused by long
centrifugation times and high speeds, which may cause protein aggregation
and nanoparticle agglomeration. Centrifugation based isolation is also not
ideal for low density nanoparticles since the lack of density differences with
the bulk protein media may lead to low recovery yields. However, the
development of a sucrose cushioning gradient has been explored as an
approach, which allows for the isolation of different nanoparticle -protein

corona components based on size.*°

Magnetic-based isolation is another method for the recovery of nanoparticles
from biological media and is typically used for magnetic iron oxide
nanoparticles. While this method is considered to cause less damage to the
protein corona in comparison to centrifugation-resuspension and reduces the
risk of protein aggregation from high gravitational forces, there is still an
increased risk of agglomeration, which correlates with nanoparticle size.
Therefore, magnetism is preferable for smaller-sized nanoparticles (< 10 nm).
This technique is overall quite limited in its use and may interfere with other

analytical techniques.®8

Size-Exclusion Chromatography (SEC) is considered a gentler technique for
the recovery of nanoparticles from biological media and causes minimal
damage to the protein corona. In SEC, nanoparticles are typically too large to
enter the pores in the stationary phase; thus, only the proteins enter this phase
which allows for the separation. This method of separation allows for the
determination of the association rate of proteins to the nanoparticle surface,
to measure protein corona thickness and to separate nanoparticle-protein
complexes into fractions which can be further analysed using multiple inline
detectors (typically UV and light scattering) or for downstream offline analyses.
The main limitation of SEC use, is the loss of materials resulting from protein
and nanoparticle interactions with the stationary phase, dilution effects from

the mobile phase and the pressure applied to the column, which can each
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reverse the protein corona composition or nanoparticle agglomerates

formed.?2

Asymmetric Flow Field Flow Fractionation (AF4) is a technique which
separates nanoparticle -protein complexes from bulk protein media through
the presence of a crossflow which takes place between a non-porous plate
and a porous plate covered in a membrane which allows eluted proteins to
pass the membrane, and the nanoparticles are retained. This technique can
separate nanoparticle-protein complexes with very little to no damage to the
protein corona and is able to analyse complex nanoparticulate systems. With
a recent study showing AF4-based separation techniques are able to retain
the weakly associated soft corona proteins, which can then be collected for
further downstream analysis. % A wide range of techniques such as multi-
parametric surface plasmon resonance are currently being explored for soft
corona protein characterization but this remains underreported in the literature

at the time of this thesis.”®

Furthermore, AF4 can be coupled to additional inline detectors and can
measure key nanoparticle characteristics including size, density and shape
(critical quality attributes). The main limitation of AF4 as a technique is that the
equipment is costly, method development is time-consuming, and AF4 run

parameters must be optimised for each analyte type prior to data acquisition.””
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The concept of AF4 based separation is illustrated as follows:
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Figure 1.6 Schematic representing the principle of flow field flow fractionation

for the resolution of different species according to size. (Created in Biorender).

1.6 Techniques used to analyse the nanoparticle-protein corona

Most approaches for the analysis of the nanoparticle-protein corona rely on
the separation of nanoparticle-protein complexes from bulk biological
incubation media, which for compositional analysis of the protein corona is
followed by desorption of the protein content from the nanoparticle. Previous
work has shown that some protein corona constituents with a high affinity for
nanoparticles are not desorbed adequately and are consequently not

identified during analysis.”?

Taking into consideration the challenges in profiling the nanoparticle protein
corona, and a lack of harmonisation efforts in the field to introduce
consistency, a more detailed knowledge of the approaches used for analysis

of the nanoparticle protein corona is required, which | review in this section.

Generally, two broad approaches are applied to the analysis of the
nanoparticle protein corona- which may be referred to as direct or indirect in

nature.
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Direct protein corona characterisation techniques can be further classified into
two categories, qualitative techniques that directly identify the identity of the
proteins which are adsorbed onto the nanoparticles. Examples of these
techniques include sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and liquid chromatography-mass spectrometry
proteomics-based analysis of the nanoparticle protein corona composition
based on identity and abundance of proteins.”3’4 Furthermore, this category
includes techniques that identify the conformation of proteins such as circular
dichroism (CD).”® The other category includes quantitative techniques which
can be used to determine the total protein concentration adsorbed onto the
nanoparticle surface, and includes the use of colorimetric protein
quantification assays (Bradford protein assay, Bicinchoninic acid (BCA) assay)

and liquid chromatography-mass spectrometry.’®
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These approaches are summarised and depicted as follows;
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Figure 1.7 Summary of the range of techniques used to profile the
nanoparticle protein corona. Adapted from (Carrillo-Carrion, Carril and Parak,
2017). Created in Biorender.”® FTIR: Fourier transform infrared spectroscopy,
LC-MS: Liquid chromatography-mass spectrometry, ICP-MS: Inductively-
coupled plasma mass spectrometry, TEM: Transmission electron microscopy,
MS: Mass spectrometry, SDS-PAGE: Sodium dodecyl! sulfate-polyacrylamide
gel electrophoresis, ELISA: enzyme-linked immunosorbent assay, ITC:

Isothermal titration calorimetry, QCM: Quartz crystal microbalance.

The Bradford and BCA assays are simple colorimetric protein quantification
assays, which can be used to calculate the total protein concentration in a
sample. Prior to performing an experiment, it is crucial to perform preliminary
studies to determine the compatibility of the formulation buffer and
nanoparticles with the assay to ensure accurate results, since some
nanoparticle materials can interfere with these assays through background
colorimetric contributions to the sample. Protein quantification assays are
often performed prior to SDS-PAGE fingerprinting of the protein corona to
ensure that the same concentration of protein is loaded into each well to allow
for semi-quantitative comparison (i.e., normalisation of the total protein

content loaded onto each gel lane).””
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SDS-PAGE is a technique which separates proteins in each sample based on
their molecular weight and electrophoretic mobility under an applied electrical
charge, which can then be compared to a known reference on the ladder to
determine the protein’s estimated molecular weight. This technique can also
be used to investigate the affinity of certain proteins for specific nanoparticles
by identifying the difference in protein composition fingerprint following protein
corona formation in different nanoparticles. As SDS-PAGE can only provide
qualitative information on the composition of the protein corona it is often
followed up with mass spectrometry for quantitative fingerprinting of the
protein corona composition.”® Using techniques such as liquid
chromatography in tandem with mass spectrometry, and inductively coupled
plasma-mass spectrometry (inorganic nanoparticles) it is possible to perform

highly robust identification and quantification of proteins.”®

The main limitation direct protein corona characterisation techniques face is
that protein-nanoparticles need to be isolated from the incubation media (e.g.
serum) to ensure that unbound proteins from the bulk incubation media do not
interfere with measurements. As previously discussed, the soft protein corona
is composed of low affinity proteins and during current isolation techniques
often result in the desorption of these proteins, such that only the hard protein

corona is analysed.8°

Indirect techniques such as dynamic light scattering (DLS) and nanoparticle
tracking analysis (NTA) are optical particle metrology tools used to measure
changes occurring in nanoparticle size distributions and polydispersity

following protein corona formation.

1.7 How nanoparticle characteristics affect protein corona formation and

composition

The physical and chemical properties of nanoparticles determine the biological
fate of nanoparticles. Protein corona formation alters these properties which
subsequently impacts the biological fate of nanoparticles. In this section we
will focus on how these different properties impact protein corona formation

and the subsequent impact on biological interactions.
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A general trend can be observed on the effect of nanoparticle size on the
protein corona, with smaller nanoparticles adsorbing a larger quantity of
proteins due to a larger surface area. However, a study performed by (Partikel,
K. et al. 2019) 8" compared the changes in protein corona formation between
PLGA nanoparticles of varying sizes (i.e., 100 and 200 nm) following
incubation with foetal bovine serum (FBS) to induce protein corona formation,
concluding that the difference in protein adsorption was independent of

nanoparticle size.

The surface functionality of nanoparticles is an important factor for protein
corona formation and many different surface functionalisation have been
explored in the design of nanoparticles to enhance their circulation time. This
strategy is referred to as ‘stealthing’ and reduces the clearance of
nanoparticles by the MPS, prolonging their circulation time and reducing
accumulation in the liver and spleen.®? The PEGylation of nanoparticles is one
of the most common surface modification strategies employed to mitigate for
MPS clearance. In one study, PLGA nanoparticles were PEGylated, and
protein corona formation was compared between non-PEGylated and
PEGylated nanoparticles. The results from this study showed a significant
reduction in the quantity of proteins adsorbed onto PEGylated nanoparticles
with a significant reduction in proteins involved in the immune response such
as complement proteins.8" The PEGylation of nanoparticles reduces the
quantity of opsonin proteins bound onto nanoparticles surface, which reduces
their interactions with the complement system and thereby increasing their
circulation time. PEGylation stealthing can also render nanoparticles more

hydrophilic, offering formulation advantages.®3

The shape of nanoparticles plays an important role in protein corona formation
with a study comparing two nanoparticles with identical physicochemical
properties and different morphologies (rods and spheres). These
nanoparticles were incubated in human serum and the results showed that
rod like nanoparticles adsorbed a significantly larger number of proteins when
compared to spherical nanoparticles. The impact of shape on the protein
corona was further highlighted in this study which showed that the composition

of the protein corona in rod-like nanoparticles contains 57% immunoglobulins
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while spherical nanoparticles only had 42% immunoglobulins and this

difference will have a significant impact on the biological fate.®*

Another study investigating the role of hydrophobicity reported that
hydrophobic gold nanoparticles adsorbed 2.1-fold more proteins when
compared to hydrophilic nanoparticles, caused by an increase in hydrophobic
interactions. This study identified that the composition of the PC was mainly
smaller nanoparticles (< 50 kDa) negatively charged nanoparticles showing a
higher affinity for hydrophobic nanoparticles. Furthermore, it was identified
that the protein composition of nanoparticles was also impacted by
hydrophobicity, with certain proteins preferring hydrophobic nanoparticles
(albumin), others prefer hydrophilic nanoparticles (vitronectin) while some
proteins (apolipoproteins) showed no preference.?3 The general trend is that
negatively-charged nanoparticles will typically adsorb a larger amount of
proteins, however a study performed by 8 showed that PEGylation of
nanoparticles will also overall decrease the amount of adsorbed proteins and

may be a method to mitigate for the impact of surface charge.

1.8 The impact of protein corona formation on nanoparticle biological fate

The lack of understanding of the biological interactions governing
nanoparticle-protein interactions and their downstream effects is one of the
key obstacles faced in the translation of nanoparticles. Therefore, it is
important to develop knowledge of how the protein corona leads to changes
in nanoparticle biological fate, in order to inform the rational design of next-

generation nanomedicines.86

Protein corona formation is one of the main obstacles, which actively targeted
nanoparticles face as the adsorption of proteins reduce the targeting ability of
nanoparticles and their organ biodistribution. A study with silica nanoparticles
showed that protein corona formation led to the loss of targeting ability for
these nanoparticles.®” The targeting ability of nanoparticles following protein
corona formation is dependent on the method of targeting ligand conjugation
and the affinity of the targeting ligand. Studies have shown that protein corona
formation leads can reduce the interaction of targeting with the target

receptor.888% Conversely, another study showed that nanoparticles incubated
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with human serum albumin demonstrated enhanced targeting ability. Albumin
was shown to reduce the clearance of nanoparticle by the MPS, which

increased the probability of nanoparticles reaching their target site.®

The formation of the protein corona can impact the cellular uptake of
nanoparticles, with reports of the mechanism of uptake changing from
micropinocytosis to CDE for lipid nanoparticles following protein corona
formation. These findings were also observed in another study in which protein
corona formation changed the uptake pathway from CDE to CME in lipoplexes

due to aggregates forming and increasing nanoparticle size.®

We have discussed the mechanisms by which nanoparticle protein corona
formation can increase the toxicity of nanoparticles; however, the reverse
trend is also true in some instances. For example, Zinc oxide and silver
nanoparticles have a surface chemistry which leads to the formation of
reactive oxidative species (ROS), which can cause toxicity and cell death.
However, studies have shown that the formation of the protein corona can
alter their surface chemistry and reduce the formation of ROS therefore

making these nanoparticles more biocompatible.®’

The formation of the protein corona has also been demonstrated to impact the
release profile of payload drug from nanoparticles. For example, this has been
demonstrated with Abraxane, where following protein corona formation
nanoparticles showed a significant reduction in the burst effect, furthermore
porous silica nanoparticles loaded with camptothecin showed a complete loss

of drug release following protein corona formation.%°

Overall, in this section we highlight the need for the case-by-case analysis of
novel nanomaterials for downstream biological effects of the protein corona

on biological fate in the context of nanomedicine safety and efficacy profiles.
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1.9 Analytical techniques used to measure protein corona impact on

nanoparticle physicochemical properties

Currently, the most used measurement techniques for the analysis of changes
occurring in nanoparticle size, include DLS and NTA for the characterisation
of nanoparticle suspensions and it is important to understand the advantages

and limitations of each technique to ensure accuracy and reproducibility.

Dynamic Light Scattering (DLS)% measures nanoparticle size through
tracking fluctuations in the scattered light intensity resulting from the Brownian
movement of nanoparticles. It is a quick and relatively accurate technique for
determining the size of nanoparticles. When an incident beam of laser light
encounters nanoparticles and biomacromolecules undergoing Brownian
motion, the light will be scattered in all directions, which can be attributed to
the particle size and morphology. By solving the intensity fluctuations over
time, a diffusion coefficient can be determined that is related to the
hydrodynamic size of the particle, viscosity of the solvent in which the sample

is dispersed and the temperature.®3

_ KT
- 6nnD

Ry Equation 1.1.2

Where Rj represents the hydrodynamic radius, k the Boltzmann constant, T
the temperature, n the viscosity of the dispersant, and D the measured

diffusion coefficient.

However, the main limitation of this approach is that it is very sensitive to the
presence of aggregates and the size measurement in highly polydisperse
systems may not truly reflect the sample as due to angle dependency of light
scattering intensity, measurements are often biased to larger particles (due to
the scattering intensity depending on the 6" power of the size of the molecule)
will cause more light scattering when compared to smaller ones. The signal
obtained from DLS is also very dependent on the sample optical properties,
including the size and concentration of molecules, requiring optimisation of

analyte concentration ranges.

Nanoparticle Tracking Analysis (NTA) is similar to DLS in that it also uses

Brownian movement of nanoparticles and light scattering to measure
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nanoparticle size distributions contained within a sample. However, this
method tracks single particles with a high resolution and can provide accurate
size distribution information in highly polydisperse samples allowing the
detection of multiple peaks. The main advantage of NTA over DLS is that this
method does not show any bias in terms of aggregates although this method
has a few drawbacks including the need to optimise many parameters such
as camera levels, and particle concentration. Furthermore, NTA is a
complicated and time-consuming method which can take up to 5-60 mins per

measurement.%

Table 1.2 summarises and compares different nanoparticle characterisation
techniques currently available for the analysis of the nanoparticle protein

corona.
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Table 1.2 Comparison of techniques that can be used for the analysis of nanoparticle suspensions. Adapted from (Modena

etal, 2019) %

Technique

Measured
Parameters

Advantages

Limitations

DLS

NTA

Electrophoretic
light scattering
AF4

SEC

Size (5 nm- 10 pm)

Size distribution
(Intensity)

Size (30 nm- 1 pm)

Size  distribution
(number-based)
Particle
concentration

Zeta Potential

Size (1-10,000

nm), zeta potential
in EAF4 mode

Size (1-200 nm)

Size  Distribution
(population based)

Rapid

Provides data on colloidal
stability in solution.

Can analyse one nanoparticle
at a time so can be used to
analyse samples with high
polydispersity

Rapid and same system as
DLS (zetasizer)

High resolution separation of
polydisperse samples, with
simultaneous inline analysis
of particle size and geometry
Can separate samples with
high polydispersity into highly
monodisperse fragments.

Biased towards
aggregates.

Provides no information
on shape.

Difficult to use and
time-consuming

Not suitable for all

materials the
nanoparticles must be
highly scattering

Indirect estimation from
electrophoretic mobility
Poor recovery,
limitations in resolution,
limit of detection

Dilution effects,

adsorption to column
matrix materials
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The main advantages of using NTA is that it can measure the changes
occurring in nanoparticle size following incubation with protein-containing
media without the need for prior nanoparticle isolation from incubation media.
This is advantageous because during isolation of nanoparticles from media,
the protein corona can be altered by the recovery method. However, the
limitations of these techniques need to be taken into consideration as the
background signal from sample buffer may interfere with the ability of NTA to

accurately measure nanoparticle size and particle concentration.

A study was performed using silica nanoparticles to compare measurement
techniques (DLS, NTA, X-ray scattering and centrifugal liquid sedimentation)
for these nanoparticles when in cell culture and the study found that DLS data
was no longer usable and that the size of nanoparticles in NTA were
significantly higher. Centrifugation was able to differentiate between
agglomerates of different sizes however the limitations of this method must
also be considered as false positives are common due to high centrifugation

times and gravitational forces.%

AF4 has previously been used in combination with DLS to provide the size of
nanoparticles without prior isolation which overcomes the technical limitations
of DLS to provide accurate size distribution of nanoparticles. The development
and optimisation of AF4 coupled with techniques such as DLS and NTA may
be a viable pipeline for the characterisation of nanoparticles in situ in their

incubation media without damaging the protein corona.%’

1.10 The model nanoparticles used in this thesis

Polystyrene latex nanoparticles dispersed in ultrapure water as stable
individual particles, and due to the properties of particles on the nanoscale
these systems have attracted interest for many different uses including use as
a model for nanocarriers.®® For the purpose of this thesis, we will be latex
polystyrene (100 nm) nanoparticles with amine-modified and carboxylate
surface modifications, representing different surface charge properties.

Polystyrene is an aromatic polymer which is synthesised via the

polymerisation of styrene monomers which results in the spontaneous
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formation of spherical nanoparticles. The polymerisation reaction is initiated

using an initiator for example potassium persulfate.®

I—t——T

— -—n

Figure 1.8 Graphical representation for the polymerisation of Styrene to form
latex polystyrene beads. (A) showing the chemical structure for the monomer

styrene and (B) showing the chemical structure for the polymer polystyrene.

The polymer chains formed will coil and entangle due to the aromatic benzene
ring and the polymerisation step ends when two chains react to form a
sulphate-terminated polymer chain. The polymerisation phase ends when two
polymer chains react to form a sulphate-terminated polymer chain. Sulphate
is a negatively charged ion which can be found on the latex polystyrene
nanoparticle surface, which is why polystyrene latex nanoparticles carry a
negative surface charge.'® Furthermore, the latex nanoparticle surface is also
hydrophobic due to the presence of the benzene rings, mimicking hydrophobic

nanocarrier based systems.

There is a high interest for the use of polystyrene nanoparticles as models to
study protein corona formation and composition because of their availability in
many different sizes (0.1- 3.0 ym) and high colloidal stability. Furthermore,
these nanoparticles can be labelled with a range of fluorescent dyes and
surface modification can be performed (PEGylation and amine modification)
to mimic different surface chemistries. There are currently > 60 different
studies, which mention the use of polystyrene nanoparticles for studying

nanoparticle protein corona formation.%°
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The surface modification of nanoparticles is a technique used to alter the
physiochemical properties of nanoparticles, which subsequently impact their

interactions with biomolecules.

The amine modification of nanoparticles leads to a change in the surface
charge with the zeta potential becoming more positive, which in turn will
impact the identity of surface-adsorbed proteins and may affect the colloidal
stability of the nanoparticles making them less stable and more prone to

agglomeration.'%!

Polystyrene latex nanoparticles will be characterised in this thesis using
orthogonal sizing techniques, including dynamic light scattering (DLS) and
nanoparticle tracking analysis (NTA) to measure nanoparticle size.
Electrophoretic light scattering (ELS) and electric asymmetric flow field flow
fractionation will be used to measure electrophoretic mobility and zeta
potential under formulation conditions (baseline control) and following

exposure to media containing serum.

1.11 Hypothesis, aims and objectives.

The hypothesis of this thesis is that existing pipelines for the isolation of
nanoparticles from biological media during screening of the nanoparticle
protein corona can be improved. An improvement in existing pipelines is
underpinned by developing our knowledge of the fundamental role of different

nanoparticle isolation protocols and analytical approaches.

Nanoparticle physicochemical properties for drug delivery include a narrow
particle size distribution between 100-200 nm (PDI<0.2), targeting capability,
long shelf lives, high drug loading capacity (> 10%) and responsive drug
release in the target tissue. However, all these factors can be altered following
the introduction of nanoparticles to biological media and cellular environments

during administration in vivo.

The overall aim of this thesis is to characterize the impact of nanoparticle
isolation parameters, which can overall control the nanoparticle physical and
chemical identity, with a direct focus on how these approaches alter the size

properties of different nanoparticle surface charges.
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For this purpose, | used polystyrene latex nanoparticles with different surface
modifications, representing positively- and negatively-charged nanopatrticles.
The rationale for selecting these nanoparticles as a model system is that they
are not biodegradable, eliminating an additional variable during biorelevant

assay development for studying nanoparticle-protein interactions.

The main aim of this can be divided into three experimental chapters which

are structured as follows:

Chapter 1 provides a broad introduction to nanomedicines, the nanoparticle
protein corona, and the current state of the art for the analysis of the

nanoparticle protein corona.

Chapter 2 describes an evaluation of the impact of incubation duration and
nanoparticle isolation approaches on nanoparticle physicochemical
properties, considering centrifugation-resuspension and in situ nanoparticle
tracking analysis. The impact of physiologically relevant flow conditions on the
relative composition of the protein corona and nanoparticle size and charge

parameters was analysed.

Chapter 3 details the optimisation and application of AF4 for the high-
resolution separation of nanoparticles from bulk protein containing media and
the range of parameters that can be inferred and monitored using this
approach. | investigate the impact of linear and decay profiles on the quality
of separation (resolution) and recovery of nanoparticles for downstream
multidetector analysis. These findings are compared with orthogonal analytical
approaches such as NTA in fluorescence and scattering modes. Using this
approach, the utility of AF4-MD in profiling the nanoparticle protein corona
physical parameters is explored. Findings from chapter 3 are compared with

the centrifugation-resuspension approach detailed in chapter 2.

Chapter 4 outlines the application of electric flow field flow fractionation
(EAF4), using electric fields as a means for resolving different species based
on electrostatic charge. In this chapter the use of EAF4 hyphenated with
multidetector approaches is explored for the charge-based separation and
analysis of nanomaterials and their interactions with protein-containing media

in response to protein corona formation.
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In this chapter, | also compare the EAF4 approach to resolution of
nanoparticles from protein-containing media with the latest mode of
nanoparticle tracking analysis in fluorescence and scatter mode, comparing
my observations with findings in Chapters 2-3. Overall, EAF4 was found to be
useful as a technique for studying both the morphology and the impact of
surface electrostatic effects resulting from protein surface adsorption onto

nanoparticles.

Chapter 5 discusses the overall outcomes of this thesis and future work

directions.
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Chapter 2 Nanoparticle isolation from biological media
for protein corona analysis: The impact of incubation and

recovery protocols on nanoparticle properties

This chapter contains the results from the published article in the Journal of
Pharmaceutical Sciences (Daramy, K; Punnabhum, P, Hussain, M; Pei, Y,
Minelli, C; Rattray NJW; Perrie, Y.; Rattray, Z. Nanoparticle isolation from
biological media for protein corona analysis: The impact of incubation and
recovery protocols on nanoparticle properties, J Pharm Sci 2023,
https://doi.org/10.1016/j.xphs.2023.12.021). For this work, | designed,
analyzed, and carried out all the experimental work presented in this
manuscript and chapter. | also prepared the manuscript draft for submission.

Muattaz Hussain trained me on the use of the Bio-Rad gel imaging system.

2.1 Abstract

Nanoparticles are increasingly implemented in biomedical applications,
including the diagnosis and treatment of disease. When exposed to complex
biological media, nanoparticles spontaneously interact with their surrounding
environment, leading to the surface-adsorption of small and bio-
macromolecules- termed the “corona”. Corona composition is governed by
nanoparticle properties and incubation parameters. While the focus of most
studies is on the protein signature of the nanoparticle corona, the impact of
experimental protocols on nanoparticle size in the presence of complex
biological media, and the impact of nanoparticle recovery from biological
media has not yet been reported. Here using a non-degradable robust model,
| show how centrifugation-resuspension protocols used for the isolation of
nanoparticles from incubation media, incubation duration and shear flow
conditions alter nanoparticle parameters including particle size, zeta potential
and total protein content.
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Results show significant changes in nanoparticle size following exposure to
media containing protein under different flow conditions, which also altered
the composition of surface-adsorbed proteins profiled by SDS-PAGE. In-situ
analysis of nanoparticle size in media containing protein using particle tracking
analysis highlights that centrifugation-resuspension is disruptive to
agglomerates that are spontaneously formed in protein containing media,
highlighting the need for in situ analytical methods that do not alter the

intermediates formed following nanoparticle exposure to biological media.

Nanomedicines are mostly intended for parenteral administration, and our
findings show that parameters such as shear flow can significantly alter
nanoparticle physicochemical parameters. Overall, | show that the
centrifugation-resuspension isolation of nanoparticles from media significantly
alters particle parameters in addition to the overall protein composition of
surface-adsorbed proteins. From these results, it is recommended that
nanoparticle characterization pipelines studying bio-nano interactions during
early nanomedicine development consider biologically-relevant shear flow
conditions and media composition that can significantly alter particle physical

parameters and subsequent conclusions from these studies.

2.2 Introduction

Nanoparticle-based delivery systems have emerged as an attractive approach
for the safe and effective delivery of a diverse range of drugs through altered
organ biodistribution and controlled drug release.'%? Upon administration to a
biological system, colloidal nanoparticles will encounter and interact with
biomacromolecules and cells in their immediate environment over time,
following which spontaneous surface-adsorption of biomolecules including
proteins occurs. The protein corona- has a fundamental impact on the
chemical and biological identity of nanoparticles, and their subsequent

biological fate.”3:103
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Figure 2.1. Graphical representation of nanoparticle protein corona formation following introduction to
protein-containing media, and interaction with abundant proteins.

