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Abstract

Gold nanoparticles (AuNPs) are useful scaffolds for the attachment of luminescent lanthanide
complexes and are suited for medical applications due to their modifiable surfaces,
biocompatibility and suitable size. These properties have led to the extensive study of AUNPs
for diagnostic and therapeutic purposes but their translation to the clinic has proved difficult.
The work in this thesis focusses on the synthesis and further characterisation of lanthanide
coated AuNPs, the quantification of their uptake at the single cell level with mass cytometry
(CyTOF), and their potential as multimodal cellular labels for the identification and detection of
mononuclear phagocyte differentiation. The synthesis and characterisation of LnQuin,S-
AuNPs and LnS-AuNPs and how different chain lengths affect their photophysical properties
and cellular uptake is shown. Using electron energy loss spectroscopy, the localisation of
europium atoms around AuNPs is demonstrated, showing that the distance from the europium
centre to the gold surface is dictated by the organic structure of its ligands. The effects of
coating AuNPs with fluorinated surfactants and a PEG polymer on the photophysical properties
of EuQuin2S-AuNPs was studied and it was found that fluorinated surfactants enhance their
cellular uptake. The use of CyTOF was then further explored as a highly sensitive, single cell
gquantitative technique to study the interactions of EuQuin.S-AuNPs with HelLa cells,
monocytes, macrophages and dendritic cells. Through novel methods of instrument
calibration, the quantification of nanoparticle uptake with CyTOF was validated, showing
values in agreement with conventional methods. The distribution of EuQuin2S-AuNPs within a
cell population was studied and it was found that their depletion from within cells over time is
dependent on cell type. The ratiometric detection of gold and europium/terbium from
EuQuin.S-AuNPs and TbS-AuNPs from within cells was also demonstrated. With CyTOF,
EuQuin.S-AuNPs can be detected within >99% of macrophages and dendritic cells 7 days
after differentiation from NP treated monocytes. Alongside their detection in macrophages by
two-photon excitation confocal microscopy, this demonstrated EuQuin.S-AuNPs as potential

candidates as multimodal cellular labels.
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Chapter 1. General Introduction
1.1 Introduction to Lanthanide Chemistry

1.1.1 Introduction to Lanthanides and their Properties

The lanthanide (Ln) elements are the group of 15 elements from lanthanum to lutetium,
situated in the f-block of the periodic table. For a group of elements once referred to as the
‘rare-earth’ metals, they are relatively abundant — cerium, the most plentiful of the
lanthanides, is only slightly less abundant than copper! and even the least abundant,
thulium, is more so than mercury.? It is in fact the difficulty of obtaining lanthanides in their
pure elemental form that is a rarity, a task that took well over a century because of their
similar properties and tendency to congregate in the same substances.® The 15 elements
from Ln to Lu feature electronic configurations ranging from [Xe]4f°5d'6s? to [Xe]4f'45d'6s?,
and the 4f electrons are added sequentially across the group when lanthanides adopt a +3
oxidation state. This oxidation state is displayed almost exclusively as it strikes the best
balance between ionisation energy cost and lattice-energy or solvation-energy stabilisation
of the ion, but in some rare cases Sm, Eu and Yb display a +2 oxidation state, and Ce, Pr,
Nd, Tb and Dy display a +4 oxidation state.* Due to the lack of shielding afforded by
electrons held in the 4f orbital, a slight decrease in atomic radii from La(lll) (1.17 A) to Lu(lll)
(1.00 A) is observed across the group with increasing atomic number, known as the

lanthanide contraction.®

Ln(lll) cations behave as hard Lewis acids due to their high surface charge density, and
therefore strongly coordinate hard Lewis bases such as anionic oxygen and nitrogen
atoms.® They most commonly adopt a coordination number of 8 or 9, but a range of 3-12
can be observed depending on steric factors governed by the surrounding ligands.” 8 As
the 4f electrons are shielded by the 5s? and 5p® orbitals, they are unavailable for covalent
interaction with ligands and coordination of ligands to Ln(lll) is purely electrostatic.

Consequently, all Ln(Ill) complexes of the same ligand are isostructural.®



Ln(lll) luminescence originates from transitions within the 4f orbitals but they cannot
efficiently absorb light (the molar absorptivity is typically 1-10 Mtcm?)!° due to f — f
transitions being forbidden by the Laporte and orbital angular momentum selection rules.
Organic chromophores with high molar absorptivity are therefore commonly incorporated
into coordinating ligands to sensitise their luminescence, known as the antenna effect.
After absorption of a photon leading to excitation of the first singlet excited state (S;) of the
chromophore and subsequent intersystem crossing to the longer lived, lower energy triplet
state (T1), the energy can be transferred to the Ln(lll) centre (Figure 1.1). Relaxation from
the Ln(lll) excited to ground state results in the emission of light with wavelengths

characteristic of the particular transition of each lanthanide.*?