Formation of the protein corona is a process governed by nanoparticle
physical and chemical properties, and the composition of biological fluids to
which nanoparticles are introduced. A variety of nanoparticle,'% and biological
fluid composition parameters are known to influence this process.'%4
Knowledge of the protein corona composition and its impact on nanoparticle
physical and chemical characteristics is crucial for understanding protein
corona effects on the biological fate of nanomedicines, which can inform the
design of novel nanoparticle prototypes with pre-defined target organs,
release rates, immune responses, and circulation times.'%41% These
observations have been attributed to the formation of the surface-adsorbed
nanoparticle protein corona. More recently, the non-specific adsorption of
other biomolecules (e.g., DNA and sugars) has been considered to impact the
composition of the protein corona and lead to observed effects on nanoparticle
biological fate.'°31% Though associations between nanoparticle surface
charge, morphology and the composition of the protein corona have been
reported in numerous studies, a direct comprehensive link between
nanoparticle physicochemical properties, composition of the protein corona

and biological fate are yet to be established.

The composition of the nanoparticle protein corona is dynamic, complex, and
directly dependent on the makeup of the biological media to which the
nanoparticle is introduced. The adsorption and desorption rate for each protein
on the nanoparticle surface will dictate whether the protein remains as a
component of the irreversible corona layer (hard corona) or adsorbs and

desorbs (soft corona) in equilibrium with its surrounding environment.'” Many
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nanomedicines are intended for intravenous administration,'®® which will
subject them to the forces associated with blood flow rates within the
circulatory system, as well as biomolecules and cells contained within
blood.'%® Therefore, understanding the role of hemodynamic parameters as a
function of nanoparticle circulation time and techniques used to recover
nanoparticles for downstream analysis of protein composition, and their
implications for nanoparticle-protein interactions and subsequent cellular
effects is an important aspect requiring consideration in the early assessment

of nanoparticle biological performance.

To develop a deeper understanding of the correlation between nanoparticle
attributes and their biological fate, sample handling and preparation protocols,
including composition of the biological media, incubation conditions (i.e.,
temperature, agitation) as well as the recovery and analysis methods of

nanoparticles should be carefully considered and selected. 04105

Recent studies using liposome nanoparticles functionalised with an outer
polyethylene glycol (PEG) molecular layer have shown that protein corona
formation is governed by additional parameters beyond nanoparticle surface
charge.”? In addition, the conditions used for nanoparticle incubation with
protein containing media, their recovery procedure and the analytical method
need to be considered for the comprehensive assessment of novel
nanoparticle prototypes for biomedical applications and to enable

comparability across multiple studies.

The development process for nanoparticle-based drug formulations includes
the in vitro screening of cellular cytotoxicity,"" cellular interactions and
uptake,? and intracellular trafficking.'® Routine in vitro experiments typically
rely on either serum-free conditions or medium supplemented with foetal
bovine serum (FBS) to evaluate the rate and extent of nanoparticle cellular
uptake. Limitations associated with these experiments are the non-
competitive particle uptake when treating cellular systems with serum-free
media, and the lack of biologically-relevant cell culture conditions (i.e., flow,

3D structure).”
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The goal of the study reported in this chapter was to investigate the impact of
nanoparticle surface chemistry on interactions with media containing foetal
bovine serum concentrations used in routine cell culture conditions and the

resulting physical and chemical properties of the nanoparticle.

Previous work has shown the in-situ agglomeration of polymeric nano- and
micro-particles following administration to pre-clinical species, an aspect that
has not been investigated during in vitro assessment of nanoparticle
interactions with biological media.'4"'% Specifically, polystyrene latex
nanoparticles were used as a model nanoparticle system (due to minimal
polymer hydrolysis effects) and employ sample media with the same protein
content and composition as those studied for in vitro cellular experiments of
nanoparticle cellular uptake and biocompatibility evaluation. The
centrifugation-resuspension approach was investigated for recovering
nanoparticles from biological media, since this is the most routinely-used

method in the literature.®

In this chapter | demonstrate the differences in nanoparticle protein corona
impact on the physicochemical characteristics of nanoparticles in response to
different experimental protocols used for the isolation of nanoparticles prior to
analysis. With most nanoparticles intended for parenteral administration it
becomes crucial to understand the impact of physiological shear flow
conditions on nanoparticle-protein interactions and subsequent protein corona
formation. Here, the impact of existing nanoparticle recovery approaches and
shear flow conditions on nanoparticle parameters following exposure to

protein containing media were investigated.

While extensive evaluation of the protein corona composition has been
performed in nanoparticles to-date, the impact of co-incubation with protein
has been investigated to a lesser extent. Therefore, this study provided new
insights into how sample handling procedures during nanoparticle protein
corona recovery can have such profound impacts on sample characteristics

and the nanoparticle corona composition.
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2.3 Materials and Methodology

2.4 Materials

Unmodified (Cat #LB1, Merck, Glasgow, UK), carboxylate- (Cat #F-8803,
ThermoFisher, Renfrew, Renfrewshire, UK) and amine-modified (Cat #L9904,
Merck, Glasgow, UK) polystyrene latex nanoparticles were used for all the
measurements reported in this study. FBS was purchased from Fisher
Scientific (Invitrogen, Renfrew, Renfrewshire, UK) and centrifuged to remove
any large agglomerates prior to use. Phosphate-Buffered Saline (PBS) was
purchased from Fisher Scientific (Invitrogen, Renfrew, Renfrewshire, UK).
Mini-PROTEAN TGX precast Gels (Cat#4561094) and 4X Laemmeli sample
buffer (Cat#1610747) were purchased from Bio-Rad (Bio-Rad Laboratories,
Watford, Hertfordshire, WD17 1ET) used for SDS-PAGE analysis. The QC
Colloidal Coomassie Stain (Bio-rad, Hertfordshire, UK, #1610803) was used

for gel staining.

2.5 Methods
2.5.1 Sample Preparation

Polystyrene latex nanoparticles (100 nm particle diameter for all surface
chemistries) with different surface chemistries (unmodified, amine-modified,
and carboxylate-modified) stock were prepared to maintain the same polymer
equivalent concentration of 1 mg/mL (corresponding to a total polystyrene
latex nanoparticle number of ~ 1.83 x10'? particles/mL) across all samples
studied. The following equation was used to determine the total particle
concentration used in every experiment for consistent normalization of sample
concentration relative to protein across all three sample chemistries studied.

_ (6x1010) xsx Py
a X Pg x d3

N

(Equation 2.1)

Where S is the concentration of solids expressed in % w/w, d the diameter in
pm, P the density of latex in g/mL, and Ps the density of the bulk polymer in
g/mL. The concentration of foetal bovine serum (FBS) selected (10% w/v,

corresponding to 3.9 mg/mL total protein concentration), was used to
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represent the composition and concentration of protein used in cell culture-

based experiments.

Incubations in the absence of shear flow for protein corona incubation
experiments, polystyrene latex nanoparticles were dispersed in either PBS
(control), or PBS containing 10 %vol FBS and incubated for 2 hour and 24-
hour periods in a low protein-binding microcentrifuge tube in a temperature-

controlled room (37 °C).

Incubation of samples under flow for samples subjected to biologically relevant
flow conditions, a peristaltic pump (Cole Palmer, Cambridgeshire, UK) was
used to control flow and recirculate nanoparticle suspensions dispersed in
either PBS or 10% vol FBS were introduced to tubing (Cole Palmer, #WZ-
06411-62, 1.6 mm. inner diameter and 3.2 mm outer diameter) at 37 °C for 2
hours at (0.85 cm/s) and (8.5 cm/s) to mimic median cubital vein and arterial

blood flow conditions, respectively.%6:116

Nanoparticle recovery following incubation in either PBS or 10 %vol FBS in
the absence and presence of flow, was performed by three centrifugation-
resuspension cycles to remove unbound proteins from bulk incubation media.
Nanoparticle samples were subjected to three centrifugation-resuspension
cycles in a pre-chilled centrifuge (4 °C) to reduce any further nanoparticle-

protein, and protein-protein interactions.

2.5.2 Sample Analysis

Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering

A Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) equipped with a 633
nm Helium-Neon laser was used for all DLS measurements. Nanoparticle size
and polydispersity index (PDI) were measured prior to and following recovery
from incubation media (PBS control or 10 %vol FBS, following 2- and 24-hour
incubation) in non-invasive backscatter mode (173°). All measurements were
performed using three independent biological replicates, with five technical

replicates for each biological replicate.

Electrophoretic Light Scattering was performed to measure changes in the

zeta potential of the nanoparticles following recovery from incubation media,
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and the Smoluchowski approximation was used for data processing. All size
and zeta potential measurements were performed at 25 °C with 120 second
equilibration time. The mean (xstandard error) for each sample was

determined from five independent technical replicates.
Particle Tracking Analysis (PTA)

PTA measurements were performed to measure the number-based
distribution of the spherical-equivalent hydrodynamic diameter of particles
suspended in PBS (control particles and particles recovered following
incubation in protein-containing medium) and treatment medium (in situ
analysis). These measurements were performed using the NanoSight NS300
system (Malvern Panalytical, Malvern, UK) equipped with a 488 nm laser
module and a high-sensitivity CMOS camera. Five, 60-second videos were
acquired for all measurement and averaged. All samples were analysed under
constant flow conditions (flow setting 100) and at ambient temperature (~25
°C). The video capture parameters were set at a camera level of 6, with post-
processing analyses being performed at a detection threshold of 4. Data were
analysed using the NTA software (v3.4.0.0.3). Three biological replicates and

five technical replicates were performed for each sample.

2.5.3 Protein Quantification

Analysis of protein content was performed following a centrifugation-
resuspension protocol for the isolation of incubated nanoparticles from
incubation media. Isolated samples were treated with Laemmli buffer and
detergent overnight at ambient temperature (25 °C) under gentle agitation to
elute proteins, followed by centrifugation to recover the proteins. The total
protein content was quantified using the 660-nm protein assay (ThermoFisher,
Rockford, USA) as per the manufacturer’s instruction, and absorbance
measurements were performed at 660 nm using a FlexStation Il Microplate

Reader (Molecular Devices, UK).
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2.5.4 SDS-PAGE

The composition and relative abundance of proteins eluted from the
polystyrene latex nanoparticles was analysed with SDS-PAGE. In brief,
following quantification of the total protein content eluted from isolated
polystyrene nanoparticles, a sample containing 20 ug of protein was loaded
onto each lane of a Mini-Protean 4-20 % Pre-cast gel. The Coomassie Stain
was used to stain all gels as per manufacturer instructions. All gels were

imaged using the Bio-RAD Gel Doc EZ imaging system.

2.5.5 Statistical Analysis

Unless otherwise stated, all experimental conditions were performed using a
minimum of three biological replicates, and a one-way analysis of variation
(ANOVA) was performed to compare the impact of incubation parameters on
nanoparticle properties. A Shapiro-Wilks normality test was performed on all
datasets, and for non-normal data the Kruskal-Wallis test was used to
compare nanoparticle samples subjected to flow conditions versus non-
incubated baseline conditions (Control). All statistical analyses were

performed in Prism (v. 8.0.1).

2.6 Results

Nanoparticle analysis following treatment with protein containing media and a
comparison of centrifugation-resuspension effects versus in situ
measurements with PTA Multiparametric measurement of changes occurring
in polystyrene latex nanoparticles following treatment in protein-containing
media (10% vol, corresponding to 3.9 mg/mL total protein concentration) was
carried out following incubations up to 24 hours at 37 °C. Global patterns of
nanoparticle parameter changes were tracked to map changes as a function

of incubation time and nanoparticle surface chemistry.
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Baseline critical quality attributes of polystyrene latex nanoparticles
Analysis of polystyrene latex nanoparticle physical stability in PBS

Prior to performing studies of polystyrene latex nanoparticle interactions with
FBS containing media, their stability was studied under refrigerated and at
physiologically relevant temperature in PBS for up to 24 hours. DLS was used

to measure any changes occurring in nanoparticle size and zeta potential.

A summary of the parameters obtained from this analysis across the three

different nanoparticle surface chemistries is represented in Table 2.1.
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Table 2.1 Measurements of particle size (mean * standard deviation), polydispersity index (PDI, mean + standard deviation), and zeta potential for latex polystyrene
and amine-modified latex nanoparticles dispersed in PBS and water as measured using the Zetasizer Nano ZS at (4 and 37 °C).

Samples Temperature Size PDI Zeta potential
(°C) (nm) (mV)

Unmodified 4 127+1.2 0.04+£0.02 -38.8+1.0
Unmodified 37 128+2.3 0.03+£0.01 -38.8+1.0
Amine-modified 4 94+4.0 0.08+0.01 62.5+1.2
Amine-modified 37 94+1.8 0.07£0.02 62.5£1.2
Carboxylate- 4 113+0.6 0.01+0.0.01 -36.9+1.0
modified

Carboxylate- 37 112+0.4 0.01+0.01 -36.4+1.1

modified
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Following the establishment of stability in the buffer in the absence of protein,

polystyrene latex nanoparticles were incubated for 2- and 24-hour durations

at 37 °C. Corresponding trends for each particle type in response to incubation

are represented in Figure 2.2:
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Figure 2.2 Differential trends in nanoparticle physicochemical parameters following incubation with
protein containing media and isolation using centrifugation-wash. Mean (+ standard error) z-average
and polydispersity index (PDI) measured by DLS (A-C), and corresponding mean (tstandard error) zeta
potential for polystyrene latex nanoparticles (unmodified, amine, and carboxylate) nanoparticles (D) and
changes in mean (tstandard error) measured protein concentration at 2- and 24-hour incubations (E)
for nanoparticles recovered from media containing 10% vol FBS (3.9 mg/mL total protein concentration)
following a 2- and 24-hour incubation using the centrifugation-resuspension approach (n=3). All
nanoparticles were recovered using the centrifugation-resuspension approach (n=3). * P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001, ns: non-significant, following a Kruskal-Wallis for (A-C) and a single
factor ANOVA for E.
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Measured baseline characteristics for each nanoparticle were in the
manufacturer specified size range (100 nm diameter, PDI <0.1). The z-
average significantly increased from baseline (0 hr) to 24 hr treatment for
amine-, carboxylate- modified and untreated polystyrene latex nanoparticles
with 126%, 36.2% and 28.7% increases in nanoparticle diameters measured
by DLS (Figure 2.2 A-C), respectively. The extent of measured nanoparticle
diameter increase observed was most significant between 0 hour and 2-hour
incubation measurements. This observed increase in mean particle diameter
(69.8%) was accompanied by an increase in PDI for amine-modified
nanoparticles, while the extent of diameter increase was to a lesser extent in
the case of carboxylate- and unmodified nanoparticles. An increase in particle
mean size was also observed in PTA-measured diameters, with a
corresponding 36.3% (carboxylate), and 28.8% (unmodified) increase in
particle size relative to control following incubation. PTA was used as an
orthogonal higher resolution particle sizing technique for measuring changes

in particle size following exposure to protein-containing media.

Nanoparticle surface charge plays an important role in nanoparticle-protein
interactions, with zeta potential changes observed following incubation with
protein-containing media for all samples. The most significant change in zeta
potential was observed in the amine-modified nanoparticles (+50.4 at baseline
to -18.1 mV at 2 hours, and -20.3 mV at 24 hours). A small change in zeta
potential was observed for unmodified nanoparticles from -33.5 mV to -31.6
mV following 24-hours. The zeta potential of negatively charged carboxylate-
modified nanoparticles changed from -34.0 mV at baseline, to -24.3 mV at 2
hours with no further change in zeta potential at 24 hours (-24.8 mV) (Figure
2.2D). These results overall indicate that nanoparticle-protein interactions
occur to a lesser extent with the negatively-charged polystyrene latex

nanoparticles.

Total protein content measured was observed to be the highest following 24
hours incubation for amine-modified, carboxylate-modified and unmodified
nanoparticles in descending order of detected protein content. There was no
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statistically significant difference in protein content measured for 2 hour and
24 hour incubations for carboxylate-modified nanoparticles with only
unmodified (half protein content at 24 hours versus 2 hours) and amine-
modified (8-fold increase in protein content at 24 hours versus 2 hours)

nanoparticles showing a significant change in protein content following 24-hr
incubation (Figure 2.2E).
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2.7 Measurement of nanoparticle properties following incubation under shear
flow.

Unmodified, amine-modified, and carboxylate-modified polystyrene latex
nanoparticles were incubated for 2 hours and subjected to shear flow
conditions of 0.85 cm/s (mimicking median cubital vein blood flow) and 8.5

cm/s (mimicking arterial blood flow) and recirculated using a previously
described method.5°
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Figure 2.3 Trends in nanoparticle physicochemical parameters after incubation with protein containing
media under different flow conditions and centrifugation-wash recovery. Trends in nanoparticle Z-
average and PDI as measured by DLS (A-C), and changes in zeta potential change occurring for
polystyrene latex nanoparticles (unmodified, amine, and carboxylate) nanoparticles (D) and changes in
protein concentration as a function of incubation time (E) for nanoparticles recovered from media
containing 10% vol FBS (3.9 mg/mL total protein concentration) following a 2 hour incubation under 0
(static), 0.85 and 8.5 cm/sec shear flow. All nanoparticles were recovered using the centrifugation-
resuspension approach (n=3). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, ns: not significant
following a Kruskal-Wallis for (A-C) and a single factor ANOVA for E.
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A significant increase in nanoparticle size was observed for all particles
studied following incubation within protein media under physiological shear
flow conditions (median cubital vein) with a 31% increase in mean diameter
observed for unmodified particles (versus baseline), and a 24% increase for
carboxylate-modified nanoparticles. The most significant increase in mean
diameter was observed for amine-modified particles with a 118 % increase. A
further increase in mean particle diameter (49%) was observed for unmodified
particles when incubated under higher shear flow conditions (8.5 cm/s)
(Figure 2.3A-C).

The results suggest a change in particle-protein interactions when incubated
under shear flow conditions with overall trends in size analysis showing
significant changes occurring in particle size across nanoparticle surface
chemistries in response to different shear flow rates. This is further supported
by the shift in zeta potential from (-25 + 2 mV) at 0.85 cm/s to (-7.6 £ 0.3 mV)
at 8.5 cm/s for amine-modified nanoparticles which indicates a change in the
protein corona composition (Figure 2.3D). The observed shifts in zeta
potential for amine-modified nanoparticles were consistent with changes in
measured adsorbed protein content, where the most significant increase in
protein concentration was observed between static and 0.85 cm/s flow
conditions (8-fold increase), with no significant change in measured protein
content observed between 0.85 and 8.5 cm/s flow conditions. In the case of
unmodified and carboxylate-modified nanoparticles only small changes were
observed between static and 0.85 cm/s flow conditions, with a reduction in
protein concentration observed at higher shear flow rate conditions (i.e., 8.5

cm/s).
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2.8 The impact of the centrifugation-resuspension recovery process on

nanoparticle size as measured by particle tracking analysis.

Time-based incubations

Unmodified, amine-modified, and carboxylate-modified polystyrene latex
nanoparticles were incubated at 37 °C for 2 and 24 hours in incubation media,
and isolated using the centrifugation-resuspension method. In parallel,
additional samples were incubated with treatment media for 2 and 24 hours
and analysed with PTA without recovering the nanoparticles (in situ) from

protein incubation medium (Figure 2.4).
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Figure 2.4. PTA particle size distributions for A) unmodified (2 hour), B) unmodified (24 hour), C) amine-
(2 hour), D) amine- (24 hour), E) carboxylate- (2 hour), and F) carboxylate-modified (24 hour)
polystyrene latex nanoparticles measured following incubation with treatment medium (mean * standard
error, n=3). The size distributions represented in each graph are control measurements (black), in-situ
measurement (red) and nanoparticles isolated using centrifugation-resuspension process (blue).

For all polystyrene latex nanoparticle samples, the in situ analysis of particle
size distribution showed a reduction in nanoparticle concentration across all
sample types following 2 hour and 24 hour incubation in protein media at 37
°C. Consistent with this observation, peak broadening of the size distribution
to higher sizes was observed across all nanoparticle types examined. This

observation is consistent with particle agglomeration, which resulted in lower

54



particle concentration and the emergence of nanoparticles at higher size
distributions. It is also likely that protein-particle agglomerates were formed

and precipitated prior to measurement.

This observed effect was absent for all polystyrene latex nanoparticle samples
incubated in PBS without protein. Corresponding PTA measurement data
obtained for in situ analysis and centrifugation resuspension protocols are

presented below in Figure 2.5 and Figure 2.6, respectively.
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Figure 2.5 Incubation time differentially impacts polystyrene nanoparticles with different surface
chemistries under in situ analytical conditions. Corresponding measured mean (z standard error) PTA
particle diameters (D10, D50, D90) values for (A) unmodified (B) amine-modified, and (C) carboxylate-
modified polystyrene latex nanoparticles incubated in 10% vol FBS, followed by direct analysis with PTA
(in situ, n=3). ns: not significant, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, following a Kruskal-
Wallis for (A-C) and a single factor ANOVA.
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Figure 2.6 Incubation time differentially impacts polystyrene nanoparticles with different surface
chemistries. Corresponding measured mean (+ standard error) PTA particle diameters (D10, D50, D90)
values for (A) unmodified (B) amine-modified, and (C) carboxylate-modified polystyrene latex
nanoparticles incubated in 10% vol FBS, followed by centrifugation-resuspension isolation, and
subsequent PTA analysis (n=3). ns: not significant, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001,
following a Kruskal-Wallis for (A-C) and a single factor ANOVA.

When comparing the particle concentration detected by PTA between in situ

measurements and nanoparticles recovered using the centrifugation-resuspension
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protocol, a notable reduction in particle concentration was observed across all
samples for particles isolated from protein-containing treatment media. Amine-
modified polystyrene nanoparticle size was the most susceptible to effects of the
particle recovery protocol (Figure 2.4). This is likely caused by agglomerates formed
from nanoparticle-protein and protein-protein interactions which cannot be measured
using PTA or may have precipitated. A summary of the measured nanoparticle

attributes at the different incubation timepoints is included in Table 2.2 as follows:
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Table 2.2 PTA-measured diameter, Z-average (DLS), polydispersity index (PDI), zeta (¢) potential and measured protein content of polystyrene latex nanoparticles
(microgram per milligram of nanoparticle, expressed as pug/mg). The protein-treated samples were measured before and following 2 hour and 24-hour incubation in
protein media (10% vol FBS in PBS, 3.9 mg/mL total protein content) and isolation using a centrifugation-resuspension process (mean * standard error, n=3). ND: Not
detected.

Incubation time PTA-measured Z-average PDI (-Potential Protein content
Diameter (nm) (nm) (mV) (Mg/mg)

Unmodified

Oh 94.3+0.6 118.1 £ 0.5 0.035 + 0.003 -33.5+0.8 ND

2h 124.3+0.9 147.4£0.3 0.091 + 0.009 -33.3+x04 54 +2

24 h 121.5+0.5 157.4£0.2 0.059 + 0.006 -31.6+0.6 275

Amine

Oh 84.0+0.5 82.4+0.2 0.041 + 0.007 +50.4 £ 0.8 ND

2h 151 +1 273.1+£0.8 0.294 + 0.009 -18.1+£0.3 8+ 1

24 h 190 + 20 2020 + 30 0.56 + 0.09 -20.3+0.4 64 +3

Carboxylate

Oh 91.1+0.6 949+0.2 0.017 £ 0.002 -34.0+0.5 ND

2h 113.7+£ 0.0 121.9+0.2 0.015 £ 0.001 243104 36+2

24 h 1242+ 0.1 121.8+0.3 0.015 £ 0.002 -248+0.4 39+3

57



Incubation under shear flow

Polystyrene latex nanoparticles were incubated for 2 hours under shear flow
mimicking the median cubital venous (0.85 cm/s) and arterial (8.5 cm/s) blood
flow rates, and nanoparticles isolated by centrifugation-resuspension. In
parallel, samples were treated under the same conditions and directly

analyzed with PTA in the protein medium (in situ analysis).
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Figure 2.7. The centrifugation-resuspension isolation protocols alters the nanoparticle concentration
and particle size distribution. With A) unmodified (0.85 cm/s), B) unmodified (8.5 cm/s), C) amine- (0.85
cm/s), D) amine- (8.5 cm/s), E) carboxylate- (0.85 cm/s), and F) carboxylate-modified (8.5 cm/s)
polystyrene latex nanoparticles measured after 2 hour incubation with 10% vol FBS at 0.85 cm/s and
8.5 cm/s, (mean and standard error, n=3). One-way ANOVA with Tukey’s comparison test was performed
to determine significant difference. Corresponding traces represented are control measurements
(black), in-situ measurement (red) and nanoparticles isolated by centrifugation-resuspension (blue).

In situ analysis of particle size following incubation at 37°C for 2 hours under

shear flow (0.85 cm/s and 8.5 cm/s) showed an overall reduction in particle

concentration across all surface modifications, with amine-modified particles

showing the most significant decrease in the number of particles detected. As

shown with previous measurements, this trend is accompanied by an increase
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in mean particle diameter and peak broadening across all particles examined.
Particles incubated in PBS in the absence of protein did not show this effect.
There was a further decrease in particle concentration detected by PTA
measurements across all polystyrene latex nanoparticles following recovery

by centrifugation-resuspension.