S; —A—ﬁc

T

ET
\ 5D1
5D0
\ Fluorescence

\h v Phosphorescence
\ J=
7
! ! ="
Sy 0

Ligand Eu(lll)

hv’

Figure 1.1 - Schematic representation of the antenna effect resulting in emission from Eu(lll). Light is
absorbed by the first singlet excited state (S1) of an organic chromophore is excited, and after
intersystem crossing (ISC) to the triplet state (T1) of the ligand and subsequent energy transfer (ET)
to the Eu(lll) centre, radiative decay to the ground state leads to emission characteristic of Eu(lll).

The overall efficiency of emission observed from Ln(lll) depends on the efficiency of
intersystem crossing, energy transfer and the intrinsic metal centred luminescence

guantum vyield of the Ln(lll) ion. Furthermore, lanthanides usually exhibit very long



luminescence lifetimes and as a consequence they can undergo energy transfer to high
frequency vibrational oscillators such as OH and NH and quench luminescence.® Ln(lll)
ions with lower excited state energies are worse affected as the deactivation by vibronic
coupling of OH is more efficient.** Ln(Ill) emission in the near-infrared (NIR) region of the
electromagnetic spectrum is therefore strongly reduced and often difficult to observe. This
makes ligand design particularly important when utilising lanthanides in solvents such as
water, where high coordination numbers can reduce the opportunity for hydroxyl oscillators

to bind to the Ln(lll) centre.

The luminescent properties of lanthanides have been intensively studied for numerous
optical imaging applications.*>*° Despite the quenching effects discussed, they often exhibit
long luminescence lifetimes in the ps to ms range,®® much longer than organic
chromophores and transition metal complexes with lifetimes typically in the ns to ys range.
This allows for the separation of signal from short-lived fluorescence with time-gated
techniques; particularly useful for biomedical applications where autofluorescence from
biological material is present.!! 22 The large stokes shifts allows for clear separation of
excitation and emission signals, and characteristic sharp emission peaks are easily
distinguishable, advantageous in high-parameter multi-colour experiments with techniques
such as flow cytometry.* Unlike with organic chromophores, the Ln(lll) ion offers protection
from photobleaching which makes lanthanides more suitable for long-term imaging or cell-
tracking studies.® The deeper penetration of tissue afforded by luminescence in the NIR
region due to reduced light absorption, photon scattering and autofluorescence, has led to
many recent studies on NIR emitting lanthanides such as Yb and Nd for in vivo imaging

applications 2426
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1.1.2 Ligand Design for Lanthanide Complexation in Aqueous Media

The coordination sphere surrounding a Ln(lll) cation has a large effect on the properties of
a lanthanide complex and ligand design is therefore imperative for achieving the
lanthanides intended properties. The dehydration of Ln(lll) in aqueous solution is
endothermic, meaning complexation of lanthanides is entropy driven.?” Polydentate ligands
can help overcome this difficulty due to the chelate effect to form highly stable complexes
in aqueous medium. Ln(lll) cations prefer hard binding sites, so anionic ligands such as
carboxylates, phosphinates and -diketonates are well suited due to their large electrostatic
components.?® High coordination numbers are essential in aqueous media to limit solvent
coordination to prevent the binding of hydroxyl oscillators quenching emission through non-
radiative pathways. The ligand(s) should also possess one or several chromophores to act
as a light harvesting antenna, allowing excitation of the Ln(lll) centre. This sensitising unit
should be in close proximity to the metal centre as the energy transfer processes are
distance dependent,?® have a high molar absorption coefficient, and have a triplet state
higher than the lanthanide acceptor state.*® In this work, attachment of lanthanide
complexes to gold nanoparticles must also be considered in the ligand design. This requires
terminal groups capable of binding strongly to the gold surface, anchoring the complex to
the surface of the nanoparticle. Thiol terminated ligands are a popular choice as they can
create Au-S bonds that have a strength close to that of Au—Au bonds.3! 32 The distance that
the ligand holds the Ln(lll) metal from the surface of the nanoparticle is also important, as
guenching of fluorescence signal is observed at short distances from plasmonic
nanoparticles, owed to a ‘near-field’ effect involving energy or electron transfer non-
radiative pathways.3* 3* A previous study by our group showed that adding an alkyl chain
‘spacer’ group that distances a Ru(ll) metal centre further away from 13, 50 and 100 nm

gold nanoparticles increases the luminescence lifetime.
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Considerations for Ligand Design

Y Y a

Coordination: Sensitiser: Attachment to gold
- Hard donors with » Close proximity to ' ?
. nanoparticles

large electrostatic Ln(lll) centre « Thiol terminated for
components *  High molar binding to surface

+ Consider absorption - S acegr roup for
polydentate ligands coefficient inFc):reasig NF;__

* High coordination + Triplet state higher Ln(lll) dis%ance

number than the lanthanide
\ / K acceptor state / K /
Figure 1.2 - Considerations for the design of suitable ligands for complexing Ln(lll) metals for their
use in agueous media, attached to gold nanoparticles.