PTA analysis for samples at (8.5 cm/s) (Figure 2.7) showed a shift to larger
sizes in comparison to samples incubated at 0.85 cm/s and 2-hour static
(Figure 2.4) conditions across all particle types. Further PTA analysis showed
a widening of the particle size distribution span for unmodified nanoparticles
with a baseline span of 0.42, which increased to 0.62 (isolated), and 0.49 (in
situ) following 2-hour incubation (Table 2.4). Under shear flow conditions an
increase in particle size distribution span to 0.45 (in situ), and 0.56 (isolated)
was observed following incubation at (0.85 cm/s). A similar increase was seen
for particles incubated at (8.5 cm/s) with a particle size distribution span
increase to 0.65 (in situ) and 0.78 (isolated) (Table 2.4).

Amine- and carboxylate-modified nanoparticles showed a decrease in particle
size span in comparison to static incubation (2 hours) following incubation

under shear flow conditions (0.85 cm/s, 8.5 cm/s).

Corresponding PTA measured diameter data obtained for these

measurements are presented as follows:
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Figure 2.8 Shear flow conditions differentially impact polystyrene nanoparticles with different surface
chemistry. Corresponding mean (+ standard error) PTA-measured particle diameters (D10, D50, D90)
for (A) unmodified (B) amine-modified, and (C) carboxylate-modified polystyrene latex nanoparticles
incubated for 2 hours with 10% vol FBS under 0.85 cm/s and 8.5 cm/s flow speeds and isolated from
media using the centrifugation-resuspension protocol (n=3 biological replicates). ns: not significant, *
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, following a Kruskal-Wallis for (A-C) and a single factor
ANOVA.

This observation is likely a consequence of an increase in particle-protein
interactions due to increased contact between particles and protein under
shear flow conditions leading to an emergence of particle sub-populations
within the sample and the formation of large agglomerates which precipitate

and can no longer be measured using PTA.

Key measured attributes and corresponding parameters at different flow rates

for 2-hour incubations are summarised as follows:
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Table 2.3 Table summarising measured polystyrene latex nanoparticle attributes in this chapter. PTA-measured mean diameter, DLS measured z-average, and
polydispersity (PDI), {-potential, and protein content measured for polystyrene latex nanoparticles (ug protein per milligram of polystyrene latex concentration) in
protein containing samples under control and shear flow. The samples were measured before and after incubation in protein media (10% vol FBS in PBS) under a 0O,
0.85 and 8.5 cm/s incubation flow rate, and following isolation using a centrifugation-resuspension process (mean * standard error, n=3 biological replicates). ND: Not

detected
Flow rate PTA-measured Z-average PDI ¢-Potential Protein
Diameter (nm) (nm) (mV) content
(ug/mg)
Unmodified
0 hr 94.3+0.6 118.1£ 0.5 0.035 + 0.003 -33.5+0.8 ND
0 cm/s 124.3+0.9 147.4 £ 0.3 0.091 + 0.009 -33.3+04 54 +2
0.85 cm/s 123+ 2 1414+ 04 0.072 + 0.005 -25.1+0.2 43+6
8.5 cm/s 140.0+ 0.3 179 £ 1 0.152 £ 0.007 -23.9+0.2 35+5
Amine
0 hr 84.0+0.5 82.410.2 0.041 + 0.007 +50.4 £ 0.8 ND
0 cm/s 151+ 1 273.1+0.8 0.294 + 0.009 -18.1+0.3 8+1
0.85 cm/s 1814 375.4+04 0.280+ 0.020 -25+2.0 48 +2
8.5 cm/s 1785 333.0+6.0 0.260 + 0.030 -76+0.3 45+ 4
Carboxylate
0 hr 91.1+0.6 949+0.2 0.017 £ 0.002 -34.0+05 ND
0 cm/s 113.7+0.0 121.9+0.2 0.015 + 0.001 -24.3+0.4 362
0.85 cm/s 1129+04 1221+ 0.5 0.015 + 0.001 -22.3+04 42+5
8.5 cm/s 110.2+0.5 119.9+0.4 0.015 £ 0.002 -23.1+04 14 +1
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A summary of the PTA- measured particle size distribution span as a function of
polystyrene latex nanoparticle type and incubation duration with 10% vol FBS and flow

rate conditions is summarised below:

Table 2.4 Representative polystyrene latex nanoparticle particle size distribution spans measured for
the in situ and isolated polystyrene latex nanoparticles calculated from PTA size distributions (N=3).

Sample In situ Isolated
Unmodified

Control (0Oh) N/A 0.42+0.00
2h 0.49+0.02 0.62+0.02
24 h 0.62+0.01 0.58+0.02
0.85cm/s 0.45+0.01 0.56+0.02
8.5cm/s 0.65+0.02 0.7840.01
Amine-modified

Control (0Oh) N/A 0.29+0.09
2h 1.08+0.02 1.17+0.06
24 h 1.11+0.05 1.08+0.28
0.85cm/s 0.92+0.03 1.09+0.05
8.5cm/s 0.73+0.04 0.80+0.09
Carboxylate-modified

Control (0Oh) N/A 0.23+0.01
2h 0.38+0.02 0.31+0.00
24 h 0.28+0.01 0.28+0.01
0.85cm/s 0.24+0.01 0.26+0.02
8.5cm/s 0.34+0.02 0.27+0.00

Analysis of compositional changes in surface-adsorbed proteins in response

to sample incubation and isolation conditions.

For comparison of the composition of surface-adsorbed proteins across the
particle chemistry and incubation parameters, SDS-PAGE analysis was
performed following the incubation of nanoparticle samples for pre-defined
times (2- and 24-hours) and shear flow conditions (0.85 and 8.5 cm/s).

Nanoparticles were recovered from incubation media using the centrifugation-
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resuspension process, and the surface-adsorbed proteins eluted from the
nanoparticles prior to loading onto SDS-PAGE gels (Figure 2.9).

Unmodified Carboxylate-modified Amine-modified
Marker (kDa) FBS 2h, static 24h, static 0.85 cm/s 8.5 cm/s Marker (kDa)  2h, static 24 h, static 0.85cm/s 8.5 cmis Marker (kDa) 2h, static 24h, static 0.85 cm/s 8.5 cmis
250 250 —_— 250
150 150 — 150
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Figure 2.9. Protein isolated from polystyrene latex nanoparticles after 2- and 24-hour incubations under
static (0 cm/s) and shear flow (0.85 and 8.5 cm/s) conditions. Corresponding SDS-PAGE gel images.
20 pg of protein was loaded per lane and all gels were stained with QC Colloidal Coomassie Stain and
imaged. Marker: molecular weight marker (Kaleidoscope ladder); FBS: foetal bovine serum.

Multiple protein bands were detected for each sample type, predominantly
occurring at 60 which was likely bovine serum albumin.'”118 Bands
corresponding to lower molecular weight species were also observed at 12
and 25 kDa.

In parallel to analysis of protein corona fingerprint normalized to total eluted
protein content, we also performed SDS-PAGE analysis of protein fingerprint
for 20 pyL of eluted protein sample, in the absence of protein content
normalisation to compare differences in protein corona fingerprint based on

sample volume.

Unmodified Carboxylate-modified Amine-modified
Marker (kDa) FBS 2h, static 24h, static 0.85cm/s 8.5cmis 2h, static 24 h, static 0.85cm/s 8.5cm/s 2h, static  24h, static 0.85cm/s 8.5 cm/s
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Figure 2.10 Representative panel of Coomassie stained SDS-PAGE gels for unmodified, carboxylate-
modified and amine-modified polystyrene latex nanoparticles as a function of incubation conditions.
Corresponding SDS-PAGE gel images. 20 pL of eluted protein collected following the centrifugation-
resuspension recovery protocol was loaded per lane and all gels were stained with QC Colloidal
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Coomassie Stain and imaged. Marker: molecular weight marker (Kaleidoscope ladder); FBS: foetal
bovine serum.

Across all polystyrene nanoparticle types examined, a change in the protein
corona composition was observed following incubation under various shear
flow conditions. Across all nanoparticle chemistry examined, shear flow
conditions at 0.85 cm/s led to an increase in the number of bands and their
intensity, suggesting the importance of examining protein corona formation
under physiologically relevant flow conditions. We also observed time-
dependent changes in the intensity of gel bands and relative composition of
protein between 2- and 24-hour incubation timepoints. This observed effect

was more pronounced for unmodified and amine-modified nanoparticles.

2.9 Discussion

The nanoparticle protein corona plays a key role in the biological fate of
nanoparticles following administration to biological systems. Regulatory
bodies including the European Medicine Agency (EMA),"® recommend the
characterisation of nanoparticle physicochemical properties and their
interaction with biological media across different stages of the nanomedicine
drug development life cycle including in vitro and pre-clinical in vivo studies
during early development. The adsorption of proteins onto the particle surface
leads to changes in the nanoparticle physicochemical parameters including
size, zeta potential, shape, surface chemistry, surface charge and colloidal
stability. These parameters influence nanoparticle-cellular interactions and
changes in these parameters will subsequently alter the nanoparticle

biological fate.5120

Our goal in this work was to assess the role of nanoparticle surface chemistry
in the physical fate of nanoparticles exposed to protein containing media under
conditions mimicking cell culture protein content. Here, we studied the role of
nanoparticle physical parameters in the range of nanoparticle-protein
interactions using polystyrene latex nanoparticles (unmodified, amine-, and
carboxylate-modified) as model nanoparticles. It is well known that proteins
adsorb onto nanoparticle surfaces to form a protein corona, however there is
a current lack of understanding on how the corona formation impacts

nanoparticle size and size distribution, and how this subsequently governs the
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physical and compositional role of the nanoparticle protein corona in dictating
nanoparticle pharmacological activities.'?%'2! Conversely, there is also a lack
of understanding of how the protein corona contributes to an altered biological
fate in the context of changes occurring in nanoparticle physical parameters
(i.e., size and charge) following exposure to protein containing media and

subsequent protein corona formation.

While the focus of many studies to-date has been on the quantitative
compositional analysis of the protein corona, there has been a limited focus
on the quantitative physical changes occurring in nanoparticle systems in
response to protein treatment.”® As such there is a clear need to develop a
novel bioanalytical pipeline for the reproducible measurement of nanoparticle
parameters in response to exposure to biological media as a crucial step in

the development and translation of novel drug delivery systems.?®

Here, | assessed the impact of nanoparticle surface chemistry on changes in
particle size and size distribution in response to treatment with media
containing FBS. Polystyrene latex nanoparticles were selected as a model
system due to their chemical stability over the duration and range of conditions
examined in this study, to exclude effects resulting from polymer degradation.
The protein incubation conditions selected for this work were based on the
typical protein serum concentrations used in in vitro cell culture experiments,
which are normally used for the early in vitro evaluation of nanoparticle
interactions with biological media. | selected PBS as the dispersant as
opposed to cell culture media (e.g., DMEM, RPMI), to exclusively study the
protein content of serum and its role in nanoparticle physicochemical

properties, since cell culture media are known to contain other biomolecules.

In most cases, | saw an increase in mean nanoparticle size following
(unmodified, amine-modified) polystyrene latex particle incubation with
protein-containing media and a further increase in nanoparticle size during
exposure to protein-containing medium for up to 24 hours (Figure 2.2). This
trend correlates with previous findings where gold nanoparticles showed an
increase in particle size following prolonged incubation within protein

containing media.’?? Previous work has suggested that the increase in
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nanoparticle size is likely due to the displacement of lower affinity proteins with
high abundance by higher affinity proteins with lower abundance that form the
tightly bound hard corona (Vroman effect), coupled with an increase in protein

adsorption (protein concentration) over time.'%3

Here, | show the development of a pipeline for the robust characterization of
nanoparticles prior-to and following introduction to protein containing media. |
have addressed some of the key challenges facing nanoparticle-protein
interactions as shown by our findings. These data suggest that surface
chemistry plays a significant role in governing nanoparticle-protein
interactions, where we demonstrated that the carboxylate-modified
nanoparticles adsorbed the least amount of protein, accompanied with the
lowest increase in particle size following incubation across all conditions (2-
hour, 24-hour, 0.85 cm/s, and 8.5 cm/s). Furthermore, | show that amine-
modified particles are positively charged before incubation (Table 2.1) and
adsorb more proteins onto the particle surface following incubation when
compared to the negatively-charged carboxylate-modified polystyrene latex
nanoparticles. This is the result of the incubation medium containing
predominantly negatively-charged proteins at physiological pH.?* The
unmodified polystyrene latex nanoparticles, despite having a similar charge to
carboxylate-modified nanoparticles showed more protein adsorption when
compared to carboxylate-modified nanoparticles and possessed a higher
mean particle size. This is due to the exposed carboxyl groups found on the
particle surface following functionalisation which impacts nanoparticle-protein
interactions.'?3 Similar observations were made by Lundqvist et al.,'?* which
compared polystyrene latex nanoparticles with similar surface chemistry

incubated in human serum.

Centrifugation and resuspension of nanoparticle pellets following nanoparticle
treatment with protein-containing media remains the most frequently used
approach to isolate nanoparticles for analysis. Here, | examined the role of
sample isolation using this approach on measured particle characteristics,
since it is well known that the centrifugation-resuspension approach for
nanoparticle recovery from bulk media, significantly alters nanoparticle

physicochemical properties (particle size and concentration) when compared
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to in situ sample measurements.'?® My findings show that (Figure 2.4,
Figure 2.7), there was an increase in mean nanoparticle size for protein-
treated nanoparticles following recovery using this method when compared to
particles measured within protein-medium. This was most likely due to protein
aggregation and particle agglomeration induced by high-speed

centrifugation. 26

Furthermore, there was an observed significant loss in nanoparticle
concentration measured by PTA for particles subjected to the centrifugation-
wash method and in-situ measurements, which was likely caused by the
formation of large agglomerates which precipitate or fall outside the PTA
dynamic range in both cases. | also observed an apparent significant increase
in the measured total protein concentration between 2- and 24-hour incubation
timepoints for amine-modified nanoparticles (see Figure 3E). Such a
significant increase in protein content may be attributable to the loss of colloid
stability resulting from the presence of protein containing media. Moreover,
the process of centrifugation-resuspension for the isolation of nanoparticles
may enrich for agglomerated and precipitated particles that contain higher
surface-adsorbed protein content. Overall, this process may lead to an

overestimation of surface-adsorbed protein content at later timepoints.

When compared with in-situ measurements of nanoparticle concentration (in
incubation media), however, there is a clear higher loss for samples subjected
to the centrifugation-wash methods which can be explained by the loss of
sample during the centrifugation and resuspension steps. The resuspension
step could potentially lead to the dissociation of nanoparticle and protein
agglomerates, rendering the accurate assessment of nanoparticle size
distribution challenging following recovery from incubation media. Therefore,
the nature and range of techniques used for nanoparticle isolation from
protein-containing media becomes a key step in the pipeline for nanoparticle
characterisation and analysis of their interactions with biological systems.
These findings have implications for the design of protein corona studies,
suggesting the need for more gentle separation techniques such as field-flow
fractionation,'?” or in situ analytical approaches for measuring changes in

nanoparticle parameters to minimize sample disruption through dissociation
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of particle agglomerate or particle-protein complexes, and subsequent

alteration of the protein corona composition.

A limitation associated with the present analyses of particle size concentration
changes is that metrology techniques such as PTA and DLS are unable to
differentiate between particle types by composition (i.e., polymeric versus
protein). However, techniques such as asymmetric flow field flow fractionation
with inline light scattering and other detector modalities (e.g., fluorescence,
UV, RI) can resolve different molecular weight species, allowing for specific
intermediates (e.g., protein fraction, nanoparticle-protein complexes,

agglomerates) to be studied.'?®

Most nanoparticle formulations are intended for parenteral administration and
will result in administered nanoparticles experiencing shear flow conditions in
the circulatory system.'22.130 Here | examined the role of shear flow conditions
in nanoparticle parameters following treatment with protein containing media,
mimicking arterial and venous blood flow. These findings showed that under
flow conditions, total surface adsorbed protein content under flow was
equivalent to the same levels seen following a 24-hour incubation with end
over end rotation conditions. The composition of proteins adsorbed onto
nanoparticle surfaces were found to significantly vary depending on
nanoparticle surface chemistry, but shear flow did not change the number of

bands across particle samples (Figure 2.9).

A qualitative fingerprint of the protein corona composition was obtained for
samples incubated under various biologically-relevant incubation conditions
using SDS-PAGE analysis. We demonstrated that there were changes in
protein corona composition when incubated under shear flow as opposed to
static conditions across all surface chemistry (unmodified, amine-modified,
carboxylate-modified). Unmodified polystyrene nanoparticle data strongly
correlates with a study conducted by Jayaram et al.5% in which similar particles
were used, particularly with the trend observed at ~65 kDa where an increase
in band intensity is observed at 0.85 cm/s followed by a decrease for corona
composition at (8.5 cm/s). A similar change was also demonstrated across all
surface chemistries for time-based incubations, which correlates with trends
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observed for multiple nanoparticle prototypes including copolymers,’3' and
spherical nucleic acids.'®? SDS-PAGE analysis suggests the identity of
adsorbed proteins is influenced by the surface functionalisation of particles,
with our results showing similar trends in composition to studies performed

with the same nanoparticles.'24

Overall, these results suggest that the biorelevant assessment of
nanoparticle-protein interactions requires a consideration of multiple factors
that include both nanoparticle and environmental parameters, the intended
route of administration for nanoparticles, and the incubation medium and

conditions.

Current approaches to the analysis of the nanoparticle protein corona are
disruptive in nature, where sample handling steps induce either particle
dissociation, agglomeration, and alteration of loosely bound surface proteins
(the soft corona) as such | recommend the use of gentle isolation techniques
such as field-flow fractionation or in situ analysis. Furthermore, current sample
handling protocols and analytical processes compromise the purpose of
surface modification of nanoparticles. As shown from the results, the surface
modified (amine-modified, carboxylate-modified) nanoparticles are more
monodisperse with a higher number concentration before incubation as
measured by PTA. However, upon exposure to protein-containing medium the
functionalised particles (particularly amine) show a more significant change in
particle size and size distribution. In comparison, unmodified particles appear
more stable following protein corona formation in terms of particle size and

size distribution.

2.10 Conclusions

The nanoparticle protein corona alters the biological fate of nanoparticles.
Experimental parameters during analysis such as environmental incubation
variables alter the rate and extent of nanoparticle-protein interactions. This
change is dependent upon the physical and chemical properties of
nanoparticles. Here, | examined the role of incubation conditions and variables
in model nanoparticle systems. | show that nanoparticles with different surface

modifications are differentially susceptible to experimental parameters such
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as shear flow and incubation duration. Furthermore, | show that the method
utilised to isolate particles prior to analysis impact the resulting particle
agglomeration and protein corona properties. My findings demonstrate that
careful consideration is needed in the design of sample handling and analysis
of nano-bio studies where there is a need to understand nanoparticle

behaviour under physiologically relevant conditions.
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Chapter 3 The development of AF4-MD pipelines for
the in-situ separation and analysis of nanoparticle-

protein interactions

3.1 Abstract

Formation of the protein corona in complex biological matrices alters
nanoparticle physicochemical and biological identity, ultimately dictating
particle biological fate in the context of safety and efficacy. A diverse
range of nanomaterials have been studied for their implementation as
delivery systems for drugs with narrow therapeutic index or undesirable
physicochemical properties. Therefore, it is important to determine the
range of interactions occurring between nanoparticle-based therapeutics
and complex biological media. In the area of nano-bio interactions, most
research efforts to-date have focused on the implementation of
proteomics-based approaches to study alterations in the composition of
the protein corona, with little emphasis placed on the recovery of
nanoparticles from biological media during these experimental pipelines
and the impact of nanoparticle isolation techniques on the protein corona.
In chapter 2, | investigated the use of centrifugation-wash based isolation
on nanoparticle size and the protein corona composition. | found that
significant alterations in signatures associated with both nanoparticle size

and the composition of surface-adsorbed proteins.

In this chapter, | investigated the impact of different asymmetric flow field
flow fractionation run parameters on the elution profile of model
polystyrene latex nanoparticles with different surface charges in the
presence and absence of serum containing media. The impact of flow
field flow fractionation methodology flow settings on the resolution of
separation and nanoparticle-protein complex isolation from bulk protein
media was studied. By coupling flow field flow fractionation with multiple
orthogonal inline detectors, information on particle size and morphology
can be obtained.
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| show that at higher cross flow rates peak tailing and a lower signal
intensity was observed using the UV and MALS (multiangle light
scattering) detectors. Also, the impact of various cross flow profiles on
nanoparticle-protein sample resolution is shown, with optimal sample
resolution being observed when applying a decay cross flow profile.
Furthermore, | show that FI-AF4-MD as robust pipeline for the
reproducible characterization of nanoparticles at baseline and following
protein corona formation with >80% sample recovery observed for most
measured samples. The emergence of multiple sub-populations following
nanoparticle incubation within protein-containing medium was studied
using MALS, and DLS detectors. These sub-populations show
differences in size and shape, which has wider implications for the
biological fate of nanoparticles and supports a multi-modal approach for

nanoparticle characterization when following protein corona formation.

Overall, the findings in this chapter indicate a strong need to develop
individualised methods for the flow field flow-based separation of
nanoparticles based on nanoparticle prototype physicochemical
properties. Such efforts should consider nanoparticle surface charge,
and physicochemical stability in carrier liquid media as the use of more
biologically relevant media mimicking the environment experienced by

nanomaterials in vivo.

3.2 Introduction

Polymeric nanoparticles have emerged as a promising platform for the
development of novel drug delivery systems. With ~29% of
nanomedicines to receive FDA approval since 2016 being polymer-based
in composition.'33134 Polymeric nanoparticle formulations typically offer
multiple advantages over conventional medicines including controlled
drug release,'3® higher bioavailability,’3® and an improved therapeutic
index.'¥” Despite these advantages there has been a high attrition rate
for nanoparticle translation from bench-to-clinic, with less than 10% of

nanoparticle-based therapies progressing to approval for clinical use.'3®
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One of the primary challenges faced by nanomedicine clinical translation
is a lack of efficacy, particularly during phase Il of clinical trials, with an
estimated success rate of approximately 48%, which further declines to

14% during phase llI clinical trials.3°

This leaky pipeline is a result of multiple gaps in the knowledge
surrounding the target disease biology, the delivery system, and the
interface between nanomedicines and biological systems. A knowledge
gap in the field of nanomedicine remains a lack of understanding of
processes governing nanoparticle interactions with biological systems
upon administration into biological media, in particular the formation of
the protein corona and the impact of protein corona composition on the
biological fate of nanomedicines (i.e., biodistribution, circulation time).
Previous work has shown that following exposure to protein-containing
medium, nanoparticles spontaneously interact with circulating proteins,
which competitively adsorb onto the nanoparticle surface to form the
biomolecular protein “corona”.*® The nanoparticle-protein corona causes
changes in the physical and chemical properties of nanoparticles and
significantly defines the nanoparticle biological identity and subsequent
downstream interactions that include cellular uptake, cytotoxicity, and
organ biodistribution.'4%.41 Therefore, it is crucial to understand the
drivers of nanoparticle protein corona formation and characterize
nanoparticle-protein interactions under physiologically relevant

conditions.

The typical pipeline for nanoparticle-protein interactions following
incubation with protein containing media involves the isolation of
nanoparticle-protein complexes from protein-containing medium using
the centrifugation-wash method, which relies on the different densities of
nanoparticles, bulk protein from the incubation media, and nanoparticle-
protein complexes of interest for downstream analysis.®° In chapter 2, |
showed that the centrifugation-wash isolation of nanoparticles is
disruptive to the protein corona composition and colloid stability of the

nanoparticle-protein complexes, which may lead to perturbations in
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nanoparticle-protein and protein-protein interactions arising from sample
sedimentation and the application of centrifugal forces during
nanoparticle-protein isolation protocols.’®® Furthermore, multiple
centrifugation and pellet resuspension steps are required to ensure the
removal of high abundance bulk medium proteins (e.g., serum albumins)
from nanoparticle-protein complexes, which leads to sample loss during
multiple centrifugation and resuspension steps.'*? Another routine
method used for the isolation of nanoparticles from bulk biological media
is magnetic force separation, which can only be used for nanoparticles
with magnetic properties, such as iron nanoparticles.'3 This is typically
performed using magnetic columns that while gentler than centrifugation-
wash can cause changes in the protein corona composition.
Furthermore, this technique is optimal for nanoparticles <10 nm in size
due to an increased risk of agglomeration for larger particles.?® The least
used technique for nanoparticle-protein sample isolation is size exclusion
chromatography (SEC), which is primarily due to changes in the protein
corona composition caused by nanoparticle-protein interactions with the
stationary phase, which may cause protein desorption from the
nanoparticle surface. Samples are also subjected to shear forces within
the column which may decrease the interactions between nanoparticle-

protein samples and cause sample loss.49:50

Following isolation, nanoparticle-protein complexes are usually analysed
using a wide range of analytical techniques including physical
characterization techniques such as dynamic light scattering (DLS)- the
most widely used technique for nanoparticle size characterization due to
its low cost and rapid acquisition of size measurements. However, it is
well known that size distributions obtained using DLS non-invasive
backscattering (NIBS) measurement are often skewed to larger
aggregate sizes in the sample, arising from larger-sized particles
scattering light at a much higher intensity.'#* Other routine techniques for
the physical characterization of nanoparticle parameters include

electrophoretic light scattering (zeta potential), particle tracking analysis
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(size distribution and particle concentration), and microscopy techniques
such as electron microscopy (size distribution and morphology).'4® The
composition of the nanoparticle-protein corona can be further analysed
using protein quantification techniques exemplified by the 660 nm protein
quantification assay to calculate the total quantity of protein bound to the
nanoparticle surface.'® A fingerprint of the nanoparticle protein corona
composition can be obtained using SDS-PAGE, '#’ following which the
identification of protein band identities can be performed using liquid

chromatography-mass spectrometry (LC-MS).148-150

Nanoparticle protein corona formation is a dynamic process leading to
the formation of a “hard corona”, which is a layer of high affinity, lower
abundance proteins that are tightly bound to the nanoparticle surface.®
The hard corona is surrounded by a loose “soft corona” which consists
of lower affinity proteins occurring at a higher abundance.'?” The soft
corona phenomenon is well known; however, it has often been
uncharacterized as studies of the nanoparticle protein corona typically
isolate nanoparticle from protein-containing medium using the
centrifugation-wash method. This method has been shown to completely
remove the soft protein corona during isolation and may alter the
composition of the hard surface-bound protein corona.'' Therefore, to
further probe the biological significance of the nanoparticle soft protein
corona, it is crucial to develop gentler in-situ separation techniques for
the high-resolution separation and in-line analysis of the soft corona

complexes resolved from bulk biological media.>?

Initially invented in 1966, asymmetric flow field-flow fractionation (AF4)
with in-line detection has only recently gained popularity as a technique
for the in-situ separation and analysis of complex polydisperse samples
including colloidal nanoparticles. The use of frit-inlet AF4 as a gentle in
situ separation approach has become one of the most widely-used FFF
techniques for the high-resolution separation and in-line analysis of
nanomedicines.'%3 AF4 is a robust fractionation technique, which uses a

trapezoidal channel with a spacer separating a non-permeable top plate
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and a porous bottom plate, which is layered with an ultrafiltration
membrane which retains the sample. The cross flow is perpendicular to
the laminar flow of the running buffer and allows for the mobile phase to
pass through the filter while retaining analytes, which allows for an
equilibrium to form leading to the diffusion of smaller particles towards
the centre of the channel where the velocity of the laminar flow is faster,
while larger particles remain near the membrane. This leads to smaller
particles eluting at earlier timepoints and the separation of analytes

according to their hydrodynamic size. 54156

After sample injection a key step is the focusing step, or relaxation of
samples. In conventional AF4 channels this is performed using the
focusing step which may cause sample aggregation, and sample loss
due to adsorption onto the membrane. Frit-inlet (FI) achieves sample
relaxation due to the slower sample flow interacting with higher frit flow
which pushes the samples towards the membrane. Following the sample
focus or relaxation step the mechanism of separation in both
conventional and FI-AF4 channels is the same as previously

describe.'7:158 This is summarized in (Figure 3.1) below.
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Figure 3.1. A schematic representation showing the differences between conventional AF4
channel (A), and FI-AF4 (B) channels. Conventional AF4 relies on the focus flow to push samples
towards the membrane (accumulation wall) and force the samples to arrange within different
mean layer thickness. FI-AF4 allows for sample relaxation through frit-inlet flow.

One of the main advantages of AF4 compared to chromatographic
separation techniques such as SEC is the absence of a stationary phase,
and the presence of a wide channel for nanoparticle separation. This
allows for the analysis of complex multispecies samples with minimal
exposure to shear forces, and the absence of sample interaction with
stationary phase, which reduce sample loss and degradation.® An
additional advantage of using AF4 for nanoparticle isolation from

biological media, is that a diverse range of buffers can be used to meet
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specific experimental requirements. However, the choice of carrier liquid
needs to be optimized to ensure ideal sample separation, while reducing
unwanted particle-membrane interactions, carrier incompatibilities with
test nanomaterials, and achieving sufficient sample recovery.'6® AF4 is
typically coupled with multiple in-line detectors including light scattering
multi-angle light scattering (MALS) and DLS (flow mode), which are used
for the analysis of particle size and morphological analysis of the
molecular shape factor (ratio of the radius of gyration and hydrodynamic
radius). Standard optical detectors such as ultraviolet (UV), fluorescence
(FL), and refractive index (RI) can also be coupled in-line with AF4, which
allow for the accurate quantification of multiple parameters exemplified
by molar mass, and aggregation status.’®3161-164 Sample analysis
through in-line detection also prevents any sample agglomeration, or
aggregation induced due to manipulation arising from experimental
handling conditions (i.e., centrifugation-resuspension). Moreover, sample
fractions generated during AF4 based fractionation can also be collected
for downstream analysis using other analytical methods (i.e., mass

spectrometry-based analysis of the corona protein composition).

Despite these advantages, AF4 is primarily used as a technique to
measure nanoparticle and protein particle size at a higher resolution 16°-
and to a lesser extent- the colloidal stability,'®® polydispersity,'6” and in
vitro dissolution profiles of nanoscale-based drug delivery systems. 60161
A challenge in the application of AF4-based approaches to the separation
of nanoparticle-protein complexes from incubation media, in some cases
is the lack of separation resolution between the void peak, bulk protein
and polymeric nanoparticle, and nanoparticle-protein complexes
contained within the incubation media. However, the main goal of such
studies is to not necessarily isolate the bulk unbound protein fractions for
downstream analysis; therefore, the need to separate bulk proteins
contained in the media from the void peak is not a pre-requisite in AF4

method development.
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The overarching goal of chapter 3 is to develop AF4-multidetector
protocols for the high-resolution separation and in line analysis of
polymeric nanoparticle-protein complexes formed following incubation
with media containing serum (mimicking protein concentrations and
compositions used in cell culture experimental pipelines). Here,
polystyrene latex nanoparticles were used as a model, with various
surface chemistry modifications (unmodified, and carboxylate-modified)
to study the impact of nanoparticle surface charge on differential AF4

separation profiles.

Moreover, polystyrene latex nanoparticles as a model are resistant to
hydrolytic degradation at physiologically relevant temperature, which is
typically observed with biodegradable polymeric delivery systems. In this
chapter polystyrene latex nanoparticles were incubated with 10% vol
FBS to mimic the serum composition encountered during cell culture
experiments. Using AF4, in-line physicochemical analysis of
nanoparticle-protein complexes was performed and changes in size
distribution tracked over sample elution time and isolate these complexes
from protein-containing media for downstream compositional analyses by
techniques such as SDS-PAGE.

3.3 Methodology
3.4 Materials

Unmodified (Cat #LB1, Merck, Glasgow, UK), and carboxylate- (Cat #F-
8803, ThermoFisher, Renfrew, Renfrewshire, UK) polystyrene latex
nanoparticles were used for all the measurements reported in this study.
Human serum (A/B blood group) was purchased from Merck. The same
polystyrene latex nanoparticle concentration was used across all
experiments to maintain a constant polymer: protein surface area ratio.
Foetal Bovine Serum (FBS) and Phosphate-Buffered Saline (PBS)
(Cat#BR0014G) were purchased from Fisher Scientific (Invitrogen,
Renfrew, Renfrewshire, UK), and the same batch of serum was used to

perform the experiments described in this chapter, to mitigate for any
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potential variations in total protein content and protein composition.
Novachem was purchased from PostNova Analytics (PostNova
Analytics, Landsberg, Germany). Novachem is a surfactant mixture
(cationic and anionic) with the following composition by % weight: water
88.8, 138 triethanolamine oleate 3.8, sodium carbonate 2.7, alcohols +
C12-14-secondary ethoxylate 139 1.8, tetrasodium
ethylenediaminetetraacetate 1.4, polyethylene glycol 0.9, sodium oleate
140 0.5, sodium bicarbonate 0.1. Novachem carrier liquid was prepared
at a 0.2 %v/v concentration, pH adjusted to pH 7.4 and made to a final
volume of 1000 mL. The 10 mM phosphate buffer was prepared by
dissolving 8 g of NaCl,141 200 mg KCI, 240 mg KH2PO4, and 1.44 g
Naz2HPOa. All carrier liquids prepared for AF4 runs were filtered using a
0.2 ym pore-sized polyethersulfone (PES) membrane filter to remove any

large particulates from running buffers.

3.5 Methodology
3.5.1 Nanoparticle protein corona sample preparation

Unmodified, and carboxylate-modified polystyrene latex nanoparticles
with a mean baseline diameter of (100 nm) were incubated in PBS
containing 10% vol FBS at (1 mg/mL, estimated at 1.8 x 10'?
particles/mL) for all samples at various time-points including 2 hours and
24 hours at physiologically relevant temperature (i.e., 37°C), and under
gentle agitation to minimise potential particle sedimentation effects. The
different nanoparticle surface chemistries were selected as a model to

represent negatively- and positively- charged nanoparticles.

The total nanoparticle concentration for every experiment, was
determined using the same approach described in Chapter 2 of this

thesis.

81



3.5.2 Analysis of polystyrene latex nanoparticle properties

Dynamic light scattering (DLS). All DLS experiments were performed
using a Malvern Panalytical Zetasizer Nano ZS (Malvern Panalytical,
Malvern, Worcestershire, UK), using the non-invasive backscatter (173°)
setting. Briefly, particle size at baseline was analysed at 25 °C, with a two-
minute equilibration time and three independent replicate measurements
for each sample. A refractive index of 1.59 and absorption of 0.010 were
used for all DLS measurements, corresponding to the characteristics of

polystyrene latex.

Electrophoretic Light Scattering (ELS). The corresponding zeta
potential for each sample was determined using a Malvern Zetasizer
Nano ZS (Malvern Panalytical, Malvern, Worcestershire, UK). ELS was
used to measure the zeta potential of nanoparticles at baseline at
ambient temperature, with all samples equilibrated for two minutes. The
Smoluchowski approximation was used for data processing and zeta

potential determination.

Particle tracking analysis. The number-based distributions of the
polystyrene latex nanoparticles suspended in PBS (at baseline and
following exposure to protein-containing incubation media) were
analysed by PTA, using the NanoSight NS300 system (Malvern
Panalytical, Malvern, UK) equipped with a 488 nm laser and high-
sensitivity CMOS camera. Five videos of 60-second duration were
captured for all measurements and averaged for each sample. All
samples were analysed under constant flow conditions (flow setting 100)
and at ambient temperature (~25 °C). Corresponding video capture
parameters were set at a camera level of 6, with post-processing
analyses being performed at a detection threshold of 4. Data were
analysed using the NTA software (v3.4.0.0.3).

Scanning electron microscopy (SEM). The morphology of polystyrene
latex nanoparticles was analysed using SEM at baseline to confirm

particle shape and size distribution. Briefly, nanoparticle suspensions
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were sonicated and prepared at 1 mg/mL in DI water. A 20 uL droplet of
nanoparticle suspension was deposited on a 5x5 mm silicon wafer chip
(Ted Pella, Inc., CA, USA). After drying at ambient temperature for 24
hours, particles were gold sputter coated with a height at 35 mm and
coating parameters; 40s, 0.08mb, and 30mA (Agar Scientific Manual
Sputter Coater, Agar Scientific Ltd., Essex, UK). All nanoparticle samples
were imaged using Field Emission Scanning Electron Microscope (FE-
SEM) at 20,000X and 60,000X magnification with a 5kV emission energy
(Hitachi SU6600, Hitachi High-Tech Europe GmbH, Krefeld, Germany).
All images were analysed in Image J (NIH, Bethesda, USA) for particle

size and circularity using the particle analysis function.

3.5.3 Analysis of polystyrene latex nanoparticles with AF4-UV-
MALS-DLS-fluorescence

Nanoparticles were isolated and analysed using a metal-free AF2000
MultiFlow FFF, which is enabled with in-built software for control and data
acquisition. The separation system consists of a solvent organiser
(#PN7140), solvent degasser (#PN7520), two isocratic pumps for
controlling tip and focus flow ((#PN1130, Postnova Analytics, Landsberg
am Lech, Germany), a solvent selector (#PN7310), and a Smart Stream
Splitter (#PN1650) prior to entering the AF4 cartridge (Postnova
Analytics, Landsberg am Lech, Germany). The separation channel was
equipped with a spacer of 350 um nominal height and a regenerated
cellulose membrane with a 10 kDa molecular weight cut-off size as the
accumulation wall for all measurements, which were performed at

ambient temperature (~22°C).
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For all frit-inlet AF4 experiments, a frit inlet plate was introduced to reduce
sample loss, and particle aggregation that could be induced by the focus
flow in conventional AF4. The AF4 system was coupled with multiple in-
line detectors including a fluorescence detector (FLD) (#RF-20A XS ,
Postnova Analytics, Landsberg am Lech, Germany), a multiangle light
scattering (MALS) detector (#PN3621, Postnova Analytics, Landsberg
am Lech, Germany), a refractive index (RI) detector (#PN3150, Postnova
Analytics, Landsberg am Lech, Germany), a UV detector (#SPD-M40,
Postnova Analytics, Landsberg am Lech, Germany), and a Zetasizer
Nano ZS dynamic light scattering (DLS) setup (Malvern Panalytical,
Malvern, UK), which was used in combination with the radius of gyration
(Rg) obtained from MALS analysis to calculate the hydrodynamic (Rn) for

shape factor measurements using the equation below.
SF=-—= Equation 3.1

A summary of known Rg/Rh is summarised in (Table 1) below:

Table 3.1. A summary of known particle shape factor ranges (Rg¢/Rn) and their corresponding
morphologies.

Shape Rg/Rn References
Sphere 0.775 el
Hollow Sphere 1 168

Linear Coil 1.5 ilets

Polymer

Rod 1.87 169

Fluorescence detector measurements were performed for carboxylate-
modified which has a vyellow-green dye and a fluorescence
excitation/emission (Aem/ Aex) of 505 nm/515 nm. Prior to sample analysis,
a system calibration was performed via direct injection using 2 mg/mL
bovine serum albumin (n=3) to ensure that the sample channel and

detectors were operating under optimal conditions.

84



Run conditions selected for the FI-AF4 separation of polystyrene latex

nanoparticles from bulk incubation media are included as follows;

Table 3.2 Corresponding run parameters used for the FI-AF4-based resolution of polystyrene
latex nanoparticles from protein-containing media. RC: Regenerated Cellulose, MWCO:
Molecular weight cutoff size.

Parameter Settings

FFF Configuration FI-AF4

Spacer 350 ym

Membrane RC (10 kDa MWCO)

Carrier solution 0.2% Novachem

Injection volume 20 yL

Detector Flow 0.3 mL/min

Crossflow 25 mbL/min (0.2)
Exponent

3.5.4 Optimization of AF4 flow protocols

The Development of an AF4-MD pipeline for polymeric nanoparticle

characterization

The impact of cross flow (2-3 mL/min) and detector flow (0.5 mL/min)
alteration on the retention time and recovery of polystyrene latex
nanoparticles was investigated. The corresponding elution conditions for

each method explored during method optimization are detailed below.
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Figure 3.2. A summary of the first iteration of AF4-MD method development. Showing AF4-MD
method 1 (M1) with an initial constant cross-flow of 3 mL/min, followed by a linear decrease of
2.5 mL/min, and method 2 (M2) showing an initial constant cross-flow of 2 mL/min, followed by a
linear decrease of 2 mL/min. XF= cross-flow.

In the first iteration of method development, we compared a linear
decrease in cross-flow starting at 3 mL/min, followed by a 2.5 mL/min for
method 1 (M1). In method 2 (M2), a lower cross-flow was investigated
with an initial constant cross flow of 2 mL/min, followed by a linear

decrease at 2 mL/min.
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Figure 3.3. Summary of the second iteration of AF4-MD method development. Showing AF4-MD

method 3 (M3). Showing an initial constant cross-flow of 3 mL/min, followed by a linear decrease

of 2.5 mL/min. XF= cross-flow.
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In the second iteration of AF4-MD method development, we investigated
an initial constant cross-flow of 3 mL/min, followed by a linear decrease
at 2.5 mL/min. This method was longer overall when compared to

previous methods

3.5.5 The Development of a FI-AF4-MD pipeline for polymeric

nanoparticle characterization

| investigated the impact of decay cross flow (2.5 mL/min) with a detector
flow of 0.3 mL/min on the retention time and recovery of polystyrene latex
nanoparticles. The corresponding run parameters beyond flow rates for
each method explored during method optimization are detailed in (Figure
3.4, and Figure 3.5) below.

—— FI-AF4 Method 4
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Figure 3.4. A summary of the first iteration of FI-AF4-MD method development. Showing a Fl-
AF4-MD method 4 (M4) which shown a decay cross-flow profile applying a 2.5 mL/min cross-flow
over 40 mins with an exponent of (0.2). XF= cross-flow.

In the first iteration of FI-AF4-MD method development we applied a 2.5
mL/min cross-flow (exponent 0.2) for 40 mins with a decay cross-flow
profile, followed a constant cross-flow of 0 for 10 min showing method 4
(M4).
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Figure 3.5. A summary of the second iteration of FI-AF4-MD method development. Showing a
FI-AF4-MD method 5 (M5) which shown a decay cross-flow profile applying a 2.5 mL/min cross-
flow over 40 mins with an exponent of (0.2). XF= cross-flow. XF= cross-flow.

In the second iteration of FI-AF4-MD method development we applied a
2.5 mL/min cross-flow (exponent 0.2) for 50 mins with a decay cross-flow
profile, followed a constant cross-flow of 0 for 10 min showing method 5
(M5).

3.5.6 Calculation of nanoparticle recovery following FI-AF4-based

separation

Nanoparticles are known to interact with AF4 membranes during their
separation via FFF. Therefore, | determined the (%) nanoparticle

recovery using the following equation:

% Recovery = Ai x 100 (Equation 3.2)
0

Where, A is the peak area determined for the nanoparticles (in the
presence of the corresponding cross flow applied in the optimal
separation method, and Ao represents the peak area of NPs with minimal

membrane interactions (absence of cross flow).
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Statistical Analysis

All processed data were plotted in Origin (version 2022). Unless
otherwise stated, a One-way ANOVA statistical test was performed on all
samples to evaluate any statistically significant differences between
samples (P<0.05). The P-values are defined as *P<0.05, **P<0.01,
***P<0.001.

3.6 Results

Polystyrene latex nanoparticles were selected as a model system to
optimise and develop AF4-MD methodology for the high-resolution
separation and inline analysis of polystyrene latex nanoparticle-protein
complexes formed following incubation in 10% vol FBS for 2- and 24-

hours.

In Chapter 2, | examined the impact of the centrifugation-resuspension
protocol as the industry gold-standard approach used for the routine
isolation of nanoparticles from incubation media during protein corona
studies. The focus of this chapter is to develop a robust and reproducible
AF4 separation method with inline multidetector analysis of nanoparticle
and nanoparticle-protein complexes. | explored the impact of different
AF4 run parameters on the resolution of nanoparticle-protein complexes
from bulk protein media used during the analysis of nanoparticle-protein

interactions.
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3.6.1 Baseline analysis of polystyrene latex nanoparticles

Polystyrene latex nanoparticle physicochemical properties were
analysed at baseline (control samples) prior to incubation with media
containing 10% vol FBS. FE-SEM imaging was used to measure the
morphology of the nanoparticles and confirm the size values obtained
from DLS and NTA analyses (Figure 3.6).

Image analysis was performed on FE-SEM micrographs using Image J
to calculate the mean particle diameter, and circularity for unmodified,
amine- and carboxylate-modified polystyrene latex nanoparticles.
Overall, FE-SEM images revealed that all nanoparticle types were of
predominantly spherical morphology (also confirmed with a measured
circularity of ~0.9 for all particles examined). | also confirmed particle
size, with a measured mean diameter of 105.7 (£16.9), and 99.2 (£9.6)
nm for unmodified, and carboxylate-modified nanoparticles, respectively.
These values are roughly all identical to the mean diameter (nm) as
measured with DLS (Table 3.3).
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Figure 3.6. FE-SEM micrographs for unmodified, amine- and carboxylate-modified polystyrene
latex nanoparticles obtained using field emission scanning electron microscopy (FE-SEM) at
40,000X and 60,000X magnifications. Size (N= 200) and circularity (N=2200) analysis of the
particles were performed in ImageJ. One-way ANOVA and Dunnett’'s multiple comparisons test
were used for statistical analysis, * denotes p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <
0.0001.

Image analysis was performed on FE-SEM micrographs using ImageJ to
calculate mean particle diameter, and circularity for each nanoparticle
type. Overall, FE-SEM images revealed that all three nanopatrticle types
were of predominantly spherical in morphology confirmed by measured
circularity from SEM, which was ~0.9 for all particles examined. The
corresponding particle size measured by SEM, was a mean diameter of
105.7 (£16.9), 82.6 (x11.4), and 99.2 (£9.6) nm for unmodified, amine-

modified and carboxylate-modified nanoparticles, respectively.
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Table 3.3. Corresponding parameters obtained from DLS (PDI and z-average), analysis of FE-SEM micrographs (SEM size and circularity), and electrophoretic
light scattering (zeta potential). Values are represented as mean (standard deviation), N=3.

Parameter Unmodified Amine-modified Carboxylate-modified
Z-average (nm) 118.1 (20.5) 82.4 (£0.2) 94.9 (x0.2)

SEM size (nm) 105.7 (£16.9) 82.6 (£11.4) 99.2 (+9.6)

PDI 0.035 (+0.003) 0.041 (x0.007) 0.017 (x0.002)
Circularity 0.92 (+0.2) 0.92 (+0.2) 0.91 (x0.2)

Zeta potential (mV) -34 (x1) 50 (1) -34 (1)
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All polystyrene latex nanoparticles characterised at baseline were
approximately in the 100 nm diameter size range. All nanoparticles
analysed were also of low polydispersity (i.e., PDI<0.05). The unmodified
and carboxylate modified polystyrene latex nanoparticles carried a
negative zeta potential (~ -34 mV). SEM data show that the size
measurements obtained by SEM are similar to those measured by DLS

analysis.

3.7 AF4-MD method development (first iteration: the impact of cross flow)

During the initial iteration of AF4 method development, the impact of
cross flow, using methods 1 (3 mL/min cross flow) and 2 (2 mL/min cross
flow) was compared using unmodified polystyrene latex nanoparticles
(Figure 3.2, Figure 3.3). The impact of AF4 cross flow parameters on
nanoparticle agglomeration, recovery rate of the analyte, and the
resultant signal intensity was also evaluated. Differences in method
parameters (i.e., crossflow, method run time duration), and the predicted
fractogram peaks for polystyrene latex nanoparticles under baseline
conditions, and for unbound bulk proteins (FBS) which were used for all

sample incubations for methods 1 and 2 are included as follows:
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Figure 3.7. AF4-UV-MALS method simulations used to predict elution conditions for unmodified,
amine-modified, and carboxylate-modified polystyrene latex nanoparticles measurements at 0
hour (baseline control) and following incubation within 10% vol FBS at 2 and 24 hours at 37 °C.

Based on the simulation for baseline polystyrene latex nanoparticles with
a predicted Rg of 50 nm, it would be expected that these particles elute
at ~40 minutes for simulation one, ~31 min for simulation two, and ~40

min for simulation three.

Following incubation in protein-containing medium, a shift in the elution
peak resulting from nanoparticle-protein corona formation would be
expected, which led to an increase in the mean patrticle size with unbound

proteins being separated from the sample between (4-10 min) based on

the method used.
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Figure 3.8. AF4-UV-MALS fractograms of unmodified polystyrene latex nanoparticles (baseline-
0 hours, 100 nm diameter) as detected with UV (280 nm) (A, C), and MALS (90°) detectors (B,
D). Using 10% vol PBS (pH 7.4) as a running buffer. Rq is plotted across the region of interest on
the MALS fractograms using multiple models of fit (sphere, Zimm, and random coil). VP: void
peak.

Comparing methods 1 and 2, an increase in mean polystyrene latex
nanoparticle size was observed with a radius of gyration (Rg) of 88.2 nm
obtained from method 1, which is higher than the radius measurement
obtained using method 2 (Rg 62.4 nm). Overall, both methods 1 and 2
show a unimodal peak in agreement with the run simulations performed
(Figure 3.7.). However, the observed increase in mean Rq associated
with both methods may be a result of agglomeration induced during the

focusing step.

Furthermore, with method 2 a lower UV signal intensity (at 280 nm) and
tailing was observed, suggesting potential nanoparticle agglomeration.
The elution peak for both methods was longer than the predicted
simulations, with an increase in elution time from 40 min to 46 min
observed with method 1, and from 31 min to 36.5 min observed with

method 2 (simulation versus experimental).
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Preliminary measurements suggest that a cross flow of (2 mL/min) is
more suitable for the AF4-based separation of polystyrene latex
nanoparticles. However, both methods 1 and 2 were unsuitable for
optimal nanoparticle separation and analysis at baseline, since the mean
measured particle radius for unmodified polystyrene nanoparticle is ~50
nm as determined by previous measurements using DLS and PTA (Table
3.3). The use of both methods resulted in a much higher reported Rg,
indicating the formation of aggregates at these cross-flow rates.

Therefore, additional AF4 method optimization was required.
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3.7.1 The impact of a linear decay cross flow profile on isolating nanoparticle-

protein complexes from bulk biological media

During the second iteration of method optimisation, | investigated the reproducibility
of measured parameters for unmodified, and carboxylate-modified polystyrene latex
nanoparticles at baseline and following incubation with 10% vol FBS using AF4-MD
method 3 (Figure 3.3), with a 10% vol PBS carrier liquid.

Unmodified polystyrene latex nanoparticles

Unmodified polystyrene latex nanopatrticles eluted between 42-55 min, compared to
2 hour timepoint samples, and subsequently analysed using the same AF4-UV-
MALS setup.
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Figure 3.9. AF4-UV fractograms for unmodified polystyrene latex nanoparticles (0.1 mg/mL) at 0 hours (black
trace) and 2 hours incubation with 10% vol FBS at 37 °C (red trace) detected at 280 nm. L100 (N=3), L100 (2-
hrs) (N=1). VP: void peak.

A shift in peak elution was observed in both UV and MALS detector fractogram
traces, showing a change from 42 min at O hours (absence of protein), to 45 min at
the 2-hour timepoint. This change in elution profile was also accompanied by an
increase in the measured radius of gyration for the 2-hour samples, consistent with

the surface-adsorption of proteins. Furthermore, a small peak occurred at ~11 min
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on the UV trace, which corresponds to the separation of the bulk unbound protein

from the incubation mixture from nanoparticle-protein complexes. Next, the impacts

of incubation with protein were examined using AF4-MALS.
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Figure 3.10 AF4-MALS fractograms for unmodified polystyrene latex nanoparticles (0.1 mg/mL) at 0 hours (A)
and 2 hours incubation with 10% vol FBS at 37 °C (B). Rq is plotted across the entire region of interest on the
MALS trace using multiple models of fit (sphere, zimm, and random coil). L100 (N=3), L100 (2-hrs) (N=1). VP:
void peak.