An important class of acyclic ligands is based on a polyaminopolycarboxylate system,
where four or more acetic groups are attached to a polyamino skeleton such as
diethylenetriaminepentaacetic acid (DTPA), forming 8-coordinate lanthanide complexes
that are highly stable in aqueous medium. Gd(lll)-DTPA complexes have been studied
extensively as contrast agents for magnetic resonance imaging (MRI), of which there are
many examples that are approved for use.®-8 The stability of these complexes has been
shown to be very high, and for many years it was thought that there is practically no acute
toxic effects from dissociation of Gd(lIl) from the ligand,*® but in 2006 they were associated
with a fatal condition called nephrogenic systemic fibrosis.*® Although these findings have
led to renewed interest in finding alternative contrast agents, Gd(lll)-DTPA based MRI
agents are still widely used and adverse events remain low. Antenna ligands such as
phenols,* quinolines,*? napthalenes*® and bipyridines* can also be added to the DTPA
backbone to sensitise lanthanide metals to achieve strong luminescence, which will be

shown in this work.
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1.2 Introduction to Gold Nanoparticles and their Suitability for

Biomedical Applications

The nanoscale has been referred to as the ‘natural length scale of biology’.*
Nanotechnology advancements in recent decades have therefore greatly impacted the field
of medicine, leading to significant improvements in areas such as drug*® and vaccine
delivery,*” imaging*® and diagnostics,* tissue engineering® and the development of
antimicrobial materials.®* Nanomaterials often possess unique properties compared to bulk

materials attributed to larger surface area, self-assembly and quantum effects.>?

The tuneable size and shape of gold nanopatrticles (AuNPs) alongside their resulting unique
properties has led to extensive research for their use in medicine.>®* AuNPs have a strong
characteristic absorption of radiation in the visible and near-IR region of the electromagnetic
spectrum which arises due to a phenomenon known as surface plasmon resonance (SPR).
The electrons at the gold surface collectively oscillate in response to incident light, creating
a resonant condition that results in a strong absorption of light at a specific wavelength,
known as the SPR wavelength.>* The wavelength of the radiation absorbed is characteristic
of the specific size and shape of the AuNP, as well as its immediate surroundings such as
attached ligands.>® Spherical AuNPs larger than 2 nm in diameter exhibit SPR in the visible

range, making them easily characterised by visible spectroscopy techniques.*®

Electromagnetic field

ho

Figure 1.3 - Schematic representation of surface plasmon resonance of spherical gold
nanoparticles. Image reproduced from Fuller et al.

Alongside their unique optical properties, AUNPs have other qualities that make them

attractive for biomedical applications. AuNPs are generally considered biocompatible due

13



to their water-solubility, suitable size, chemical stability and low toxicity (the toxicity of
nanomaterials, however, is complex and often poorly understood and is discussed later in
this introduction).>’-*® The modifiable nature of AUNP surfaces allows for their functionality
and tailoring of surface chemistry, determined by their stabilising ligands or molecules.
Spherical AUNPs are often synthesised with citrate-stabilising ligands that form a capping
layer to prevent aggregation and clumping together.®® The electrostatic forces between
carboxylate anions of citrate and the AuNP surface are relatively weak compared to strong
chemical bonds formed between gold and elements such as sulphur; an Au—S bond has
a strength close to that of the Au—Au bond.?® This allows simple exchange citrate-stabilised
AuNPs with thiol-terminated ligands for almost endless customisation of surface chemistry
providing the AuNPs remain thermodynamically stable. Functionalisation of AUNP surfaces
with ligands as diverse as DNA,%! metal complexes,** 4% 62 intercalators,®® antibodies® and

peptides® has been shown, demonstrating the versatility of an AUNP scaffold.

The optical properties, large surface area and the capability to multi-functionalise AuUNP
surfaces makes them ideal for in vitro diagnostic assays, perhaps most notably in lateral
flow tests during the COVID-19 pandemic.®® AuNPs are functionalised with capturing
molecules such as nucleic acid fragments or antibodies that specifically bind to the analyte
of interest, with detection using properties such as SPR for readout.*® The large surface
area allows the detection of very low concentrations of analytes. AUNPs have also been
studied intensively for in vivo applications. This includes photothermal therapy for treating
diseases such as cancer.®” When AuNPs are exposed to light of specific wavelength, they
absorb the energy and convert it to heat by a process known as plasmonic heating. This
can raise the temperature of the surrounding tissue and kill cancer cells.®® The large surface
area of AuNPs has also been exploited for drug delivery, as high quantities of therapeutic

agents can be loaded on the surface.® ¢
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AuNPs have also been utilised as scaffolds for dense localisation of fluorescent and
luminescent molecules, enabling their use in biomedical imaging applications.
Conventionally used fluorophores such as Cy-5 and BODIPY have been coated on AuNP
surfaces via electrostatic forces of attraction.®® © However, limitations of fluorophore
attachment include photobleaching and dissociation from the AuNP surface.” 2
Alternatively, thiol-terminated metal complexes can be covalently attached, which our group

has pioneered over the last two decades for imaging AuNPs in cells.

Figure 1.4 - The unique optical properties of AUNPs and the ability to
functionalise their surface with fluorescent agents, DNA, antibodies, peptides,
intercalators and other agents makes them useful nanomaterials for a range of

biomedical applications. Image adapted from Zhou et al.

1.3 Luminescent Metal Complex  Functionalised Gold

Nanoparticles

Lanthanide and transition metal complexes are attractive luminescent agents due to their
high photostability, large Stoke shifts and long luminescence lifetimes that allow for the
separation of signal from background autofluorescence in biomedical imaging.” Suitable
design of ligands with terminating groups such as thiols allows for the attachment of
hundreds to thousands of complexes onto the surface of single AuNPs, massing a high
concentration of complexes in a small area to provide strong luminescence.”® The
water-soluble nature of AUNPs alongside their chemical stability and biocompatibility makes

them attractive scaffolds for attaching luminescent complexes for use in biological studies.
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We have previously shown the attachment of two luminescent europium complexes to 13
nm AuNPs.* 42 The design and photophysical properties of these lanthanide gold
nanoparticles will be discussed more in the introduction of chapter 2. Davies et al.
multifunctionalised with a DTPA-quinoline europium complex and a pH sensitive peptide,
delivering europium AuNPs into platelets at pH 6.5. Luminescence microscopy images
showed luminescence from the Eu centre, confirming their localisation within platelets

(Figure 1.5).

Transmitted light Eu luminescence
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Figure 1.5 - Confocal microscopy of human platelets: untreated (top), treated with europium coated AuNPs
(middle), treated with AUNPs coated with a europium complex and a pH sensitive peptide (bottom), which
allowed entry to the platelets and emission from europium was subsequently observed. (Aexc = 340 NnM, Aem <
510 nm). Scale bar = 10 um. Image reproduced from Davies et al.
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Recently, imaging of ruthenium and iridium metal complex coated AuNPs has been shown
in several studies by our group. A study by Rogers et al. functionalised 13 and 100 nm
AuUNPs with a polypyridyl Ru (II) complex, attached to the NP surface by a thiol-terminated
hexyl chain on one bipyridine ligand.”™ Due to their positive charges, transition metals can
cause aggregation upon addition to AuNPs, so the AuNPs were coated with a Zonyl FSA
fluorosurfactant prior to complex addition is required to provide further stabilisation. The
ruthenium AuNPs were taken up by A549 cancer cells and were detectable within cells by
luminescence imaging. TEM images of the NPs within cells revealed nuclear localisation

and the interaction of 200 nm NPs with chromatin.
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Figure 1.6 -(a) Co-localisation of luminescence from a Hoechst nuclear stain (green) with
ruthenium coated AuNPs in a z-stack confocal microscopy image (red); (b) ruthenium
luminescence from ruthenium coated AuNPs in a confocal microscopy image; (c) Overlay of
(b) with Hoechst nuclear stain luminescence channel; (d) TEM images of A549 cells treated
with 100 nm ruthenium coated AuNP, showing a NP in the nucleus of a cell next to condensed
chromatin (red dashed line). Image adapted from Rogers et al.

A recent study by King et al. attached luminescent iridium complexes to 13, 25 and 100 nm
AuNPs after stabilisation with Zonyl FSA.%? Luminescence was observed from the NPs in
HelLa cells by lifetime confocal microscopy imaging, with two-photon excitation. A short-

lived lifetime directly from the AuNPs was also observed. In a separate study, a similar

17



luminescent iridium complex was used to coat 100 nm AuNPs and track the flow of blood
in narrow vessels.”® The long-lived lifetime allowed for enhanced resolution in comparison
to conventional alternatives. After injecting the iridium coated AuNPs into mice, they
entered blood circulation and were clearly detected in small blood vessels in lungs,

mesentery and skeletal muscles.

Intensity Image ™m =20-119 [ps]

Figure 1.7 - Two-photon luminescence lifetime imaging of 13 (bottom), 25 (top) and 100
(middle) nm iridium coated AuNPs in HeLa cells, (A) is the intensity image, (B) is the
iridium luminescence lifetime (450-1000 ns) and (C) is the short-lived lifetime signal (20-
119 ps) from gold. Figure adapted from King et al.

1.4 Shortfalls in AuNP Biomedical Research: Failure in

Translation to the Clinic

Nanomedicines seek to improve on conventional diagnostics and therapies. Although there
are over 100 nanomedicines in clinical trials and 30 already approved,’”’ these are
predominantly organic and lipid based NPs and despite significant research over recent

decades, there has been extremely limited success with bringing metal nanomedicines to
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the clinic. Exceptions include clinically approved iron oxide NPs for magnetic resonance
imaging,’® hafnium oxide NPs that are in phase Il/Ill clinical trials for the treatment of soft
tissue sarcoma’® and polyethylene glycol coated silica-gold nanoshells for thermal ablation

of solid lung tumours that are in ongoing clinical trials.&

The disconnect between research investment and academic publication and clinical
translation is likely due to many reasons. First of all, the toxicities and nano-bio interactions
are unclear, due to the complex nature of nanomaterials and the number of parameters that
may contribute, such as size, shape, surface functionalisation and charge.8! Additionally,
the synthetic methods of metal NP synthesis restricts scalability and the ability to screen
large numbers of potential candidates in pre-clinical studies.®? The complexity and cost of
manufacturing also makes meeting good manufacturing practice (GMP) requirements more
difficult than conventional therapies. The lack of understanding in differences in physiology
and pathology between animal studies and humans,*® as well as patient heterogeneity and
the potential caution of use of types of medicines that are different to those conventionally
used may also contribute to the lack of translation. What would certainly improve the
success rate of nanomaterials reaching the clinic is new technologies that better our
understanding of their interactions with biological material. One key interaction is their
uptake and internalisation by cells. The cellular uptake of gold nanoparticles is discussed

in this introduction alongside current and new techniques for quantification.