Unmodified polystyrene latex nanoparticles were characterized using MALS with a
mean Rgof 56 nm at baseline using the spherical model of fit. These findings show
high correlation with previous hydrodynamic size measurements using DLS, as

shown in Table 3.3.

Using the spherical model of fit, an increase in the mean Rg was observed to 70.4
nm at the 2 hour timepoint. Peak tailing was observed for unmodified polystyrene
latex nanoparticles at baseline, and following incubation with protein-containing
media, which suggest the potential presence of multiple nanoparticle-protein and
protein-protein sub-species that may not be resolved from each other using method
3. Moreover, the efficiency of the sample fractionation was exceptionally low using
this method, giving rise to potential run times =260 minutes. Therefore, this method

was not further explored for unmodified polystyrene latex nanoparticles.
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Carboxylate-modified polystyrene latex nanoparticles

Method 3 was also used to study the separation of carboxylate-modified polystyrene
latex nanoparticles as a different surface chemistry (Figure 3.11), to confirm any
apparent differences in elution time and resolution of polystyrene latex nanoparticle

fractions from protein containing incubation media.
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Figure 3.11. AF4-UV fractograms for carboxylate-modified polystyrene latex nanoparticles (0.1 mg/mL) at O
hours (black trace) and 2 hours incubation with 10% vol FBS at 37 °C (red trace) using method 3 with a 10%
vol PBS running buffer. UV measurements were obtained at 280 nm, and baseline correction was performed for
all UV measurements. C100 (N=3), C100 (2-hr) (N=1). VP: void peak

At 0 hours (baseline control), carboxylate-modified polystyrene latex nanoparticles
eluted at 45 min, which increased to 47.5 mins following a 2 hour incubation with
10% vol FBS. This is in comparison to unmodified polystyrene latex nanoparticles,
which eluted between 42-55 min. This method wasn’t further explored due to the
late elution point of baseline nanoparticles, and the severe tailing. Next, the AF4-

MALS trace was examined for carboxylate-modified nanoparticles.
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Figure 3.12. AF4-MALS fractograms for carboxylate-modified polystyrene latex nanoparticles (0.1 mg/mL) at O
hours (A) and following 2 hours incubation with 10% vol FBS at 37 °C (B). Rq is plotted across the entire region
of interest on the MALS trace using multiple models of fit (sphere, zimm, and random coil). C100 (N=3), C100
(2-hrs) (N=1). VP: void peak.

The MALS signal strength obtained for both 0 and 2 hour samples was acceptable
at ~150 mV. Changes in the elution time were accompanied by an increase in the
mean particle Rg from 38 nm at baseline to 59 nm following incubation with protein-
containing medium when using the spherical model of fit. As seen in previous
measurements, a peak occurring at ~11 mins was observed on the UV trace
following protein-incubation, suggesting the separation of unbound protein from the

incubation mixture.

When using method 3, consistently reproducible fractogram traces were obtained
for the unmodified and carboxylate-modified polystyrene latex nanoparticles at
baseline and following incubation in protein-containing medium. However, both
these nanoparticles eluted at later timepoints (~46 min) at O hours, which increased
to ~49 min following incubation in 10% vol FBS for 2 hours. Within the AF4
separation and inline measurement period any further separation for nanoparticle-
protein sub-populations at higher particle sizes could not be observed, as suggested
due to the tailing observed both at baseline and following incubation within protein-
containing medium which is further supported by the tailing observed in incubated
nanoparticle-protein samples. Therefore, method 3 was not further explored as a

viable method.
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Amine-modified nanoparticles

Amine-modified polystyrene latex nanoparticles had a peak maxima that eluted at
45.4 min at baseline, which shifted to 48.1 min at the 2 hour timepoint on both UV
and MALS traces.
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Figure 3.13 AF4-UV fractograms for amine-modified polystyrene latex nanoparticles (0.1 mg/mL) at 0 hours
(black trace) and 2 hours incubation with 10% vol FBS (red trace) using method 3 with a 10% vol PBS (pH 7.4)
running buffer. UV measurements were obtained at 280 nm, and baseline correction was performed for all
measurements. A100 (N=3), A100 (two-hours) (N=1). VP: void peak

The shift in elution time was attributed to an increase in mean particle size resulting
from the nanoparticle protein corona formation. Furthermore, a peak maxima was
observed at ~11 min following the two-hour incubation in 10% vol FBS on the UV
trace, which indicates the separation of unbound protein from nanoparticle-protein
mixtures. However, the intensity of the signal for amine-modified nanoparticles was
consistently low at baseline and following incubation with protein-containing media
(0.5 versus 2 mV). Consistent with these observations, the MALS signal strength for

amine-modified nanoparticles was ~5 mV.
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Figure 3.14 AF4-MALS fractograms for amine-modified polystyrene latex nanoparticles (0.1 mg/mL) at 0 hours
(A) and following incubation with 10% v/v FBS at 37 °C for 2 hours (B). Rq is plotted across the entire region of
interest on the MALS fractograms using multiple models of fit (sphere, zimm, and random coil). A100 (N=3,
baseline), A100 (N=1, 2 hours). VP: void peak.

Using the spherical model of fit, an increase in the mean Rgfrom 42.6 nm at 0 hours,
to 70.4 nm following protein corona formation was seen (Figure 3.14). As with
previous samples, tailing was observed for amine-modified polystyrene latex
nanoparticles at baseline and following protein corona formation, which suggests
either the presence of additional sub-populations within the measured sample that
were not resolved using this AF4 method or inducing particle agglomeration from

high cross flow rates during AF4 separation.

3.7.2 The impact of decay cross flow on measured nanoparticle parameters
using frit inlet (FI-) AF4-MD

Conventional AF4 is associated with inducing nanoparticle agglomeration during the
focusing step as a consequence of the focus flow, so | explored the use of a frit-inlet
(F1-AF4 channel to reduce the risk of nanoparticle aggregation during the focusing

step.

A simulation of the frit-inlet AF4 (FI-AF4) methods was performed prior to performing
sample measurements to predict the elution of polystyrene latex nanoparticles at 0
hours (control samples) and following incubation with protein-containing medium in
the Nova Analysis software. Here the differences in AF4 method parameters (i.e.,

cross flow, method duration), and the predicted elution time for polystyrene latex
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nanoparticles under baseline conditions, and for unbound bulk proteins is shown,

which was used for all sample incubations.
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Figure 3.15 FI-AF4-UV-MALS method simulations used to predict elution conditions for unmodified, amine-
modified, and carboxylate-modified polystyrene latex nanoparticles measurements at baseline (control) and
following incubation within 10% vol FBS at 2 and 24 hours at 37 °C.

Based on the simulations for baseline unmodified, amine-, and carboxylate-modified
polystyrene latex nanoparticles (Rg =50 nm), a peak was predicted to elute at ~25

min in method 4, at ~15 min for method 5, and ~29 min for method 6.

Following incubation with 10% vol FBS, a later elution time for all polystyrene latex
nanoparticles was expected in response to nanoparticle-protein complex formation,
with the unbound protein fraction separation occurring between 5-9 min, and 2-8

min for method 4 and method 5, respectively.

A decay cross flow profile was applied to resolve subpopulations within the samples
following incubation in 10% vol FBS medium. This was performed as per method 4
(Figure 3.4) using 0.2 %v/v Novachem as the carrier liquid.
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Figure 3.16. FI-AF4-UV fractograms for unmodified polystyrene latex nanoparticles (0.1 mg/mL) at baseline
(black trace) and following incubation with 10% vol FBS for 24 hours (red trace) using method 4 and 0.2 %v/A/
Novachem running buffer. Measurements (UV) were obtained at 280 nm, and baseline correction was performed
for all UV measurements. L100 (N=3, baseline), L100 (N=3, 24 hours). VP: void peak

A narrow unimodal peak (10 min peak width) was observed for the UV (280 nm)
fractogram traces at time O (baseline conditions), eluting at ~25 min. Following 24
hours incubation in protein-containing medium (10% vol FBS), changes in
polystyrene latex nanoparticle elution profiles were seen relative to baseline.
Furthermore, various nanoparticle-protein subpopulations were resolved with

elution peak maxima emerging at 35 min, 39.8 min, and 42 min, respectively.
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Further analysis of nanoparticle parameter changes was performed using the MALS
detector (Figure 3.17).
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Figure 3.17. FI-AF4-MALS fractograms for unmodified polystyrene latex nanoparticles (0.1 mg/mL) at baseline
(A) and following incubation with 10% vol FBS at 37 °C for 24 hours (B). Ry is plotted across the entire region
of interest on the MALS trace using multiple models of fit (sphere, zimm, and random coil) in method 4. L100
(N=3), L100 (24 hrs) (N=3). VP: void peak.

An increase in the mean Rgq was observed for all samples following incubation in
10% vol FBS for 24 hours, with an initial increase in mean Rg from 42.0 nm at
baseline, to 50.5 nm for the first region of interest (ROIl) when using the spherical
model of fit. The measured Rg further increased for later elution peaks with
measured Rg of 70.7 and 90.5 nm at 39.8 and 42 min, respectively. Similar trends
were seen using the zimm model of fit with an increase in Rg from 53 nm at baseline
rising to 66 nm (ROI1), 97 nm (ROI2), and 112 nm (ROI3). Data were also fitted
using the random coil model, with a mean Rg of 47 nm at baseline which increased
following protein corona formation with a mean increase to 59 nm (ROI 1), 100 nm

(ROI 2), and (144 nm ROI 3).
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The cross flow was increased in method 5 to allow for the improved resolution of
sub-species following incubation with protein-containing media using 0.2 %v/v

Novachem as the carrier liquid.
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Figure 3.18. FI-AF4 fractograms for carboxylate-modified polystyrene latex nanoparticles (0.1 mg/mL) showing
(A) UV (280 nm) elution profile, and (B) the FLD elution profile (em/ex 505/515) using method 5 with 0.2 %v/A/
Novachem running buffer. Baseline correction was performed for all measurements. C100 (N=3). VP: void peak

A unimodal peak was observed in the UV and fluorescence traces for carboxylate-
modified polystyrene nanoparticles at baseline, with the peak eluting at ~20 min in
both UV (21-31 min) and fluorescence (19-36 min) fractograms. This shows a similar
elution profile to baseline nanoparticles as seen for the previous iteration of method
development. Further analysis was performed using MALS and DLS, which allows
the shape factor to be determined as an approach to infer particle morphology

(Figure 3.19).
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Figure 3.19. FI-AF4-MALS fractograms for carboxylate-modified polystyrene latex nanoparticles (0.1 mg/mL)
at baseline with (A) showing 90° MALS with Rq plotted across the region of interest using multiple models of fit
(sphere, zimm, and random coil), and (B) showing the measured shape factor over peak particle elution. C100
(N=3).

The observed mean Rq at baseline for carboxylate nanoparticles was (39 £ 1.6 nm),
with a mean shape factor of ~0.8 , which suggests that the nanoparticles
characterized are predominantly spherical in shape as shown in previous studies '7°

which show a shape factor (~0.78).

3.7.3 FI-AF4- MD analysis of polystyrene latex nanoparticles following

incubation with protein-containing media.

In this chapter, | explored the difference between different AF4 protocols,
investigating the impact of cross flow rates, linear versus exponential decay profiles,
and frit-inlet versus conventional AF4 based separation of nanoparticles from bulk
protein containing media as an approach for isolating nanoparticle-protein
complexes. Overall, these data show that the optimal separation of highly
polydisperse samples, including nanoparticle-protein complexes formed following
incubation with protein containing media occur with a higher resolution using decay
cross flow profiles and with frit-inlet AF4 separation. In this final iteration of method
development, | extended the cross flow rate (2.5 mL/min, exponent 0.2) to a 50 min

duration run with 0.2% v/v Novachem as the carrier liquid.
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Unmodified polystyrene latex nanoparticles

FI-AF4-UV-fluorescence-MALS-DLS was used to measure the properties of
polystyrene latex nanoparticles at 0 hours and following incubation with 10% vol
FBS at 2 and 24 hours.
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Figure 3.20. FI-AF4-UV traces (280 nm) for unmodified polystyrene latex nanoparticles (0.1 mg/mL) at 0 hour
(blue trace) and 2 hour (A) and 24 hour (B) incubation with 10% vol FBS at 37 °C. Baseline correction was
performed for UV measurements. An injection of (10% vol FBS) was performed to confirm the elution profile of
the bulk incubation media (black trace) for comparison with bulk unbound protein fractograms from nanoparticle-
protein samples (red trace). All samples (N=3). VP: Void Peak.

A narrow unimodal peak was observed for unmodified polystyrene latex
nanoparticles at baseline with UV detection (280 nm), with a peak maximum at 25
min. At 2 hours, a shift in elution time was observed with two peaks occurring at 33.5
min and 52 min. A similar elution profile was observed at 24 hours, with peak eluting
at 33.5 min and 51.5 min, respectively. For the 10% vol FBS injections, a narrow
peak eluted at ~5 min following the void peak, which was also observed for traces

corresponding to nanoparticle-protein samples (i.e., 2- and 24-hours).

A decrease in signal intensity was observed following incubation with protein-
containing medium, however this was accompanied by an increase in elution time
(22-52 mins for 2- and 24-hours). Furthermore, an increased signal between ~3-5
min was seen, which shows the separation of unbound bulk media protein fractions
from nanoparticle-protein complexes. Therefore, the observed changes in elution
time can be attributed to protein corona formation following exposure to protein-

containing medium.
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The percentage sample recovery was calculated using the UV elution traces at 0
hours (86%), 2-hours (85%), and 24-hours (74%) with a significant decrease in
recovered samples following 24 hours (which shows a more pronounced unbound
protein signal). All measured samples showed a >70% recovery threshold as
described in ISO/TS 21362:2021, meeting this method quality criteria.'”"

Nanoparticle size was measured using a combination of in-line MALS-DLS which
allowed for the characterization of various parameters including Rg (MALS), Rn
(DLS), and the shape factor (MALS-DLS, Rg/Rn).
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Figure 3.21. FI-AF4-MALS-DLS showing unmodified polystyrene latex nanoparticle elution at 0 hours and following, 2 and 24 hour incubation with 10% vol FBS at 37
°C. Showing measured nanoparticle Rgusing MALS (A, B, C), mean (Rg, Rn) as calculated using MALS/DLS (D, E, F), and the shape factor (Rg/Rn) (G, H, I). N=3.
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The measured Rg was 42.0 nm at baseline for unmodified polystyrene latex
nanoparticles, with an increase to 48.0 nm following a two-hour incubation in
10% vol FBS for the initial peak at (33.5 min), which increased further to 219.0
(x 6.5) nm for the second peak that eluted at 52 min when using the spherical

model of fit.

A decrease in the measured MALS signal following incubation within protein-
containing medium, was accompanied by a broader elution peak profile (~21-
52 min) due to the presence of multiple sub-populations in samples containing
FBS, polystyrene latex nanoparticles, and nanoparticle-protein complexes.
The hydrodynamic radius (Rn) calculated from the DLS measurement traces
show similar trends to the measured Rg size, with an increase in particle size
observed with incubation duration (2- versus 24- hours), and a higher mean
size during peak elution at baseline, and for the initial peak following a two-

hour incubation when compared to Rg measurements.

Using the inline DLS detector the hydrodynamic radius was determined, which
combined with MALS detector radius of gyration measurements were used to

calculate the shape factor as a predictor of nanoparticle shape.

The shape factor calculated for unmodified polystyrene latex nanoparticles at
0 hours was 0.77, which suggests a spherical particle morphology. These
measurements show high corelation with FE-SEM circularity data (Figure
3.6). At the 2-hour timepoint, the shape factor was determined as 0.61, eluting
at 33.5 min and an additional calculated shape factor increasing to 2.7 for the
peak eluting at 52 min was calculated- suggesting changes in the shape of
polystyrene latex nanoparticles from a predominantly spherical morphology to

rod shaped particles eluting at later timepoints (i.e., 52 min).

An assumption used in light scattering measurements is often the assumption
of a spherical morphology. This approach demonstrates the need for
performing multiple models of fit (spherical, zimm, random coil) on MALS data
obtained for mixed samples containing protein, nanoparticles, and
nanoparticle-protein complexes. In this case, the nanoparticle-protein
complexes had a mean Rg of 61.0 nm at 33.5 min, and 85.0 nm at 52 min

using the Zimm model for 2-hour samples. Using the random coil fit, Rg was
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measured as 47.0 nm at 33.5 min, and 354.0 nm at 52 min (Figure 3.21).
Further, analysis was performed using FI-AF4-MALS-DLS with polystyrene
latex nanoparticles incubated for 24 hours within 10% vol FBS (at 37 °C).

Similar trends were observed following 24 hours incubation in 10%vol FBS,
with the mean Rg from 42.0 nm at baseline to 48.0 nm at 33.5 min, further
increasing to 197.0 (£ 3.4) nm at 51.5 min, when performing the spherical
model fit. A decrease in the MALS signal was observed for the 24-hour
timepoint, however this was accompanied by an increase in the width of the

eluted peaks.

Furthermore, a clear upward trend was observed for the measured mean Rq
and Rn across all samples, with a higher mean Rn derived from the initial eluted
peak occurring at 33.5 min for baseline samples and following 24 hours
incubation. A significantly higher Rqg was observed for the peak eluting at 51.5
min, compared to the measured Rn. The shape factor determined was 0.68,
which suggests a predominantly spherical morphology for the peak eluting at
33.5 min, which increased to 3.5 for peaks eluting at 52 min. This shows that
the spherical model of fit is not optimal for the nanoparticle fractions eluting at

later times.
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Carboxylate-modified polystyrene latex nanoparticles

Carboxylate-modified polystyrene latex particles were incubated for 2 and 24
hours in 10% vol FBS at 37°C and characterized using a FI-AF4-MD pipeline.
Here we examined the impact of a different surface chemistry on measured
nanoparticle parameters, with a general increase in particle size following
incubation within protein-containing and the emergence and characterization

of multiple sub-populations arising from nanoparticle-protein and protein-

protein interactions.
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Figure 3.22. Corresponding UV (280 nm), and FLD (excitation/emission 505/515 nm) fractograms
obtained using a FI-AF4-MD pipeline for carboxylate-modified polystyrene latex nanoparticles (0.1
mg/mL) at 0 hours and following 2- (A, B), and 24- hours incubations in 10% vol FBS at 37 °C (C,D).
Baseline correction was performed for UV and FLD measurements. An injection of (10%vol FBS) was
performed to confirm the elution profile of the bulk incubation media (black trace) for comparison with
the eluted peak corresponding to bulk unbound protein fractions in the presence of nanoparticle-protein
complexes (black trace). All measured samples (N=3). VP: Void Peak.

A narrow unimodal peak was observed for carboxylate-modified polystyrene
latex nanoparticles at baseline eluting at 24 min, which shows a similar trend

to previous runs. A shift in the elution time was observed to ~34 min at 2 hours,
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with additional peaks eluting at ~40 and 51 min. Similarly, a shift in elution time
was observed for 24 hours, with a peak eluting at ~34 min, and additional

peaks eluting at ~40, ~44, and ~51 min.

The UV trace for carboxylate-modified nanoparticles at 0 hours eluted at 24
min (~15 mV), which decreased to ~9 and 6 mV for 2- and 24-hour samples,
respectively. Decreases in signal intensity were accompanied by peak width
increases, suggesting the emergence of multiple sub-populations for both 2-
and 24-hour samples. Furthermore, as seen with the UV traces (Figure 3.22),
a peak eluted at ~3-5 min corresponding to FBS protein fractions, which was
observed in the UV fractograms for 2- and 24-hour samples. These
observations along with measurements from the fluorescence detector show
the separation of nanoparticle-protein complexes from unbound bulk proteins,
where the fluorescence signal corresponding to FITC in the polystyrene latex
nanoparticles is absent in the peaks eluting at ~11 min. Similar trends were
observed and cross-validated through use of the fluorescence detector as an
orthogonal approach to identify sub-populations containing fluorescent

nanoparticles.

The percentage of sample recovered from the AF4 separation of carboxylate-
modified nanoparticles was calculated using the UV elution profiles with a 95%
recovery at O hours (control), decreasing to 82% for 2-hour, and 81% for 24-
hour timepoints. Size and shape analysis was then performed for carboxylate-
modified nanoparticles at 0-, 2- and 24-hours using MALS and DLS detectors
with similar trends observed with the unmodified polystyrene latex

nanoparticles as shown in (Figure 3.23).
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An increase in mean nanoparticle size was observed at 2 hours, with a mean
Rg of 37 nm at 0 hours, which increased to 43 nm (elution ~34 min), 66 nm
(elution ~40 min), and 168 nm (elution ~51 min). Furthermore, multiple models

of fit were explored for optimal radius of gyration measurement.

A similar trend was initially observed when applying a zimm model of fit to the
fractogram with a mean Rg 44 nm at 0 hours, which increased to 52 nm (elution
~34 min), further increasing to 77 nm (elution ~40 min), and 79 nm (elution
~51 min). The random coil fit was explored, also showing an increase in size
over time as with the spherical model of fit, with a mean baseline Rg 40.0 nm,
increasing to 47 nm (elution~34 min), 92 nm (elution~40 min), and 242 nm

(elution ~51 min) at 2 hours.

Notably, samples eluting > 40 min showed a high degree of polydispersity.
Shape characterization was then performed with a mean calculated shape
factor of 0.77 at ~24 min for carboxylate-modified polystyrene latex
nanoparticles at 0 hours, suggesting the spherical fit is optimal for size
measurements. 2-hour samples had a shape factor of 0.59 for peaks eluting
at ~34 min, and 0.96 for peaks eluting at ~40 min, and 2.47 for peaks eluting
at ~51 min. These results show the formation of multiple sub-populations
following 2-hour incubations in protein-containing medium, some of which
approach less spherical morphologies at later elution times, which would
necessitate the use of multiple models of fit for determining the Rq derived

from MALS measurements.

Similar trends were observed at 24 hours, with an increase in mean particle
size accompanied by the emergence of multiple subpopulations in comparison
to 2-hour samples eluting at ~45 min and ~52 mins. Size analysis using MALS
showed an Rgincrease from 37.0 nm at O hours to 47 nm (elution ~34 min),
75 nm (elution ~40 min), 146 nm (elution ~45 min), and 223 nm (elution ~52
min) with the spherical fit. Notably, an increase in particle size was measured

for sub-populations eluting at similar times for 2-hour incubation samples.

A comparison of the shape factor (Rg¢/Rn) trends for carboxylate-modified
polystyrene latex nanoparticles at 24 hours showed a higher Rn during initial

particle elution, however after ~38 min a sharp increase in the mean Rg was
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observed in comparison to Rn. Furthermore, samples eluting at ~34 min had
a shape factor of ~0.62, which indicates a spherical model of fit is the most
optimal for size characterization. However, peaks eluting at ~40 min had a
shape factor of 1.26, which increased to 2.23 at ~45 min, and 3.21 for peaks
eluting at ~51.5 min. Next amine-modified polystyrene latex nanoparticles

were characterized using the FI-UV-MALS-DLS configuration.

3.7.4 Amine-modified polystyrene latex nanoparticles
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Figure 3.24. FI-AF4-MALS-DLS of amine-modified polystyrene latex nanoparticles at 0 hours (baseline).
UV trace (A) and MALS trace (B), mean Rgq size profile determined over the regions of interest (C) and
the shape factor determined using the MALS and DLS traces (Rg/Rn) (D).

Amine-modified polystyrene latex nanoparticles were separated and analysed
using this pipeline; however, we observed a low peak UV signal intensity ~5
mV in comparison to unmodified, and carboxylate-modified polystyrene latex

nanoparticles. Furthermore, we observed peak tailing with sample elution
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being between ~12-40 min, which shows particle aggregation and an

observed higher sample polydispersity.

This is further supported by size characterization using MALS and DLS. which
show an upward trend in mean size over time with mean Rq being higher than
Rh after ~25 min elution. The mean Rg for peak elution is 35.0 (+ 0.4) nm at
~23 min using the spherical model of fit, which is accompanied by a mean
shape factor of 0.94 that increases for nanoparticles eluted after ~25 min. This
indicates that polystyrene latex nanoparticles become less spherical at later
elution points in the presence of protein-containing medium. Due to the poor
signal intensity associated with the amine-modified polystyrene latex

nanoparticles, 2- and 24-hour samples were not further investigated.
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Table 3.4. Summary of shape factor changes following unmodified, and carboxylate-modified
nanoparticle incubation within 10%vol FBS for 2 and 24 hours. ROI: Region of interest

Particle ROI Shape
Factor
Unmodified (0 hours) ROI1 (~24 min) 0.77
Unmodified (2 hours) ROI1(~33.5 min) 0.61
ROI2 (~51.5 min) 2.7
Unmodified (24 hours) ROI1 (~33.5 min) 0.68
ROI2 (~52 min) 3.5
Carboxylate (0 hours) ROI1 (~24 min) 0.77
ROI1 (~34 min) 0.59
Carboxylate (2 hours) ROI2 (~40 min) 0.96
ROI3 (~51 min) 247
ROI1 (~34 min) 0.62
Carboxylate (24 ROI2 (~40 min) 1.26
hours) ROI3 (~45 min) 2.23
ROI4 (~51.5 min) 3.21
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The trends in shape factor data presented show that following incubation with
10% vol FBS, nanoparticles eluted at later time-points (i.e. 50 min) are not
spherical in morphology, with a further increase in measured shape following
24 hours incubation when compared to two hours. This data suggests that

alternate models of fit are more appropriate for size analysis of MALS data.