1.5 Quantifying the Cellular Uptake of Gold Nanoparticles
1.5.1 Brief Introduction to the Cellular Uptake of Gold Nanoparticles

Utilising AuNPs in cellular studies usually requires their internalisation or ‘cellular uptake’.
Understanding AuNP cellular uptake and its extent is therefore of paramount importance to
the field. In order for uptake to occur, AUNPs must first reach the cellular membrane and

then interact with the cell membrane. This is a complex process dependent on many
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factors, including the physicochemical properties of the AuNP species, the biological
environment and also the experimental conditions and parameters. This section is primarily
focussed on AuNP cellular uptake; however literature of other NP types is also discussed

where relevant and appropriate.

When considering the journey of AuNPs to the cell membrane of cells, their interaction
within the biological fluid environment is important. In cell culture models, the most common
and simplistic use of examining AuNP-cell interactions, AUNPs are mixed with a cell culture
media and supplemented with fetal bovine serum (FBS) that maintains and supports the
growth of a cell population. This media, albeit more simplistic, mimics the interactions that
AuNPs may experience in vivo. When AuNPs are introduced to this fluid, they immediately
interact with proteins and biomolecules that often adsorb onto the AuNP surface to form a
‘protein corona’.®® This protein corona is often the ‘biological identity’ of AUNPs and is
hugely important for their cellular uptake.®* Protein corona formation is dependent on AUNP
physicochemical properties such as size, shape, polydispersity, charge, surface chemistry,
and hydrophobicity, as well as biological factors such as protein source and experimental
factors such as mixing,®® incubation temperature and ionic strength.8® The formation (or
lack of formation) of NP protein coronas and its implications has been studied intensively

and is well documented in many literature reviews.8-%°

Once AuNPs have interacted with the biological environment, properties such as their size
and density will determine whether they remain evenly dispersed within the media or
sediment to the bottom of the vessel. For AUNPs less than 100 nm in diameter that remain
stable in biological media, the Brownian motion experienced is far greater than the
gravitational pull, so they remain dispersed, but larger AUNPs or agglomerates may reach
the cell surface membrane by sedimentation.®® A study by Wills et al. showed that when
large agglomerates of silica nanoparticles form, the largest 2% of agglomerates are

responsible for 90% of the cellular uptake.®? Cho et al. have also studied the effects of
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sedimentation/diffusion on cellular uptake of AuNPs by using upright and inverted cell
culture configurations, finding that cells generally take up more AuNPs when in the upright
position, suggesting that sedimentation is an important consideration for AUNP uptake,

particularly for large nanospheres and nanocages.®

When AuNPs reach the exterior of the cell membrane, they can interact with the plasma
membrane or extracellular matrix and enter the cell. Most NPs are predominantly taken up
by endocytosis mechanisms.® This process involves the association of NPs to the cell
membrane and the engulfment of NPs in membrane invaginations. Once scission proteins
such as clathrin cut the membrane, NPs are contained within endosomes inside the cell.
There are five types of endocytosis: clathrin mediated endocytosis, caveolae dependent
endocytosis, clathrin/caveolae independent endocytosis, macropinocytosis, and
phagocytosis, all of which have slightly different mechanisms, but lead to the eventual
containment of NPs within endosomes inside cells.®* °> Endocytosis may be dependent on
recognition of specific receptors for initiation, which could be caused by the NP or its
biological identity.®5°8 It may also occur non-specifically like in the case of macropinocytosis
where large ‘gulps’ of extracellular fluid are internalised during cytoskeleton
rearrangement.®® Furthermore, NPs may be taken up by chance if they are associated with
the membrane at the time of invagination of non-NP related endocytosis. A recent thorough
perspective article by Dawson and co-workers discusses our current understanding of
nanoparticle interactions with the cellular membrane and also details the importance of the
duration of the NP-membrane event in cellular uptake.*® The entry of AuNPs into cells via
non-endocytic routes has also been reported. Stellacci and co-workers observed that a
ribbon-like, alternating arrangement of two ligands (one hydrophilic and one hydrophobic)

on AuNPs led to passive entry through the cell membrane and directly into the cytosol.®
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Passive penetration of other nanomaterials such as quantum dots and cationic AUNPs and

SiNPs has also been shown.101-103
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Figure 1.8 - Nanoparticles can be taken up by cells through various endocytic
mechanisms, including clathrin-mediated endocytosis, caveolin-mediated endocytosis,
clathrin and caveolin-independent endocytosis, phagocytosis, and macropinocytosis.
NPs can enter cells by binding to specific cell surface receptors that recognise clathrin
or caveolin — two proteins that play a major role in the formation of vesicles, but they
can also enter cells through endocytic pathways that do not rely on clathrin or caveolin.
These pathways are less understood but may involve lipid rafts or other membrane
components. Additionally, NPs can be engulfed by cells through phagocytosis, a
process primarily carried out by immune cells like macrophages and neutrophils, and
also by macropinocytosis, a non-specific, actin-driven process where cells engulf
extracellular fluid along with particles present in the surrounding environment. Image
reproduced from Donahue et al.

The physicochemical properties of AUNPs influence their cellular uptake.'** Size effects the
‘wrapping’ interaction with the cell membrane that occurs during endocytosis, and an AUNP
size of around 50 nm has been shown as optimal for highest uptake.'%: 1% Shape is another
important factor;'°” for example spherical AUNPs have been shown to be taken up in higher
guantities than gold nanorods.'%® 19° Syrface charge is very significant and studies have
shown a more favourable interaction between cationic NPs than neutral or negatively

charged NPs!® which can lead to higher uptake.'!! 112 Hydrophobicity is also important, as
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well as surface functionality. PEGylation of NPs is well known to increase circulation times
of NPs by evading phagocytosis from innate immune cells,*** and has been shown to
reduce uptake.'* Coating AuNPs with biomolecules such as folic acid can also enhance
the cellular uptake.'*> Experimental factors also affect the cellular uptake of AuNPs.
Chithrani et al. have shown how the cellular uptake increases with concentration and also
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Figure 1.9 - Properties of NPs that influence their cellular uptake. Image reproduced from Augustine et al.
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that the rate of cellular uptake is fastest within the first few hours of incubation time with
AUNPs.1% A recent study demonstrated that even chirality can affect uptake; Xu et al.
observed much higher uptake for left-handed chiral AuNPs than their right-handed

counterparts.'® This chirality also led to different in vitro and in vivo immune responses.
1.5.2 Methods to Quantify Gold Nanoparticle Uptake

The ability to quantify cellular uptake allows the study of the effect of changing parameters
such as nanoparticle surface coating, size, concentration and incubation for optimising the

design for the intended application. Furthermore, quantifying a number of gold
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nanoparticles per cell is highly useful for comparing results of studies on toxicity and cell
viability. Insight into safe intracellular gold concentrations and understanding uptake will be

essential in regard to the clinical use of AUNPs in medicine.

Many technigues can be used to quantify the uptake of gold nanopatrticles, each with their
own advantages and disadvantages. Fluorescence based techniques such as confocal
microscopy and flow cytometry are very commonly used to quantify the uptake of
fluorescent nanoparticles. Although as AuNPs are not generally intrinsically fluorescent,
they are often not suitable for analysis by these techniques, or they may require subsequent
labelling, which in turn will alter their surface properties. With confocal microscopy, single
cells can be studied and provide information on the NP location within the cells. Several
previous studies by our group have used confocal microscopy to show intracellular
localisation of AuNPs coated with luminescent metal complexes,*> 2 including a study
showing ruthenium coated gold nanoparticle uptake with quantification comparable to
parallel ICP-MS experiments (explained later in this section).!!” Other disadvantages of
confocal microscopy include that it is low throughput, photobleaching!® or detachment of
fluorophore from NPs may occur,”* and clusters rather than single NPs can usually only be

detected. Flow cytometry allows detection by fluorescence at high throughput and the
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Figure 1.10 - Quantification of the cellular uptake of AUNPs coated with luminescent metal
complexes has previously been shown in a study by our group with confocal microscopy by
counting the number of luminescent spots in an image (left). Quantification was in broad
agreement with ICP-MS. Image modified and reproduce from Dosumu et al.
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potential to simultaneously measure other cellular parameters by fluorescent antibody
labelling, at the expense of intracellular location.'*®* However, without normalisation data,
Dawson et al. showed that due to size-dependence of the fluorescence intensity, results on

cellular uptake can be easily misinterpreted.?°

Transmission electron microscopy (TEM) has been widely used in determining AuNP
uptake and can provide extremely high-resolution images of AuNPs within sub-cellular
structures. TEM can not only provides information on the intracellular fate of AUNPs,** but
also on the mechanism of uptake!® 117 and interactions with cellular organelles.'?* As TEM
provides images of thin specimens (ca. 70-90 nm'??), it is difficult to quantify overall AUNP
uptake and it is extremely low throughput. Preparing TEM samples is also difficult and time