3.8 Discussion

In this chapter the use of conventional and frit inlet (FI) AF4 methodology was
explored using polystyrene latex nanoparticles a model system, and multiple
orthogonal inline analytical detectors hyphenated with AF4 to optimise and
comprehensively analyse subpopulations contained in heterogenous mixtures
of nanoparticles and protein containing incubation media. Multiple inline
analytical detectors were explored as orthogonal analytical techniques, as
each detector can contribute different information to the analysis of

nanoparticle fate following exposure to protein containing media.

The centrifugation-resuspension technique for the isolation of nanoparticles
from biological media remains the gold-standard approach in studying nano-
bio interactions, which is associated with significant alterations in the
composition of the soft and hard protein corona due to its intrinsically invasive
nature and the significant loss of nanoparticles with each centrifugation
cycle.’”? Therefore, gentler in situ techniques are needed to enable the
recovery of nanoparticle-protein complexes for downstream recovery, which |

explored in this chapter.

At the time of writing this chapter, there is a lack of literature on the
implementation of AF4-based methodology for the isolation of nanoparticle-
protein complexes from bulk protein-containing media in mixed species
samples. A previous study using AF4 showed that polystyrene latex
nanoparticles retained soft corona proteins following separation, and LC-MS
analysis.®? Particularly, there are no studies reporting the impact of flow, cross
flow and decay profiles on the resolution of different subspecies within

samples containing a mixture of proteins and polymeric nanoparticles.

Therefore, | explored the optimisation and development of AF4 methodology
using untreated polystyrene latex nanoparticles at baseline and following
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exposure to protein-containing media at physiologically relevant temperatures
and different durations (2- and 24-hour incubations), representing early
timepoints following introduction to biological media and later timepoints at
which equilibration of the surface-adsorbed protein content would be

expected.

Polystyrene latex nanoparticles with different surface modifications were
selected as a model system representing polymeric nanoparticles for this
study, due to their long-term chemical stability (resistance to hydrolytic
degradation) in contrast to biodegradable nanoparticle systems (e.g.,
poly(lactic-co-glycolic) acid). The impact of surface charge functionalisation
effects on elution via AF4 methodology and nanoparticle-protein interactions
was profiled using multiple orthogonal inline detectors to probe changes
occurring in nanoparticle characteristics in response to incubation with protein-
containing media at physiologically relevant temperature (37 °C) for 2 and 24
hours. | used 10% vol FBS as the incubation medium to mimic the protein

content and composition under cell culture conditions.

The I1SO standard "' on the Analysis of nano-objects using asymmetrical-flow
and centrifugal field-flow fractionation guidance, outlines the best practices for
AF4 method development and data processing to optimise methodology
parameters. In this chapter, | used the ISO criteria in the optimisation and
selection of AF4 protocol methods using the resolution of sub-populations, the
efficiency of subpopulation separation (total run time), the percent area
coverage corresponding to the void peak, and percent mass recovery of the
sample (an indicator of sample loss due to non-specific interactions with the
AF4 membrane) during the AF4 run as the criteria to select for optimal
methods. In cases where inefficient resolution was observed (run duration >60

min), other criteria were not assessed.

3.8.1 The effect of AF4 flow parameters on the resolution of nanoparticle-

protein complexes from bulk protein media

Conventional AF4 methodology uses a combination of cross flow and focus
flow to achieve high-resolution separation of different subpopulations in

heterogeneous and complex mixtures. Therefore, | investigated the impact of
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different AF4 method parameters on the ability of AF4 to resolve nanoparticle-

protein complexes from bulk protein-containing media.’6°

Initial measurements in methods 1-2 developed in this chapter were
performed using the conventional AF4 channel, with the methods yielding a
narrow unimodal peak as expected for unmodified polystyrene latex
nanoparticles at baseline. However, the measured radius of gyration obtained
from the spherical fit of the MALS trace resulted in a mean measured size of
88.2 nm with method 1, and 60 nm with method 2. Measurements performed
with conventional AF4 methods resulted in an increase in the mean measured
size of unmodified polystyrene latex nanoparticles. One of the most likely
causes for this observation was the presence of a focus flow step at 3.3
mL/min for all measured samples. The shear flow stress to which the samples
are subjected during the focusing phase is likely to cause nanoparticle
agglomeration, which is a key limitation of using conventional AF4 in the

analysis of nanomaterials previously reported in the literature.'”3

Another key aspect of developing methods 1-2 was to better understand the
impact of cross flow on nanoparticle samples, with the results suggesting that
a lower cross flow rate would be more suited to the samples being studied.
Furthermore, the late elution of these nanoparticles shows that neither of
these methods would be optimal for polydisperse samples as nanoparticle-
protein complexes and nanoparticle agglomerates would be expected to elute

at later timepoints beyond the AF4 run duration (beyond 60 minutes).

Using method 3, | explored the incubation of polystyrene latex nanoparticles
in protein-containing media at a reduced cross flow rate of 2.5 mL/min
following a linear decrease in cross flow. The baseline unmodified polystyrene
latex nanoparticles had a measured mean radius of gyration size of 56 nm
using the spherical model of fit, which increased to 70 nm following protein
corona formation in response to incubation with protein-containing media.
Furthermore, | observed a small peak following 10 mins for the UV which
indicates the separation of nanoparticle from bulk protein incubation medium,;
however, as with previous techniques a later elution time was observed, which

failed to separate nanoparticle-protein complexes of different sizes indicating
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a low efficiency of the method to resolve subpopulations within the
nanoparticle-protein sample mixture. While an increase in cross flow may
improve overall resolution of the AF4 method in separating different
subspecies. This may lead to further issues including sample loss and flow
induced aggregation resulting from the shear forces experienced by the
sample. Furthermore, in this method | also investigated the elution of amine-
modified and carboxylate-modified polystyrene latex nanoparticles (Figure
3.11, Figure 3.12). One of the main challenges associated with method 3 was
a high loss of sample for cationic amine-modified nanoparticles (low sample
mass recovery) despite the changes observed in zeta potential following
protein corona formation seen in Chapter 2. Therefore, this method was not

further explored for amine-modified polystyrene latex nanoparticles.

3.8.2 Exploring the use of FI-AF4 methodology for the resolution of

nanoparticle-protein complexes

In response to previously obtained data, method 4 (Figure 3.4) was developed
to optimise polystyrene latex nanoparticle separation from bulk protein-
containing media, which applied a power cross flow profile using a FI-AF4
configuration, using a 0.2% v/v Novachem carrier liquid as the mobile phase.
A peak eluting at ~26 min was observed for 0 hour samples, corresponding to
a mean Rgof 38 nm using the spherical fit for MALS data. Following incubation
in protein-containing medium, later elution of all samples was expected across
all methods with unbound protein separation occurring between 5-9 min.
Optimal separation was achieved using the FI-AF4-MD pipeline with a decay
cross flow profile as shown in (Figure 3.16) using method 4. This method
showed a higher resolution of nanoparticle-protein samples with the

identification of multiple sub-populations following protein corona formation.

Method 5 was subsequently developed, introducing a hold time for the cross
flow by 10 min to allow for further resolution of nanoparticle-protein complexes
from bulk protein media. This method was then used for the final comparison
of unmodified and carboxylate-modified polystyrene latex nanoparticles
following treatment in 10% vol FBS for 2- and 24-hr incubations.
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Unmodified polystyrene nanoparticles were initially investigated, with the UV
signal showing an expected shift to later elution times following incubation
within protein-containing medium (2 and 24 hours) as observed in previous
studies.?® This shift was accompanied by the emergence of two sub-
populations following incubation with protein for 2 and 24 hours. Similar trends
were observed with carboxylate-modified particles with the emergence of
three sub-populations following 2 hours incubation, further increasing to four

following 24 hours incubation.

3.8.3 Changes in modelled nanoparticle geometry in response to protein

corona formation

The powerful combination of hydrodynamic size measurements from DLS with
radius of gyration measurements obtained by the MALS detector can be used
to determine the shape factor parameter, which can be used to infer particle
geometry.'83 To-date the shape factor from in-line AF4 analysis has not been
explored to study mixed sample populations, particularly in the context of
nanoparticle-protein complex formation with protein corona samples. Most
current studies perform offline analysis of recovered sample fractions using
DLS instrumentation, which renders the real-time monitoring of changes in

particle morphology challenging.

In this chapter, | explored how the shape factor of unmodified and carboxylate-
modified polystyrene latex nanoparticles are altered in response to incubation
with protein-containing media for various durations. The introduction of
protein-containing media resulted in a high calculated shape factor (>1.5)
which suggest a rod-like shape for both unmodified and carboxylate-modified
polystyrene latex nanoparticle-protein complexes eluting at later timepoints
(after ~45 min) overall indicating a change in the morphology of these
nanoparticles. Furthermore, differences were observed between different sub-
populations within identical samples (Table 3.4). Previous studies have shown
nanoparticle morphology, and size play a key role in determining their
biological fate.'”#175 Which suggest that certain sub-populations may show

more optimal parameters for cellular uptake.
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Despite an accurate measurement of baseline size and unbound protein
separation, the UV and MALS signals detected were very low for amine-
modified polystyrene latex nanoparticle experiments. This shows that further
method optimisation is required including changes to the cross flow, carrier
liquid buffer composition (pH, ionic strength, and salt composition), and
additional steps may be required when developing methods for positively
charged nanoparticle systems (e.g., amine-modified polystyrene latex

nanoparticles).

A limitation associated with the application of AF4 methodology is the limited
range of AF4 membrane surface chemistries available (e.g., amphiphilic
regenerated cellulose, PVDF), which means the potential loss of sample due
to non-specific adsorption and interactions that may occur at each stage of
sample elution. In the case of amine-modified polystyrene latex nanoparticles
and the regenerated cellulose membranes used to develop the AF4
methodology in this chapter, the negative charge of the cellulose membrane
at physiologically relevant pH (7.4) and positive surface charge of the amine-
modified nanoparticles will result in electrostatic attractions and surface-
adsorption of nanoparticles, giving rise to sample loss. These observations
are consistent with previous literature efforts in which AF4 methodology has
been developed for profiling lipid nanoparticle-based systems. The cationic
and lipophilic nature of lipid nanoparticles generally results in poor sample
mass recovery and a low signal intensity. Therefore, a common approach that
has been adopted to counteract this effect has been the preconditioning of
AF4 membranes with protein (e.g., bovine serum albumin- BSA)."”® Multiple
injections of BSA have been shown to stabilise reproducibility between
individual injections and improved signal. My comparison of the differential
AF4 separation profiles across unmodified, amine- and carboxylate-modified
nanoparticles highlights the need for individualised optimisation of separation

methods according to nanoparticle surface chemistry.
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3.9 Conclusions

In this chapter, | have explored the development of a robust and reproducible
frit-inlet and conventional AF4 configuration protocols for the gentle separation
and inline analysis of nanoparticle-protein interactions in media containing
protein. Specifically, | showed that use of the frit-inlet configuration leads to a
higher mass recovery and a lower incidence of AF4-induced nanoparticle
agglomeration in comparison to conventional AF4, which is associated with
sample loss during the focusing step. The information provided in this study
can guide the initial design and optimisation of methodology for the recovery
of nanoparticles from protein-containing media, which can underpin the
downstream analysis of the protein corona using offline analytical techniques

such as mass spectrometry.

In comparison to the centrifugation-resuspension approach explored in
chapter 2, the AF4 method explored was less disruptive to the particles formed
with minimal sample loss observed in line with a high percent mass recovery

determined in later methods.

Noteworthy also was the emergence of particles deviating from the spherical
morphology for polystyrene latex nanoparticles incubated with protein eluting
at later timepoints, as determined by the shape factor parameter combining
MALS and DLS size measurements. Overall, this finding has implications for
applying the spherical model of fit to the analysis of such regions of interest
and highlights the complexity of analysing mixed species samples containing
both polymer and protein components. At the time of writing this thesis, no
models have been developed to enable the analysis of such complex systems,
necessitating the need for analysing samples by region of interest and
assessing the quality of fit for each model. This finding also highlights the
importance of using additional inline detectors as an orthogonal approach to
analysis or the downstream recovery of different region of interest fractions for

further offline analyses.

Another challenge in implementing AF4 methodology, was using a
physiologically relevant buffer system that would lead to fractograms profiles

compliant with the AF4 ISO recommendations. | explored the use of
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phosphate buffer and phosphate-buffered saline, which overall resulted in
significant sample loss and poorer signal intensities using the UV and MALS
detectors. Future efforts are required to explore the impact of AF4 carrier liquid
composition on the corresponding AF4 fractogram profiles obtained in the
context of ionic strength and pH of the buffer to minimise non-specific
interactions with the AF4 membrane while not significantly altering the

nanoparticle corona composition.

The findings in this chapter indicate that method optimisation is needed on a
case-by-case basis for different nanoparticle systems based on the sample
composition, and the AF4 methodology that meets the requirements of

efficiency, resolution, and mass recovery.
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Chapter 4 Exploring the use of EF4 hyphenated with
multiple detectors for studying in situ Polymeric

Nanoparticle-Protein Interactions

4.1 Abstract

Electrical asymmetrical flow field-flow fractionation (EAF4) is a newer modality
of flow field flow fractionation that separates particles and proteins based on
their size or molecular weight and simultaneously derives the electrical
parameters for each population. At the time of writing this thesis, the use of
the EAF4 technique for the analysis of nanomaterials in the literature remains
underreported. In this chapter, | explored the potential to use EAF4 as an
orthogonal method for isolating polystyrene latex nanoparticles from bulk
protein containing media based on their surface charge properties, and to
determine the electrophoretic mobility and zeta potential of nanoparticle-
protein complexes formed using this approach. Subsequently, | compared the
electrical parameter values obtained from EAF4 with electrophoretic light
scattering results and the changes in particle size in response to incubation
with protein containing media against other in situ approaches, frit-inlet flow

field flow fractionation and particle tracking analysis.

This chapter shows that EAF4 can present an exciting new approach by which
nanoparticle interactions with biological systems may be characterized.
However, limitations associated with the maximum current that can be applied
for the separation of proteins hinders and limits its applicability for high
resolution separation of samples without compromising their integrity. Further
optimisation and method development is required for future efforts using EAF4

based separation of nanoparticles in biological matrices.
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4.2 Introduction

One of the key challenges in the translation of novel nanoparticle formulations,
is understanding the role of nano-bio interactions and the formation of the
protein corona on the subsequent biological fate of nanomedicines.'®” For this
purpose, there is a clear need to develop analytical methods with the ability to
resolve nanoparticles from complex biological media containing

biomolecules.’”

In chapters 2 and 3,772 the limitations of conventional analytical techniques for
the analysis of nanoparticles in complex biological media was discussed,
highlighting the need for alternative orthogonal approaches for the resolution
and simultaneous analysis of nanoparticles incubated in complex biological

media.

A separation technique for the analysis of nanomaterials, which is growing in
interest is asymmetrical flow field-flow fractionation (AF4), which can be
multiplexed with various online detectors for the rapid and efficient separation
of components sized in the nanometer to micron size range, contained within
a polydisperse system at high resolution.’®® AF4 is a sized-based separation
technique, which will separate various species within a polydisperse sample

according to their diffusion coefficients.

EAF4 represents a new sub-technique of AF4, and the concept of EAF4 in its
current form was first introduced in 2015.778 It combines AF4 and electrical
field-flow fractionation (EIFFF) in a separation channel. This combination of
flow and application of a perpendicular electrical field enables the separation
of various species in a sample based on both diffusion coefficient (the AF4
component) and the surface charge of species (the EAF4 component). The
application of an electrical field in EAF4, causes particles moving in the carrier
liquid to move in a vertical direction, and is counterbalanced by the diffusion
of the particles. AF4 and EIFFF can be applied separately or simultaneously
as in the case of EAF4 to resolve different charged species within a sample.'”®
In EAF4, the accumulation wall carries a net surface charge that is induced by

the applied electrical field, resulting in a shift in the elution time of a charged
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particle based on the strength and directionality of an applied electrical

force.180

Therefore, EAF4 can simultaneously provide information on the size and
electrical parameters of an analyte, such as particle size, colloid stability,

electrophoretic mobility and zeta potential.

The zeta potential of suspended biomolecules and nanoparticles with different
surface properties reflects the range over which electrostatic interactions
occur in dispersions, and is directly related to the effective surface charge of
the dispersant in the buffer system, ionic strength of the medium, among other
sample properties.'®! Therefore, the zeta potential of a sample can be related
to intermolecular electrostatic interactions occurring between different
charged species contained within a solution, and consequently their physical
stability when dispersed in a solution phase. In the context of the nanoparticle
protein corona formed following exposure to protein containing media,
changes in zeta potential can be used to infer electrostatic interactions
occurring between nanoparticles and biomacromolecules contained within
complex biological media, with changes in nanoparticle zeta potential can be
attributed to the surface adsorption of biomolecules onto the nanoparticle

surface'82,

The benefits of using EAF4 in this context is that the impacts of formulation
conditions or incubation in complex biological media can be profiled at high

resolution for new nanomaterials under investigation.

In this chapter, | compare the utility of EAF4 and FI-AF4 with the latest
Nanosight Pro particle tracking analysis (PTA) system for studying the impacts
of nanoparticle protein corona formation in media containing protein on both
size and charge characteristics of nanoparticles. In an ideal scenario, EAF4
provides charge- and size- dependent separation of species contained within
the analyte that carry different charge or charge density, even with the same
size properties (i.e. hydrodynamic radius). It is expected that the charge-based
separation of sample components would offer a higher resolution of species
and permit the non-destructive in situ analysis of changes in nanoparticle

surface charge properties in the absence of a need for recovering
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nanoparticles from incubation media using more destructive approaches such
as centrifugation-resuspension.'® Analytical separation of the different
intermediates formed in response to incubation with biological media involves
the resolution of different species ranging from monomeric protein contained
in the bulk biological media to nanoparticle-protein agglomerates.'® While
traditional asymmetric flow field flow fractionation separates different species
according to their size, in some instances knowledge of the different charged
moieties within a sample can play an important role as it impacts
intermolecular electrostatic forces impacting the physical and colloid stability

of the complexes formed in the dispersion.'’2

The analysis of nanomedicine protein corona characteristics formed in
response to nanoparticle exposure to complex biological media remains a
challenge, requiring the physical isolation of nanoparticle biomolecular
complexes formed from biological incubation media. In this chapter, EAF4
multiplexed with multiple online detectors is used to study the potential role of
this approach for the recovery of nanoparticles from protein-containing
medium such as 10% v/v foetal bovine serum (FBS), mimicking the typical
protein content levels to which nanoparticles are exposed under cell culture
conditions. As with chapters 2 and 3 in this thesis, polystyrene latex
nanoparticles were used as a robust non-degradable model of polymeric
nanoparticles used to study the impact of protein corona formation on particle
size and zeta potential. The added advantage of using EAF4 for this
application, is the ability for simultaneous separation and in situ analysis of

particle size and surface charge parameters.

4.3 Materials and Methods
4.4 Materials

Unmodified (Cat #LB1, Merck, Glasgow, UK), carboxylate-modified
fluospheres (Cat #F-8803, ThermoFisher, Renfrew, Renfrewshire, UK) and
amine-modified (Cat #L9904, Merck, Glasgow, UK) polystyrene latex
nanoparticles were used for all the measurements reported in this study. FBS
was purchased from Fisher Scientific (Invitrogen, Renfrew, Renfrewshire, UK)

and centrifuged to remove any larger aggregates prior to sample preparation.
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Phosphate-Buffered Saline (PBS) was purchased from Fisher Scientific
(Invitrogen, Renfrew, Renfrewshire, UK). Sodium carbonate was purchased

from Merck (Glasgow, UK).

4.5 Methods
4.5.1 Nanoparticle protein corona sample preparation

Polystyrene latex nanoparticles with a diameter of 100 nm were incubated in
10% v/v FBS diluted with PBS at the same polymer concentration (1 mg/mL),
equivalent to a particle concentration of ~1.8 x 10'? particles/mL for all

samples.

Nanoparticles with various surface modifications were selected to model
positively charged (amine-modified), and negatively-charged (carboxylate-

modified) nanoparticles.

Amine- and carboxylate-modified polystyrene latex nanoparticles were
incubated under physiologically-relevant temperature conditions (37°C) for 24
hours. Nanoparticle-protein samples were incubated under gentle end over
end rotation agitation to reduce the potential for particle sedimentation effects.
Equation 1 was used to estimate the total nanoparticle concentration used for
all experiments, to ensure that the nanoparticle-to-protein ratio was
maintained constant across the different polystyrene latex nanoparticle

surface modifications measured.

_ (6x101%)xsxP,
- mxPsxd3

N (Equation 4.1)

Where S represents the concentration of solids (%w/w), d the diameter (um),
Ps the density of the bulk polymer (g/mL), and P the density of latex (g/mL).
The concentration of fetal bovine serum (FBS) selected was (10 %vol),
mimicking cell culture conditions. The same batch of FBS was used for all
experiments, corresponding to a total protein concentration of 3.9 mg/mL.

For detailed methodology on the preparation of polystyrene latex
nanoparticles in biological media and their centrifugation-resuspension
isolation from biological media, see methodology in Chapter 2. The same
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method was applied in this chapter to perform a direct comparison between
PTA and DLS.

4.5.2 Analysis of polystyrene latex nanoparticle properties

Particle Tracking Analysis (PTA). The particle size distribution of
polystyrene latex nanoparticles suspended in PBS (at baseline and following
incubation with media containing protein) were characterized using the
NanoSight NS Pro (Malvern Panalytical, Malvern, UK), which was equipped
with a 488 nm laser and a high-sensitivity sSCMOS camera. An average was
taken of three sample videos with all samples analysis being performed at
ambient temperature (~25°C) and under identical flow (1.5 yL/min). All post-
processing analysis were automatically performed using the NTA software (NS

Xplorer).

Electrophoretic Light Scattering (ELS). Zeta potential measurements for all
samples was performed using a Malvern Zetasizer Nano ZS (Malvern
Panalytical, Malvern, Worcestershire, UK). Zeta potential values were
measured for all polystyrene latex nanoparticles at baseline and following
incubation with medium containing protein, set at ambient temperature (25 °C)
with a two-minute temperature equilibration of sample prior to each
measurement. The Smoluchowski approximation was used for data

processing and zeta potential calculations.

4.5.3 EAF4-MD multiplexed with Orthogonal Inline Detection
(UV/IMALS/DLS/Fluorescence)

EAF4 isolation, and analysis for nanoparticles, and nanoparticle-protein
samples were performed using an AF2000 Asymmetrical Flow FFF system,
which was configured with an EAF2000 Electrical Flow FFF channel. This
system was multiplexed with two isocratic pumps (#PN1130) for controlling tip
and focus flow, respectively. The running buffer was passed through a solvent
organiser (#PN7140), solvent degasser (#PN7520), solvent selector
(#PN7310), and a smart stream splitter (#PN1650) prior to entering the
channel. The system was coupled with an electrical FFF module (#PN2411)

to control the electrical field. A 350 ym spacer, and a regenerated cellulose
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membrane with a 10 kDa molecular weight cut-off size were used for all
measurements reported in this chapter, which were set at ambient

temperature (25 °C).

The EAF4 system was coupled with multiple in-line detectors including a UV
detector (#SPD-M40), a 21-angle multiangle light scattering (MALS) detector
(#PN3621), refractive index (RI) detector (#PN3150), fluorescence detector
(FLD) (#RF-20A XS), and a Zetasizer Nano ZS (Malvern Panalytical, Malvern,
UK), which was used in combination with the radius of gyration (Rg) obtained
from MALS analysis to calculate the hydrodynamic (Rn) for shape factor (SF)
calculations using the equation below.

SF = Rg/Rh (Equation 4.2)
Fluorescence detection: Particles containing fluorescent dyes were further
analysed using the FLD detector, with carboxylate-modified nanoparticles
possessing a yellow-green dye which was measured at excitation/emission
(Aem/ Aex) of 505 nm/515 nm, and amine-modified polystyrene latex
nanoparticles with a fluorescent orange dye with an (Aem/ Aex) of 475 nm/540

nm.

Performance of system calibration: System calibration was performed
using bovine serum albumin (BSA) prior to sample analysis to perform

calibration and verify MALS detector system performance.

Run conditions selected for the EAF4-based separation of polystyrene latex

nanoparticles from bulk incubation media are shown in Table 4.1:
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Table 4.1 Corresponding run parameters used for the EAF4-MD-based resolution of polystyrene latex
nanoparticles from protein-containing media. RC: Regenerated Cellulose, MWCO: Molecular weight

cutoff size
Parameter
Spacer 350 um
Membrane RC (10 kDa MWCO)

Carrier solution

0.5 mM Naz2COs3

Injection volume

20 uL of a 0.1 mg/mL

sample
Detector Flow 0.50 mL/min
Current (+/-) 0.2 mA

4.5.4 Selection of electrical field strength and polarity

Electrical field strength Optimal electrical field strength used for the

resolution of nanoparticles from biological media was selected based on pre-

defined parameters as shown in Table 4.2 for electrical field strength

combined with method development.

Table 4.2 The electrical field strength as a function of the conductivity of the running buffer and applied

electrical current.

Applied Conductivity Electrical
Current (mA) (mS/cm) Field
Strength
(V/Im)
0.1 0.1 3.05
I L
0.3 0.1 9.15
0.4 0.1 12.20
0.5 0.1 15.26
0.6 0.1 18.31
0.7 0.1 21.36

Polarity The polarity opposite to the test particle net charge was applied to

enable the movement of nanoparticles under the application of a
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current/voltage. For example, a negative polarity was applied for positively-
charged amine-modified polystyrene latex nanoparticles, and a positive
polarity for negatively-charged unmodified and carboxylate- polystyrene latex

nanoparticles.

Selection of flow conditions Following initial method development, the
optimal run conditions were selected to ensure nanoparticle-protein

separation from bulk protein medium as shown in Figure 4.1.