consuming.!?3

Inductively coupled plasma (ICP) spectroscopy is perhaps the most commonly used
technique to quantify the cellular uptake of AUNPs.?* All atoms in a sample are ionised by
an ICP torch of up to 10000 K and detected by either mass (ICP-MS) or atomic emission
spectroscopy (known as ICP-AES or ICP-OES).'? This allows the quantification of gold
atoms within a sample and a number of AuNPs per cell can be calculated from prior
knowledge of AuNP size and the total number of cells. These techniques provide a simple
and accurate quantification of all types of metal NPs and require no modification from their
original form. Furthermore, most instrumentation can detect elemental concentrations
ranging from ppt to ppm, allowing for a large range in NP uptake to be studied, but large
populations of cells are needed. It is also important to consider that this technique does not
decipher between NPs intracellularly and extracellularly associated with cells and thorough
washing of samples to remove all NPs in solution is vital for accurate results.'? It also only
provides an average number of NPs per cell, rather than any information on the distribution

of NPs within a population. Moreover, consistently accurate cell counts are required as well
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as the digestion of samples with strong reagents such as aqua regia'?’ or hydrogen

peroxide.'?8

In recent years, spectroscopic ICP methods have been advanced to output data in a time
resolved manner.'?® By detecting discrete pulses of positively charged ions using
microsecond data acquisition rates, single NPs and cells can be analysed.'*® Merrifield et
al. have shown the cellular uptake of 1, 2 or 3 AuNPs per algal cell with single particle
ICP-MS (SP-ICP-MS), showing the instruments incredible sensitivity.**! Malysheva et al.
used the NP size-determining capabilities of single cell ICP-MS (SC-ICP-MS) to show that
AgNPs can undergo different size transformations within cells.’*> However, using
SP-ICP-MS to quantifying NP uptake remains largely unexplored and it has not been
demonstrated as a technique capable of detecting greater than a few NPs per cell, limiting
its application to ultra-trace detection. Another ICP-MS technique capable of detecting NPs

within single cells is mass cytometry (see next section).
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Figure 1.11 - Techniques to quantify the cellular uptake of AUNPs.
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1.5.3 Mass Cytometry (CyTOF)

By combining time-of-flight mass spectrometry with single cell microfluidics, mass
cytometry (CyTOF) is a recently developed technique that allows for the quantification of
metals associated with single cells.?** CyTOF was primarily designed as a high-parameter
cellular phenotyping technology, where antibodies are tagged with unique metal isotopes
which are distinguished between in a time-of-flight MS (TOF-MS) with 135 detection
channels, eliminating the concern of spectral overlap with fluorophore conjugated
antibodies in flow cytometry and allowing for up to 45 parameters to be simultaneously
analysed.'* But since any element between 75 and 209 Da can be detected, it offers
label-free uptake quantification of metal NPs such as gold at the single cell level. This single
cell analysis capability is its major strength; it reveals the distribution of NPs within a cell
population, a key lacking feature of conventional ICP-MS analysis of metal NPs. It also
allows for the distinction of cell-associated NPs from non-cell associated NPs in solution,
as well as the ability to detect cells that contain no NPs at all. Labelling with other metal
isotopes (and antibodies conjugated with metals) also allows for discriminating between
live and dead cells, identifying cell types and even the effect of NPs on cell phenotype and

function.3®

In 2015, the latest CyTOF instrument, Helios, was launched, increasing the maximum limit
of detection to 4.5 orders of magnitude and allowing quantification of single to thousands
of metal NPs per cell.*° Earlier NP research with CyTOF focussed on conjugation to
antibodies and their use as high mass labels to detect rare cell surface markers on cells,3¢
138 byt this increase in magnitude allowed researchers to use the technology to further study
NP uptake and other NP-cell interactions, first demonstrated by Yang et al. in 2017.%°
Several further studies have followed, but the use of CyTOF as a technique to study NP-cell
interactions still remains in its infancy. A full literature review of previous studies using

CyTOF to detect NPs is given in 3.1.1. In this section, a brief introduction how CyTOF
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technology works is given, followed by a description of the experimental workflow of CyTOF

experiments to quantify NP uptake.

1.5.3.1 Principles of CyTOF

Single cell analysis by CyTOF requires the metals associated with each cell to be detected
within separate, discrete time windows, known as events.**° The Helios instrument has five
major components to achieve this: sample introduction and ionisation, ion transport through
vacuum interface, high-pass ion optics, ion-separation by TOF mass analyser, and data
acquisition and processing (Figure 1.12).24° First cells are introduced to the nebuliser,
where the liquid suspension is aerosolised into single cell droplets. The aerosol is then
partially vaporised in the heated spray chamber and directed towards the ICP source. Here,
the single cell aerosol droplets are fully vaporised, atomised and ionized in the plasma,
resulting in ion clouds corresponding to each cell. lons are then transported through the
vacuum interface, where through a series of cones the pressure is reduced and ions are
focussed to the downstream ion optics. An electrostatic field accelerates and deflects the
ions perpendicularly towards the TOF region, separating any remaining photons or neutral
material that could reduce sensitivity.1° At this point, the ion cloud still contains all ionised
material associated with each cell; predominantly low-mass ions naturally abundant in
biology. These are removed by a high-pass ion optic that only allows ions >75 Da through
to the TOF detector.2*° In the TOF mass analyser, ions are separated based on their mass-
to-charge (m/z) ratio. A pulse of several hundred volts is applied at 13 ps intervals (known
as a push), accelerating each beam of ions towards the detector into tight time-resolved
bands, respective of their m/z ratio. The detector uses a dynode electron multiplier to detect
the separate ions. When an ion strikes the first dynode of the detector, several secondary
electrons are released, which in turn generate more electrons at the next dynode.**° The
process is repeated at each dynode, given the required multiplication needed for an