—— EAF4 Method

0.5 :

£ XF= 0.5 mL/min Constant

0 XF= 0.5 mL/min Linear Decrease'-:‘::
0 10 20 30 40 50
Time (min)

Figure 4.1 Elution conditions optimized for EAF4-based separation of polystyrene latex nanoparticles
from protein-containing incubation media.

4.5.5 Estimation of electrophoretic mobility and zeta potential parameters
using EAF4

Electrophoretic mobility The electrophoretic mobility of samples was
estimated by performing a reference measurement for each test polystyrene
latex nanoparticle in the absence of an electrical field, and performing
measurements in the presence of an electrical field (+ 0.2 mA in positive and

negative polarity mode).

The ratio of net retention times between measurements in the presence and
absence of the electrical field and total drift velocity was used for each

measurement with the ratio of crossflow and detector flow.

The electrical field strength (E) was determined by measuring the conductivity

during elution, using the following equation:
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I
E=— Equation 4.3
Ak ( quat! )

Where E (V/m) represents the electrical field strength, A the applied current

(mA), and k the conductivity of the carrier liquid (mS/m).

F,
The drift velocity induced by the cross flow, v¢, was determined using the following equation: V = =

(Equation 4.4)

Where F. represents the cross flow (mL/min) and A (m?) the channel area.
This parameter was estimated at 2.543 x 10 m/s for measurements

performed with a current of 0.2 mA.

Subsequently, the drift velocity induced by the electrical field, vem, was

calculated using the following equation:

fFc

t
rylln(l"' ) ch Fdet =
— tr Faet) — —det
Vem = |€ det [1 + Fdet] Y (Equation 4.5)

Where t;iis the retention time with the applied current, trthe retention time in
the absence of a current/voltage, f the focusing parameter, Fo/Fget Cross
flow/detector flow ratio, and A the channel area. The sum of both drifts was
used as the total drift for determining electrophoretic mobility. A summary of

the values for each of these parameters, is represented below:

Table 4.3 Corresponding parameters used to calculate the drift velocity used for input into
electrophoretic mobility calculations:

Parameter Value

Fec 0.5
(mL/min)

Fdet 0.5
(mL/min)

Fc/Fdet 1

A (m?) 0.0032775

The total drift velocity was plotted against the electrical field strength, the slope
of which was determined using a linear least squared fit, representing the

electrophoretic mobility (yem). The correlation coefficient of the linear
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regression was used to determine the quality of fit for each calculation. The

following equation was used to estimate electrophoretic mobility:

v

Hem = B (Equation 4.6)

Where pem represents electrophoretic mobility,'® v the drift velocity induced

by the electrical field, and E the electrical field strength applied.

Calculation of zeta potential The Smoluchowski approximation, '8 which is
normally used for nanoparticulate systems, was used to determine the zeta

potential () of eluting peaks in mV, using the following equation:

g =3_THem 1000 (Equation 4.7)

2egerf ()’
Where n is the viscosity of the carrier liquid at 25 °C, &0 the vacuum permittivity
(physical constant), uem the calculated electrophoretic mobility, & relative
permittivity of water at 25 °C, f(ka) the Henry’s function, ka=k R, K the
reciprocal of the Debye length (thickness of the electrical double layer), R the
hydrodynamic radius of the particle in solution, ka estimate of the ratio of the
particle radius to the electrical double layer. The corresponding values are

summarised in Table 4.4:

Table 4.4 Corresponding input parameters used to determine the zeta potential of analysed samples.

Parameter Value

g (AsV'm) 8.854187 x 1012
&r(-) 78.53114

f(xa) 1.5

Rh (nm) 50

4.5.6 Calculation of nanoparticle recovery following EAF4-based

separation

Nanoparticles, and nanoparticle-protein samples are known to interact with
the channel membrane during the FFF separation program as such the
particle recovery (%) needs to be calculated to ensure the quality of collected

data. This is performed using the equation below:
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% Recovery = Ai x 100 Equation 4.8
0

Where, A is the peak area determined for the nanoparticles (in the presence
of the corresponding crossflow applied in the optimal separation method, and
Ao represents the peak area of NPs with minimal membrane interactions

(absence of cross flow).

4.5.7 EAF4-multidetector (MD) method quality verification

The EAF4-MD methodology selected below was developed to be in line with
the 1ISO published in 2021,'"" which outlines the standard parameters needed
to validate FFF-based methods. This includes a minimum sample recovery
threshold of (= 70%) and reporting the method of recovery as per equation
4.8.

Furthermore, when using multiple detectors, the void peak should be used as
a reference point to align the various measurements. This also allows for the

calculations of delay volume, and void peak volume.

4.5.8 Statistical Analysis

All data analysis was performed within Origin (version 2022). Unless otherwise
stated, a one-way ANOVA statistical test was performed to determine if there
were any statistically significant differences in measured sample results
(P<0.05).

4.6 Results

Polystyrene latex nanoparticles were selected in this thesis as a robust and
non-degradable model system to investigate the potential of using EAF4 for
the resolution of nanoparticles from media containing serum, following a 24-
hour incubation at 37 °C to allow for the formation of further nanoparticle-
protein sub-populations (i.e., the protein corona). In Chapter 3, we
demonstrated that conventional and frit inlet AF4 can gently separate
nanoparticle-protein complexes formed from the bulk incubation media and

analysed the physical properties of the different fractions formed.
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4.6.1 In situ analysis of nanoparticle-protein complexes using particle

tracking analysis in fluorescence and scatter modes

Particle tracking analysis (PTA) was used in both fluorescence and scatter
mode to compare both the measured number of particles in each mode prior
to and following incubation with media containing 10 %vol FBS at 37 °C. The
reason for selecting both modes on the PTA was to contrast the effects of
background contributions from the excess protein contained within the
incubation media on the number of detected particles and corresponding

particle measured particle diameter.
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Figure 4.2. Carboxylate-modified polystyrene latex nanoparticle particle size distribution as measured
by PTA in the light scatter (green) and fluorescence mode (red) at baseline and following (2 and 24 hr)
incubations with 10 %vol FBS at 37 °C. Error bars represent mean * standard deviation (n=3

A mean nanoparticle diameter of 123 (x2) nm was measured for baseline
carboxylate-modified nanoparticles, which increased to 149 (+3) nm following
a two-hour incubation, and 147 (£7) nm following 24-hour incubation when
measured in light scattering mode. While similar trends were observed in the
PTA fluorescence measurement mode, we observed an increase in mean
particle diameter at baseline 131 (£3) nm and following two-hour 160 (£5) nm
and 24-hour 178 (x11) nm incubations. The increase in mean particle diameter
following incubation in medium containing protein, was accompanied by peak
widening for measured carboxylate-modified polystyrene latex nanoparticle-
protein samples due to the formation of nanoparticle-protein, and protein-

protein aggregates shown in (Table 4.5) below. With an increase in particle
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size span was observed with a baseline span of (0.70) increasing with
incubation time in light scattering modes (0.89) at two-hour and (0.99) 24-hour
incubations. A similar trend was observed with the NTA fluorescence mode,
where an increase in measured size distribution was span observed from
(0.86) at baseline for carboxylate-modified polystyrene latex nanoparticles, to
(1.0) following two-hour incubations, and (1.11) following 24-hour incubations.
We observed an increase in measured span for nanoparticle, and
nanoparticle-protein samples when characterized using fluorescence mode

compared to light scattering mode.
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Table 4.5 Corresponding in situ particle size and concentration measurements of carboxylate-modified polystyrene latex nanoparticles using PTA in the scatter and
fluorescence modes (n=3). Values represented are mean * standard deviation.

Mode Fluorescence
Incubation duration 0 > ” . 2 i
(hour)
Mode [nm] 101 (3) 133 (9) 128 (9) 113 (7) 128 (13) 118 (19)
Mean [nm] 114 (3) 149 (3) 147 (7) 131 (3) 160 (5) 178 (11)
Concentration 1.36E+12 1.85E+12 1.85E+12 2.69E+12 2.31E+12 1.91E+12
[#/mL] (2.3E+11) (1.21E+11) (2.50E+11) (1.71E+11) (1.2E+11) (9.32E+10)
D10 [nm] 80 (2) 98 (2) 94 (5) 84 (1) 93 (2) 101 (3)
D50 [nm] 106 (1) 137 (2) 133 (7) 118 (3) 142 (3) 151 (4)
D90 [nm] 155 (10) 212 (10) 217 (13) 185 (9) 245 (13) 282 (26)
Span 0.70 0.89 0.99 0.86 1.0 1.11
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The ratio of measured particle numbers by fluorescence and scatter mode
was used to determine the labelling efficiency and the ability of the NS Pro
system to measure nanoparticle scattering effects over a scattering
background containing protein. Overall, the ratio of measured particle
concentration was ~ 1 for baseline and 1.25 for particles incubated for 2 hours,
indicating that only the contribution of nanoparticles and nanoparticle-protein

complexes was being measured as opposed to protein-protein agglomerates.

Another key trend to emerge was a decrease in the mean particle
concentration measured by PTA following incubation with medium containing
protein, as shown in both light scattering and fluorescence measurement
modes (Table 4.5). This was likely caused due to nanoparticle-protein
aggregation, and the early precipitation of nanoparticle-protein complexes

formed.

The measured mode diameter observed for carboxylate-modified polystyrene
latex nanoparticles following incubation with media containing protein at both
2 and 24-hour incubation timepoints changed from a baseline of 102.5 (£5)
nm at time 0, increasing to 132.5 (£9.0) nm following a two-hour incubation,
and 127.5 (£9.0) nm following a 24-hour incubation when measured in the light
scattering mode. A similar trend was observed for polystyrene latex
nanoparticle samples analysed in the fluorescence mode, with a baseline
mode of particle diameter of 112.5 (£7.0) nm, which increased to 127.5 (x13.0)
nm following a two-hour incubation, and 117.5 (£19) nm following a 24-hour
incubation with medium containing protein. A decrease in the mean mode
diameter was observed following a 24-hour incubation when compared to two-

hour incubations in both light scattering, and fluorescence mode analysis.

Next, changes in particle size observed with PTA in fluorescence and scatter
mode were compared with DLS measurements for carboxylate-modified
nanoparticles isolated and recovered from 10% v/v FBS. Overall, a similar
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trend of increasing z-average diameter was observed with DLS

measurements.

Table 4.6 Parameters measured by DLS for carboxylate-modified polystyrene latex nanoparticles
incubated with 10% wA~ FBS at 37 °C for various durations and recovered by centrifugation-
resuspension. All values are reported as mean (+ standard deviation), n=3.

Incubation duration Z-average PDI
(hours) (nm)
0 95.5(0.1) 0.01 (0.01)
2 130.0 (2.0) 0.04 (0.01)
24 139.4 (2.0) 0.04 (0.00)

An overlay of the corresponding PTA and DLS intensity-based size distribution

is presented in Figure 4.3 as follows:

..\°"~ I IR T2 3T ] Nl T 24h],

Figure 4.3 Overlay of corresponding PTA traces in scatter mode and intensity-based size distribution as
measured by DLS for carboxylate-modified polystyrene latex nanoparticles incubated with 10 %vol FBS
for 0, 2 and 24 hours at 37 °C.

Overall, the overlapping traces corresponding to PTA and DLS data indicate
the presence of additional aggregate subpopulations with the PTA traces
captured, which were absent in the DLS measured particle size distributions.
These differences may be attributed to the physical mode of measurement
(ensemble for DLS versus particle-by-particle analysis with PTA) as well as
the potential for sample precipitation during the DLS measurements.
Therefore, PTA was selected as the method of choice for further investigation

in amine-modified polystyrene latex nanoparticles.
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Next, the impact of incubation of amine-modified polystyrene latex
nanoparticles in media containing 10 %vol FBS was studied using the NS pro

PTA setup in fluorescence and scatter mode (Figure 4.4).

Amine-modified polystyrene latex nanoparticles were then incubated within 10
%vol FBS for two-, and 24-hours and analysed using PTA in scatter and

fluorescence mode.
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Figure 4.4 Amine-modified polystyrene latex nanoparticle particle size distribution as measured by PTA
in the light scatter (green) and fluorescence mode (red) at baseline and following (2 and 24 hr)
incubations with 10 %vol FBS at 37 “C. Error bars represent mean * standard deviation (n=3).

Amine-modified polystyrene latex nanoparticles had a measured mean
particle size of 193 (£ 9) nm at baseline, and 153 (x 17) nm following 2-hour
incubation, and 241 (x 21) nm following a 24-hour incubation when analysed
in the scattering mode. A similar trend was observed for samples analysed in
the fluorescent mode, with a mean baseline diameter of 314 (£ 29) nm at 0
hours, 233 (£ 23) nm at 2-hour, and 402 (x 124) nm following a 24-hour
incubation in medium containing protein. For amine-modified polystyrene latex
nanoparticles, the trend shows an increase in mean patrticle size following at
longer incubation time-points following light scattering, and fluorescent
analysis. However, baseline particle analysis has shown high particle
agglomeration from the expected particle size (as per previous

measurements).

These trends are reflected in the span of the particle distribution with a
baseline span of (1.16) at baseline, increasing to (2.0) at 2-hour incubation,

and (1.66) following 24-hour incubation for samples analysed using light
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scattering mode. A similar trend was observed for particles measured using
fluorescence mode with a baseline span of (1.51), which increases to (2.78)
following 2-hour incubation, and (2.20) following 24-hour incubation. The
increase in particle span was typically accompanied by a decrease in the
mean particle concentration as shown in (Table 4.7) for samples analysed

using both light scattering, and fluorescence mode.

The measured mode diameter observed for amine-modified polystyrene latex
nanoparticles following incubation with media containing protein at both 2 and
24-hour incubation timepoints changed from a baseline of 153 (£24) nm at
time 0, and then 93 (£36) nm following a two-hour incubation, and 138 (+40)
nm following a 24-hour incubation when measured in the light scattering
mode. A similar trend was observed for amine-modified polystyrene latex
nanoparticle samples analysed in the fluorescence mode, with a baseline
mode of particle diameter of 173 (£37) nm, which increased to 103 (x11) nm
following a two-hour incubation, and 153 (£39) nm following a 24-hour
incubation with medium containing protein. An increase in model diameter was
observed when comparing early phase incubation (2-hour), and prolonged
intubation (24-hour) with severe particle aggregation occurring at baseline in

both light scattering, and fluorescent mode analysis.
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Table 4.7 Corresponding in situ particle size and concentration measurements of amine-modified polystyrene latex nanoparticles using PTA (n=3). Values presented
represent mean  standard deviation.

Mode

Incubation duration
(hours)

Mode [nm]

Mean [nm]

Concentration [#/ml]

D10 [nm]
D50 [nm]
D90 [nm]

Span

0
158 (24)

193 (9)

2.09E+11
(1.89E+10)

99 (8)
170 (8)
296 (20)

1.16

93 (36)

153 (17)

2.96E+11
(7.10E+10)

50 (14)
118 (10)
287 (45)

2.0

24
138 (40)

241 (21)

2.28E+10
(1.75E+09)

87 (11)
204 (12)
425 (32)

1.66

147

173 (37)

314 (29)

2.23E+11
(2.69E+10)

129 (10)
264 (23)
528 (64)

151

Fluorescence

103 (11)

233 (23)

1.76E+11
(1.97E+10)

67 (7)
159 (17)
505 (63)

2.78

24
153 (39)

402 (124)

2.92E+10
(3.17E+09)

119 (36)
309 (95)
798 (250)

2.20



The measured labelling efficiency between the scatter and fluorescence
mode in the case of amine-modified polystyrene latex nanoparticles overall
indicated a highly variable ratio across all conditions tested, with a
corresponding ratio of ~1 at baseline, changing to 0.59 following a two-hour
incubation in 10 %vol FBS and 1.28 following a 24-hour incubation period.
Such significant differences in the particle concentration ratio may be
explained by the light scattering properties of the amine-modified
nanoparticles and a high background noise resulting from the larger

agglomerates formed in response to protein corona formation.

4.6.2 Analysis of carboxylate-modified polystyrene latex nanoparticles
by EAF4-UV-MALS-DLS-fluorescence

The EAF4-MALS-fluorescence fractograms for carboxylate-modified
polystyrene latex nanoparticles are presented in Figure 4.5. The
corresponding retention time for the peak maximum shifted substantially for
the 24-hour samples, from a single peak occurring at ~18.7 min (0 mV) at 0
hours (baseline), to a bimodal peak occurring at ~24 and 35 min (0 mV) for
24 hour samples, indicating a change in nanoparticle size following

incubation in protein containing media in both UV and fluorescence traces.
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Figure 4.5 EAF4-UV-fluorescence for carboxylate-modified polystyrene latex nanoparticles (0.1
mg/mL) at 0 and 24 hours (10 %vol FBS at 37°C). Corresponding fractograms (A) for UV (280 nm),
and (B) for fluorescence traces (excitation/emission 505/515 nm). An injection of (10 %vol FBS- red
trace) was performed to establish the elution profile of the bulk unbound protein fraction for
comparison with nanoparticle-protein elution profiles. All measured samples (N=3). VP: Void Peak.

A summary of the elution times corresponding to different samples in the
presence and absence of an electric field is presented as follows:
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Table 4.8 Mean (+ standard deviation) AF4-UV peak maxima elution times for carboxylate-modified
polystyrene latex nanoparticles in the absence (0 mV) and presence (0.2 mV) of applied current. Rt:
Retention time, N=3.

0 mV Rt 0.2 mV Rt
(min) (min)
Sample Peak 1 Peak 2 Peak 1 Peak 2
0 19.6 - 18.8 -
24 26.3 36.8 25.3 36.3
10% 6.8 - - -
FBS

The fluorescence fractogram trace for carboxylate-modified nanoparticles,
confirmed all the observed peaks with the UV trace, which could be used to
confirm that the eluting peaks correspond to the fluorescent carboxylate-

modified polystyrene latex nanoparticles and their complexes with protein.

Peaks eluting for 0 (PBS baseline) and 24 hours (incubated in 10 %vol FBS)
had a percent recovery of 89.1% (£0.8) and 80.4% (1.2), respectively,

demonstrating acceptable sample recovery levels.

Next, the impact of the application of a combined cross flow and electrical
field strength on the corresponding MALS and DLS traces, and measured

radius of gyration and hydrodynamic radius was examined.
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Figure 4.6 EAF4-MALS for carboxylate-modified polystyrene latex nanoparticles at 0 and 24 hours
(10 %vol FBS at 37 °C) (A,B). Corresponding overlay of the elution profile with the radius of gyration
profiles of carboxylate-modified polystyrene latex nanoparticles (C-D). Measured shape factor
(Rg/Rn) (E-F). N=3.

Similar to the UV and fluorescence fractogram traces, the MALS trace for
carboxylate-modified nanoparticles was associated with a strong signal
(200 mV). A significant change in the MALS profile was observed between
0 hour and 24-hour samples, with a single peak eluting at 18.8 min (0.2
mV), which at 24 hours formed a bimodal elution profile occurring at

approximately 18.9 min and 37 min, respectively (Figure 4.6 A-B). This
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change in profile indicates the formation of different nanoparticle-protein
complexes, which was also confirmed by shape factor calculations
determined from the MALS and DLS traces.

The shape factor determined for carboxylate-modified nanoparticles was
~0.7 in the main eluting peak (15-25 min) at 0 hours, confirming spherical
morphology, which following a 24-hour incubation led to the formation of a
bimodal distribution, with the first peak having a calculated shape factor of
0.7 (spherical) and the second peak having a shape factor >1 (non-

spherical, elongated).

4.6.3 Analysis of amine-modified polystyrene latex nanoparticles by
EAF4-UV-MALS-DLS-fluorescence detection

Following the successful optimisation of EAF4 methodology for carboxylate-
modified polystyrene latex nanoparticles, the same method was applied to
the analysis of amine-modified polystyrene latex nanoparticles at 0- and 24-

hours incubation.

EAF4-MALS-fluorescence fractograms for amine-modified polystyrene
latex nanoparticles, had a much lower signal strength (~20 mV)
corresponding retention time for the peak maximum shifted substantially for
the 24 hour samples, from a single peak occurring at ~20 min (0 mV) at 0
hours (baseline), to a bimodal peak occurring at ~24 and 35 min (0 mV) for
24 hour samples, indicating a change in nanoparticle size following
exposure to the protein containing media in both UV and fluorescence
traces. A summary of the elution times corresponding to different samples

in the presence and absence of an electric field is presented as follows:
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The corresponding UV and fluorescence trace fractograms for these

samples are presented as follows:

A) Amine (UV) B) Amine (FLD)
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Figure 4.7 EAF4-UV-fluorescence of amine-modified polystyrene latex nanoparticles (0.1 mg/mL) at
0- and 24-hour incubation in PBS containing 10 %vol FBS at 37°C. The UV detector was set at 280
nm (left panel), and the fluorescence detector was set at ex/'em 475 nm/540 nm (right panel). A 10
%vol FBS injection (red trace) was performed to establish the elution profile of the bulk unbound
protein fraction for comparison with nanoparticle-protein samples. N=3. VP: Void Peak

The fluorescence fractogram trace for amine-modified nanoparticles was
identical to the elution profile observed with the UV trace, which confirmed
that the eluting peaks correspond to the fluorescent amine-modified

polystyrene latex nanoparticles and their complexes with protein.

Fractions eluting for 0 (PBS baseline) and 24-hour (10 %vol FBS) had a
percent recovery of 17.4% (£1.1) and 19.5% (£33.6), respectively, showing
significant loss of amine-modified nanoparticles during the fractionation

process and a high degree of variation.

Table 4.9 Change in peak amine-modified polystyrene latex nanoparticle elution at baseline, and
following 24hr incubation within protein-containing media. Mean (+ standard deviation) AF4-UV peak
elution times for amine-modified polystyrene latex nanoparticles in the absence (0 mV) and presence
(0.2 mV) of applied current. Rt: Retention time; N=3.

0 mV Rt (min) 0.2 mV Rt (min)
Sample | Peak 1 Peak 2 Peak 1 Peak 2
0 37.8 - 38.7 -
24 35.8 39.6 35.3 40.1
10% 6.7 - - -
FBS
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4.6.4 Analysis of unmodified polystyrene latex nanoparticles by EAF4-
UV-MALS-DLS

The unmodified polystyrene latex nanoparticles used in this thesis did not
contain a fluorophore; therefore, only UV, MALS, and DLS detectors were

used for the analyses.
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Figure 4.8 EAF4-UV-fluorescence for unmodified polystyrene latex nanoparticles (0.1 mg/mL) at O
and 24 hours (10 %vol FBS at 37°C). Showing an UV (280 nm) fractogram. An injection of (10 %vol
FBS- red trace) was performed to establish the elution profile of the bulk unbound protein fraction for
comparison with nanoparticle-protein elution profiles. N=3. VP: Void Peak.

The retention time for the peak maxima shifted substantially from 0 hour
(baseline) to 24 hours post-incubation, from a predominant peak occurring

~19.4 min (0.2 mV) at 0 hours (baseline), to a bimodal trace occurring
with peak 1 at ~26.2 and 36.4 min (0.2 mV) for 24-hour samples, indicating
a change in nanoparticle size following exposure to the protein containing
media (UV traces). These results indicate a potential significant change in
unmodified latex nanoparticle size and charge following incubation in

protein containing media.

Fractions eluting for 0 (PBS baseline) and 24-hour (incubated in 10 %vol
FBS) had a percent recovery of 86.2% (£1.6) and 77.6% (0.3),

respectively, with acceptable sample recovery levels.
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A summary of the elution times corresponding to different samples in the

presence and absence of an electric field is presented as follows:

Table 4.10. Change in peak unmodified modified polystyrene latex nanoparticle elution at baseline
and following 24hr incubation within protein-containing media. Mean (+ standard deviation) AF4-UV
peak maxima elution times for unmodified polystyrene latex nanoparticles in the absence (0 mV) and
presence (0.2 mV) of applied current. Rt: retention time, N=3.

0 mV Rt (min) 0.2 mV Rt (min)
Sample | Peak 1 Peak 2 Peak 1 Peak 2
0 211 36.9 19.4 36.3
24 26.3 36.7 26.2 36.4
10% 6.7 - - -
FBS

Next, the impact of the application of a combined cross flow and electrical
field strength on the corresponding MALS and DLS traces, and measured

radius of gyration and hydrodynamic radius was examined.
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Figure 4.9 Corresponding EAF4-MALS fractograms for unmodified polystyrene latex nanoparticles
at 0 and 24 hours incubated in 10 %vol FBS at 37 °C (B). Corresponding overlay of the elution profile
with the radius of gyration profiles of unmodified polystyrene latex nanoparticles (C-D). Measured
shape factor (R¢/Rn) (E-F). N=3.

The EAF4-MALS elution

nanoparticles, showed a strong signal at baseline, and following 24-hour

time for unmodified polystyrene latex
incubation within protein-containing medium. Furthermore,
in the MALS trace for unmodified

nanoparticles with a single peak eluting at 19.7 min (at baseline), increasing

following

incubation we observed a shift

to a bimodal elution occurring at 30 min for the first peak, and at 36.8 min
for the second peak as shown in (Figure 4.9A-B) above. This increase in

elution time indicates an increase in mean particle radius and the formation
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of various nanoparticle-protein, and protein-protein complexes which were
observed using MALS, and DLS data to calculate the shape factor (Figure
4.9E-F).

The calculated shape factor for unmodified particles was ~0.7 at baseline
which confirms a spherical morphology for these particles and remains at
~0.7 for the initial peak following incubation (19.7 min), increasing to ~1.5
for the second elution peak (36.8 min) which suggests an elongated, and

non-spherical morphology (>1).

4.6.5 Comparison of the zeta potential and electrophoretic mobility

parameters as measured by EAF4, and ELS.

The corresponding charge-related parameters for amine- and carboxylate-
modified nanoparticles derived from EAF4 were compared with equivalent
parameters derived from electrophoretic light scattering. A summary of the

reported parameters is included as follows:
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Table 4.11 Electrical parameters obtained for 100 nm polystyrene latex nanoparticles (0.1 mg/mL sample concentration) at baseline and following incubation with 10%
v/v FBS at 37 C for 24 hours. Values represented are mean * standard deviation. EAF4-MALS: electric asymmetric flow field flow fractionation-multiangle light

scattering; EAF4-UV: electric asymmetric flow field flow fractionation-ultraviolet; ELS: Electrophoretic Light Scattering; u: electrophoretic mobility; ¢: zeta potential, R
quality of fit (n=3). ND: Not Determined.

Sample EAF4-MALS EAF4-UV ELS
M ¢ (mV R? M ¢ (mV) R? ¢ (mV)

(umcm V-1s™) (um cm V-1s™)
Carboxylate
Peak 1 -2.98 -38.21 0.987 -3.27, -41.88, 0.965, -34.0+05
Peak 2 -1.15 -14.68 0.995
Carboxylate 24h
Peak 1 -2.57, -32.86, 0.830, 0.992 -2.09, -26.72, 0.822, -24.8+04
Peak 2 -0.89 -11.42 -0.94 -12.00 0.998
Amine
Peak 1 -0.36 -4.57 0.0246 1.75, 22.46, 0.0632, 50.4+0.8
Peak 2 0.29 3.69 0.1202
Amine 24h
Peak 1 ND, ND, ND, ND, ND, ND, -20.3+04
Peak 2 ND ND ND ND ND ND
Unmodified
Peak 1 -4.59, -58.83, 0.992, -4.15, -53.10, 1, -33.5+0.8
Peak 2 -1.02 -13.08 0.898 -1.21 -15.53 0.895
Unmodified 24h
Peak 1 -1.14, -14.58, 0.772, -2.40 -30.71, 0.990, -31.6+0.6
Peak 2 -0.65 -8.31 0.983 -0.75 -9.61 0.996
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The electrophoretic mobility () obtained with the UV and MALS detectors was
calculated as the slope of the drift velocity versus the effective electric field
strength (see Equation 4.6). Therefore, the R? parameter reported in Table
4.11 was used as an estimate of the reliability of electrophoretic mobility (u)

measurement.

For carboxylate-modified nanoparticles, a single peak was observed at 0 hour
(baseline), which changed to two peaks following a 24-hour incubation in 10%
vol FBS. It was possible to estimate y and zeta potential values for both
timepoints. In the case of both EAF4-MALS and EAF4-UV, a significant
change in zeta potential was observed following exposure to protein-
containing media, indicating the surface adsorption of proteins from the

incubation media.

The R? quality of fit parameter obtained from both EAF4-MALS (-38.21 and -
32.86 mV) and EAF4-UV (-41.88 and -26.72 mV) was >0.8, indicating an
acceptable quality of fit, and reliable measured uy and zeta potential, for both
0- and 24-hour measurements, respectively. The zeta potential values
obtained from both detectors were comparable to the electrophoretic light
scattering (ELS) measurements by DLS (-34.0 mV and -24.8 mV) for both 0-
and 24-hour incubation in 10% vol FBS.

Results obtained for the amine-modified nanoparticles were unreliable due to
the very low R? and could not be determined from the 24-hour timepoints due
to the poor signal and low recovery rates. Therefore, further conclusions could

not be drawn from the amine-modified EAF4 data.

Similar to carboxylate-modified polystyrene latex nanoparticles, unmodified
nanoparticles, had a single peak occurring at 0 hour (baseline), which
changed to two peaks following a 24-hour incubation in 10% vol FBS, with u
and zeta potential values for both timepoints. In the case of both EAF4-MALS
and EAF4-UV, a significant change in zeta potential was observed following
exposure to protein-containing media, indicating the surface adsorption of

proteins from the incubation media.

The R? obtained for the unmodified polystyrene latex nanoparticles was >0.9

for all the UV detector estimated values, demonstrating zeta potential values
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that accurately mirrored the parameters obtained from ELS. Interestingly,
while the ELS data yielded, a single value for zeta potential estimation, using
EAF4-UV two zeta potential values were determined (-30.71 and -9.61 for
peaks 1 and 2, respectively). Such observations indicate that EAF4 can be
used for the in-situ measurement of polydisperse samples containing different

charged species.

As observed with carboxylate-modified polystyrene latex nanoparticles,
unmodified nanoparticles experienced a significant change in zeta potential in
response to incubation with 10% vol FBS (- 53.10 and -15.53 mV at 0 hours
to -30.71 and -9.61 at 24 hours for peaks 1 and 2, respectively for EAF4-UV).

Overall, the extent of zeta potential change measured by ELS following
centrifugation-resuspension of polystyrene latex nanoparticles was less than
the measured changes using EAF4-UV and EAF4-MALS.

4.7 Discussion

In this chapter, | compared the EAF4-based separation and inline analysis of
nanoparticles incubated with media containing protein with in-situ PTA in the
latest Nanosight Pro system, and frit-inlet AF4. | used commercially available
amine- and carboxylate-modified polystyrene latex nanoparticles to represent
non-degradable polymeric nanoparticles carrying a positive and negative

surface charge, respectively.

The EAF4 FFF modality, as a newer approach to separation combines the
power of an electric field with asymmetric-flow in flow field-flow fractionation,
to achieve charge and size-based separation of fractions contained within
samples. Following particle injection into the FFF channel, an equilibrium is
reached between particle diffusion and the electrical force applied in the

presence of a current. 8’

EAF4 as an approach for high resolution separation requires the fine tuning of
multiple run parameters that influence the location of analytes in the FFF
channel and, the subsequent fractionation of charged species within a
polydisperse sample.
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Therefore, the careful selection of carrier liquid composition and diffusion (tip,
focus, cross flows) and electrical settings (the applied field current/voltage,
conductivity) is critical to its successful application. EAF4 relative to other AF4
modes is in its infancy with a handful of studies having reported the
optimization of carrier liquid composition for the determination of
electrophoretic mobility and zeta potential in nanomaterial and
biomacromolecule samples. Current published reports of EAF4 applications
are limited to liposomes, protein-based materials, polystyrene latex

nanoparticles and exosomes as examples at the time of this study. 178,188,189

A challenge remaining within the field of nanomedicine is the ability to perform
in situ analysis of different nanoscale materials such as nanoparticles of
varying composition and exosomes in complex biological matrices without the
need to recover them using destructive separation based techniques (e.g.,

centrifugation-wash based isolation of nanoparticles from biological media).'”?

Therefore, AF4 can provide a strategy for the separation of nanoparticle-
protein complexes from complex biological media, which | explored in this

chapter.

4.7.1 A comparison of in situ Nanosight Pro measurements of change in

nanoparticle size distribution

In the first step, | performed beta testing of the latest Nanosight Pro
technology, which uses machine learning approaches in particle detection to
reduce user bias, while simultaneously combining fluorescence and scatter
modes to optimise the acquisition of particle size distributions for nanosized
analytes.’® Using the PTA, | compared the effects of 2- and 24-hour
incubations in media containing 10% v/ FBS at 37 °C for amine- and
carboxylate-modified nanoparticles relative to baseline. Overall, in both cases
the combined use of the fluorescence and scatter modes led to the generation
of the labelling efficiency parameter, which can be used as a surrogate for
signal to noise ratio on the Nanosight system. With both nanoparticles
examined, an increase in both size and span was observed following exposure
to protein, consistent with the formation of the protein corona (Table 4.5 and

Table 4.7). When performing an overlay of the particle size distribution
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measured for carboxylate-modified polystyrene latex nanoparticles by PTA
onto the corresponding DLS data obtained from centrifugation-resuspension
fractions, a significant overlap in size distribution profile was observed
between the two techniques. However, the equivalent DLS intensity-based
size distribution data lacked the resolution to detect subpopulations present
within the nanoparticle protein corona samples, particularly at higher particle

size ranges (>1 micron) (Figure 4.3).

Overall, these observations were consistent with findings in Chapter 2 of this
thesis using older versions of the Nanosight technology platform (NS300). A
limitation of the NS300 system is the reliance on operator judgment for
optimising particle acquisition videos. However, this aspect is eliminated by
the new approaches used in the Nanosight Pro system. This was
demonstrated overall by a high labelling efficiency determined as the ratio of
the particle concentration acquired from the scatter and fluorescence modes
for carboxylate-modified nanoparticles, which were ~1 (Figure 4.2). Using this
approach, | was also able to determine the presence of significant background
contributions from the protein media or particle agglomeration effects, which
was observed in the case of amine-modified polystyrene latex nanoparticles
(Figure 4.4).

At the time of writing this thesis, there are no reports on the use of the
Nanosight Pro to compare the findings of this work. However, the Nanosight
Pro offers significant promise as an initial tool for the triage of changes

occurring in nanoparticle size in response to incubation media.

4.7.2 Analysis of polystyrene latex nanoparticle sample changes in
response to incubation with protein containing media by EAF4-
MALS-UV-fluorescence

Next, | investigated the use of EAF4 to fractionate nanoparticle-protein
complexes from incubation media containing excess protein. The selection of
an appropriate carrier liquid in EAF4 method development reduces the
probability of loss of nanoparticle and protein-based materials through
electrostatic attraction between the analytes and the flow field flow

fractionation channel membrane. At the time of writing this thesis, only a
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handful of ionic carrier liquids including sodium carbonate (0.5-1mM),
phosphate buffer (4mM), sodium dodecyl sulphate (SDS), and potassium
chloride (4 mM) are recommended by the vendor (PostNova Analytics) for
EAF4.

Therefore, based on guidance from the vendor on recommended carrier liquid
compatibility with polystyrene latex nanoparticles, sodium carbonate (0.5 mM,
pH 7.5) was selected for the EAF4 based separation of polystyrene latex

nanoparticles from 10% v/v FBS media.

The percent recovery rate (%) was calculated to estimate the amount of
nanoparticle sample loss occurring during fractionation following peak
integration. The percent recovery for unmodified (86.2% and 77.6% for 0 and
24-hour timepoints, respectively) and carboxylate-modified (89.1% and 80.4%
for 0 and 24-hour timepoints, respectively) nanoparticles were within
acceptable ranges, though trending to a reduction in recovery post-incubation
with protein. The recovery rates obtained for carboxylate and unmodified
nanoparticles were comparable; however, recovery rates for amine-modified
nanoparticles were significantly lower (17.4% +1.1 and 19.5% £33.6 for 0 and
24 hours, respectively). My findings for amine-modified nanoparticles in this
chapter, are consistent with observations in Chapter 3 of this thesis, where |
observed poor percentage recovery rates for amine-modified polystyrene

latex nanoparticles using frit-inlet AF4.

These observations overall can be explained by the net positive charge of the
amine-modified nanoparticles, which potentially promotes electrostatic
attraction to the negatively-charged regenerated cellulose membrane. Also,
the amine-modified nanoparticles are more prone to a loss of colloid stability
in the presence of protein as demonstrated by the PTA data. Therefore, the
observed poor signal intensity and recovery rates can be explained by these
factors. To overcome the poor recovery rate and signal intensity for positively-
charged materials in the future, various strategies such as the use of a
different ionic carrier liquid (e.g., phosphate buffer) or the use of membrane

pre-conditioning effects may be explored to maximise the signal quality and
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recovery rates. Such strategies have been investigated for optimisation AF4-

based separation of lipid nanoparticles in previous work.®!

Next, | examined the resolution of the bulk FBS media from the nanoparticle-
protein complexes formed following polystyrene latex nanoparticle incubation
for 24 hours. While the protein fraction was resolved adequately from the
nanoparticle peaks occurring at ~6-7 min in all samples, the bulk protein
fraction corresponding to the FBS injection eluted at approximately the same
time as the void peak. While the focus of this study was to not resolve and
fingerprint different protein fractions, future studies planning on investigating
the contribution of protein fractions or performing mass balance calculations
of nanoparticles isolated from binary mixtures require further optimisation of

elution conditions.

The combined use of the fluorescence detector at the corresponding excitation
and emission wavelengths of the amine- and carboxylate-modified
polystyrene latex nanoparticles enabled the verification of the nanoparticle
peaks to confirm that the peaks eluting beyond 20 minutes were indeed
corresponding to polystyrene latex nanoparticles and not resulting from

protein-protein aggregates formed during the 24-hour incubation period.

In chapter 3 of this thesis, | explored the use of conventional and frit-inlet
multidetector AF4 for resolving nanoparticle-protein complexes from bulk
protein contained in the media. The findings in this chapter indicated some
degree of resolution of nanoparticle-protein subpopulations at 2- and 24-hour
timepoints. However, using both these approaches, adequate resolution of
subpopulations could not be performed within the confines of efficient AF4-
based separations. However, using EAF4 in this chapter, | demonstrated a
more efficient approach to the resolution of different subpopulations formed
using EAF4. The ability of EAF4 to perform higher resolution separation and
analysis is an attractive feature, which should be explored further in the future.

While the benefits of using EAF4 with multiple inline channels has been
demonstrated for resolving and simultaneously studying the nanoparticle
protein corona in this chapter, additional work is required to further establish

EAF4 utility in this field of research. For example, additional investigations into
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different applied electrical fields and ionic carrier liquids are needed, to
investigate the dependence of resolution and measured electrical parameters
on these parameters. Moreover, the impact of applying an electric field
strength on the integrity of proteins contained within the analyte is needed
through use of the fraction collector and downstream analysis of protein
content, and subsequent SDS-PAGE and mass spectrometry-based

proteomics fingerprinting of the protein corona.

For example, in Table 4.11 no reliable measurements of electrophoretic
mobility and zeta potential could be obtained for amine-modified
nanoparticles, which was a consequence of poor recovery and signal to noise
in the fractogram traces obtained. This was further evidenced by a low R?
value obtained for the amine-modified nanoparticles at 0 hours. Therefore,
further method development is required to optimise the application of EAF4
for amine-modified and potentially more generally for positively-charged
analytes. Previous work has shown that carrier liquid composition can
significantly alter the quality of fit for EAF4-measured electrical parameters.'92
Moreover, the zeta potential of a dispersant is also dependent on its
surrounding environment, including parameters such as ionic strength and pH,

with zeta potential reduction observed with increasing ionic strength.

Differences were also observed between EAF4-MALS and EAF4-UV
measurements, which have previously been reported in the literature. These
observed differences can be reduced by using a high ionic strength carrier
liquid and have been attributed to a number of factors.®193 For example,
interaction of the ions with the electrodes and the AF4 channel, and the delay
time between the detectors may mean that a pH change occurs during the
measurement, leading to different measured values.'? In the case of the
setup used in this study, the UV detector was positioned as the first detector
in the online setup. Further investigations are required to better understand
and mitigate for such changes, while minimising the impacts of the ionic carrier

liquid on the analyte physicochemical properties.

Overall, in this chapter the relative merits of EAF4 in comparison with PTA and
frit-inlet AF4 has been demonstrated showing the potential for future use of
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EAF4 in studying nanoparticle bio-nano interactions. The research conducted
in this study, is the first of its type, with no points of reference for comparison

in the literature at the time of writing this thesis.

4.8 Conclusions

EAF4 represents a useful technique for the resolution and analysis of
nanoscale materials from complex biological media, based on their combined
size and surface charge profiles. At the time of writing this thesis, there are
very limited reports of EAF4 applications to the analysis of nanomaterials,
indicating that further research and optimization of EAF4 is required to achieve
the best separation for determining both size and electrical charge
parameters. Overall, a major limitation of using EAF4 relates to the
composition of the ionic carrier liquid and associated limitations with the

current applied electric field range that can be used with this FFF modality.

In this chapter, | compared the use of EAF4-MALS-UV-FLD with conventional
flow field-flow fractionation for the resolution and recovery of polystyrene latex
nanoparticles carrying different surface charges from media containing protein
and compared this with in-situ PTA analysis in the fluorescence and scatter
modes. Overall, with the in-situ analysis of model carboxylate-modified
polystyrene latex nanoparticles representing negatively charged particles, |
found an overlap between the measured nanoparticle size profiles for those
particles recorded in situ by PTA, and the nanoparticles recovered by
centrifugation-resuspension and analyzed by DLS. However, the particle size
distribution profile of DLS-measured data missed the degree of resolution of
sub-populations that were observed with PTA. Moreover, with the PTA setup
in scatter mode, all recorded observations could be attributed to signal
contributions from polystyrene latex nanoparticles, as demonstrated by the
high signal-to-noise ratio achieved by the labelling efficiency. However, the low
labelling efficiency seen with amine-modified nanoparticles in the presence of
protein highlighted the need to assess the signal-to-noise ratio of PTA systems

for performing in situ measurements in complex biological media.

My findings from the collective comparison of different approaches for

nanoparticle isolation overall show the relative benefits of using different flow
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field-flow fractionation modes in recovering nanoparticles from biological
media, with the most convenient approach being EAF4. This is because it can
simultaneously profile changes in size and nanoparticle surface charge
characteristics. The additional ability to measure in situ zeta potential and
electrophoretic mobility by EAF4 can provide insights into the impacts of the
nanoparticle protein corona on surface charge characteristics and size

distribution profiles following exposure to biological media.

Overall, EAF4 as a technique remains understudied. In the context of studying
nanomedicines in complex biological matrices, it requires additional
optimization of carrier liquid composition for future work. Further work,
including the downstream isolation and recovery of separated fractions, is
required in the future to examine the impact of EAF4-based separation on the

integrity of recovered proteins for downstream compositional analyses.
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Chapter 5 General Discussion, Conclusions & Future

Directions

This chapter summarises the research findings from this thesis, including i) an
evaluation of the role of centrifugation resuspension recovery and shear flow
on nanoparticle parameters following exposure to protein containing media
(chapter 2), ii) assessing the impact of flow and cross flow parameters, and
optimisation of AF4 methodology for nanoparticle isolation from biological
media (chapter 3), and iii) examining the impact of the new nanoparticle
tracking analysis technology (Nanosight Pro) and EAF4 multidetector setups
for simultaneously probing changes in nanoparticle electrical and size-related
parameters following exposure to media containing protein at physiologically-

relevant temperature.

5.1 Thesis Conclusions

The content of this thesis was underpinned by the work of Rattray, researching
the performance of nanomedicines and biologicals in the context of their
biological interactions in complex biological media at biorelevant conditions
and the EPSRC Multiscale Metrology Suite for Next-Generation Health
Nanotechnologies, a facility based on the use of multimodal flow field flow
fractionation hyphenated with orthogonal physical and chemical detectors for
comprehensive analysis of Bionanotechnology prototypes to be used as

diagnostics and therapeutics.

As discussed earlier in this thesis, analysis of the protein corona for
nanomedicines remains a challenge in the context of the nanoparticle protein
corona composition, and the nanoparticle colloid stability being very much
prone to sample handling conditions and the subsequent handling of
incubated samples. Current analytical technologies used for profiling the
nanoparticle protein corona, lack the signal to noise ratio to accurately resolve
the bulk proteins and biomolecules contained within the experimental
incubation media the from surface-adsorbed molecules contained in the
nanoparticle corona. Therefore, there is an acute need to perform resolution

of the nanoparticle-biomolecular complexes from bulk biological media, with
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the field predominantly using centrifugation-resuspension or buffer exchange

approaches to recover these complexes.

Moreover, most of the reported literature on the protein corona perform these
experiments under static conditions, where it is widely known that any injected
nanomedicine will be subject to shear stress and oncotic pressure when

administered to a biological system.

Therefore, the first objective of this thesis was to examine how experimental
parameters used in nanoparticle protein corona experiments, such as the
physical separation of nanoparticles from protein containing media, and shear
flow mimicking venous and arterial blood pressure will subsequently impact

the colloid stability and composition of surface-adsorbed proteins.

In the first instance, | used poly(lactic)-co-glycolic acid nanoparticles as a
system to study protein corona formation. However, there were inherent
challenges associated with particle swelling and hydrolytic degradation,
beyond protein adsorption (the phenomenon of interest in this thesis), which
led me to consider a non-degradable system to primarily study the impact of

the protein corona in polystyrene latex nanoparticles as a model system.

In addressing the objectives of chapter 2, | demonstrated that both shear flow
and surface charge for nanoparticles of the same diameter significantly altered
the composition of the proteins bound, and also the colloid stability of such

systems in biological media.

The second objective of this thesis in chapter 3 was to explore flow field flow
fractionation, and different detector hyphenations to study the feasibility of AF4
for recovering nanoparticle-protein complexes from biological media. While
the concept of flow field flow fractionation modalities were first reported in
1966,'% its adoption as a separation and analytical method by the field of

nanomedicine and biotechnology remains within its infancy.

In this chapter, | demonstrated that frit-inlet AF4 can be used as a feasible
approach for isolating and recovering nanoparticles from biological media.
Moreover, | showed that while separating and recovering nanoparticles from

biological media, their size and geometry can be profiled simultaneously. The
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conclusions from this chapter were that conventional AF4 channels are
unsuitable for recovering nanoparticle-protein complexes due to the cross-
flow effects. Also, in the case of the amine-modified nanoparticles carrying a
positive surface charge, poor recovery was observed due to the AF4
regenerated cellulose membrane carrying a negative charge and also
extensive precipitation of the amine-modified nanoparticles following

exposure to protein-containing media.

The final objective of this thesis was to explore electrical AF4 as an orthogonal
AF4 mode for the separation of nanoparticle-protein complexes based on the
different charged species contained in a polydisperse sample (chapter 4).
Electric AF4 is a lesser reported method in the literature for the separation and
analysis of nanomedicines. Overall, with this approach in the case of
differently charged materials, | found this approach to be very useful. However,
a limitation of this approach was the limited range of ionic carrier liquids and
currents/voltages that could be applied, which could alter the resolution of

different charged species in a sample.

5.2 Future Work
5.2.1 Investigating additional nanomaterial properties

In Chapter 1, | highlighted that parameters such as surface charge will have a
significant impact on the range and type of proteins adsorbing onto the
nanoparticle surface.'91% Therefore, | also compared amine- and
carboxylate- functionalised nanoparticles in this context as they carry positive

and negative charges, respectively.

This comparison is significant since some of the nanomedicines developed
within our research team carry a small positive net charge in the case of lipid
nanoparticles with cationic lipids, and silk nanoparticles carrying a negative

net charge.

Findings from chapters 2-4 overall demonstrated a significant difference
between the positively- and negatively-charged polystyrene latex
nanoparticles, both in the context of their colloidal stability following exposure

to protein-containing media and recovery rates from AF4 methods developed.
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However, caution must be exercised in applying the findings from my work in

a single system to nanomaterials manufactured from different material types.

While | have only explored the impact of charge in a single nanoparticle
system, some other parameters such as nanoparticle size, hydrophobicity and
morphology could be investigated in the future. This could be done by
comparing polystyrene latex nanoparticle with different morphologies, and

sizes with similar surface functionalisation.

5.2.2 Optimising the conditions for performing nanoparticle protein

corona formation in vitro

As highlighted in the introduction and chapter 2 of this thesis, it is critical that
the conditions under which protein corona studies are conducted adequately
represent biologically and physiologically relevant events that take place
following nanomedicine administration. In chapter 2, | briefly investigated the
impact of flow rates in larger vasculature. However, nanomedicines will
predominantly encounter capillaries and microvasculature within target and
off-target organs. Therefore, there is a critical need to understand the
biomechanical and compositional elements that these particles will be
exposed to in vivo. Future work exploring the formation of the nanoparticle
protein corona should ideally explore these conditions, which can be achieved
using microfluidics-based lab on a chip or organoid based devices to mimic
such conditions. At the time of writing this thesis, there are a number of new

commercial technologies on the market that can be used for this purpose.

Beyond shear flow conditions experienced by nanomaterials, it is also
important to consider the composition of media which are studied. In this
thesis, my goal was to examine equivalent protein concentrations to cell
culture experiments in vitro. However, future work could further explore this in
detail using human serum in target patient therapeutic groups, further
facilitating the achievement of precision medicine and understanding
interindividual differences in the formation of the nanoparticle protein corona.
Furthermore, studies have shown an increase in nanoparticle uptake due to
the binding of certain proteins,'®” and this could be a strategy for personalised

medicine with nanoparticles designed to adsorb certain proteins or a “smart
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corona”. In the long term this could inform the selection of the appropriate
delivery system for the right patient.

5.2.3 Optimisation of AF4 for nanomaterials with different surface

charges

While | was able to optimise the AF4 methodologies in both chapters 3 and 4
for carboxylate-modified nanoparticles, in the case of amine-modified
nanoparticles a poor signal intensity and recovery was noted. These
observations were consistent with other findings from our lab with DOTAP lipid
nanoparticles (unpublished data). Strategies that have been explored include
pre-conditioning the AF4 membrane with nanoparticle or bovine serum

albumin injections.®

Future work could explore alternative AF4 membrane surface
functionalization’s that are more compatible with positively-charged
nanomaterials or exploring calibration of the carrier liquid ionic strength and
pH. However, a caveat of altering the carrier liquid would be alteration of

nanoparticle stability.

5.2.4 Further investigation of the protein corona

In this thesis, | predominantly investigated the inline separation of the different
species within the sample (nanoparticle and nanoparticle-protein complexes),
without downstream analysis of the protein corona composition or its cellular
fate. Using the configuration in the multiscale metrology suite, it is possible to
isolate and recover the different fractions and analyse these further using
additional analytical technologies or study the impact of cellular exposure to

these fractions more closely.

Future work could explore the composition of the protein corona by liquid-
chromatography mass-spectrometry based proteomics analysis,’® and
correlate the composition and abundance of different corona proteins with
both the inline measurements and cellular fate. This would provide a more
detailed mechanistic insight into whether the biological effects observed in
vivo, are a consequence of protein abundance or the physical impact of the

protein corona on nanoparticle fate.
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5.3 Conclusion

Overall, this thesis demonstrates that the conditions to which nanomedicines
are exposed during protein corona incubation experiments, have a profound
impact on the subsequent experimental readout. The outcome of such
experiments beyond the incubation and recovery parameters, is largely

dependent on the physicochemical properties of nanomedicines.
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