electrical pulse that can be captured by the anode of the detector. This output analog signal
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is converted to digital values collected by the instrument as a raw integrated mass data
(IMD) file, which represents a matrix of ion counts for each selected mass channel for every

push.4
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Figure 1.12 - Schematic representation of the main components of mass
cytometry instrumentation
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This time resolved data can be further processed by excluding continuous ion counts across
multiple pushes that are not within the minimum and maximum event length limits (Figure
1.13), leaving discrete events that can be analysed as single cell entities. Further manual
data processing known as gating is required to filter out debris and cell-cell
doublets/aggregates. It is highly important that few non-cell associated metal contaminants
(including NPs) are present in the solution during acquisition, as this can cause continuous
ion count detection that exceed the maximum event length threshold, meaning discrete
events are not analysed. After manual gating, the signal corresponding to the metal of
interest, for example °’Au for AuNPs, can be used to quantify NP uptake, if the

transmission efficiency of the metal is known (this is explained in our work in chapter 3).
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Figure 1.13 — Graphical representation (not real data) of the conversion of signal from a mass channel
in CyTOF to quantifiable, time-resolved single cell events. (a) Individual push data from each mass
channel of interest is integrated into ion counts. (b) Signals that are within the defined event length

threshold are selected for analysis as single events. Doublet events can be removed by manual gating
by identifying doublet events using the quantity of iridium detection from the Cell-ID Intercalator-Ir.
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1.5.3.2 Workflow of CyTOF experiments to quantify the cellular uptake of NPs
The cell population of interest is incubated with NPs under the conditions of interest,
allowing the cellular uptake of NPs. Residual NPs remaining in solution are then removed
by washing and each cell sample is transferred to a tube suitable for centrifugation (e.g., a
FACS tube) for subsequent labelling steps that reveal important information on each cell.
The first labelling step is a cisplatin viability assay that distinguishes live and dead cells,
due to the preferential interaction of cisplatin with dead cells that can be detected in the
platinum channels of the mass cytometer. If heterogeneous cell samples are used rather
than cell lines, cells are then labelled with any extracellular metal conjugated antibodies
that reveal phenotypical features and allow the distinction of specific cell types. Cells are
then fixed to preserve their current biological state'#? and stained with Cell-1D Intercalator-Ir,
an iridium based cationic DNA intercalator that can be used to discriminate single and
doubly nucleated cells.}*® This also ensures that no events containing more than one cell
are mistakenly analysed as a single cell event if they coincidentally pass through the
instrumentation within the same ion cloud. Cells are then further washed to remove any
non-cell associated, residual metal contaminants in solution, mixed well to ensure cells are
well dispersed, and introduced to the mass cytometer via a micro-fluidic system one cell at

atime.
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Figure 1.14 - Workflow of CyTOF experiments to quantify the cellular uptake of NPs.

1.6 Thesis Outline

The aim of the work in this thesis is to synthesise and characterise lanthanide coated gold
nanoparticles and study their photophysics, cellular uptake and assess their suitability as
multimodal cellular labels for monitoring monocyte differentiation into macrophages and
dendritic cells. Each research chapter contains a short literature review as an introduction
and an outline of the hypotheses and scope. This is followed by the results and discussion,
concluding remarks and an experimental section. A general conclusion and future work

chapter follows the 3 research chapters, and the general experimental is the final chapter.

Chapter 2 investigates the synthesis, characterisation and photophysical properties of
lanthanide gold nanopatrticles, as well as the effect of surfactants and polymers on the

properties of lanthanide gold nanopatrticles.
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Chapter 3 further investigates the use of CyTOF as a technique to quantify NP uptake at

the single cell level alongside novel applications of CyTOF technology to our research.

Chapter 4 investigates the cellular uptake of lanthanide gold nanoparticles in mononuclear

phagocytes and assesses their potential use as cellular labels for detecting monocyte

differentiation into macrophages and dendritic cells by CyTOF, as well as their detection

in macrophages by luminescence imaging.
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Chapter 2: Synthesis, Optimisation and Photophysical
Properties of Luminescent Lanthanide Gold
Nanoparticles
2.1 Introduction

2.1.1 The Design of Europium Coated Gold Nanoparticles and Overcoming

Quenching of Luminescence

A limitation of using AuNPs as a scaffold for attaching fluorophores or luminescent agents
is the quenching that has been reported from the SPR of gold. 2 When fluorophores are
within 5 nm from an AuNP surface, quenching has been attributed to a ‘near-field’ effect
involving energy or electron transfer through non-radiative pathways from the fluorophores’
excited electron to the gold.> # Increasing the distance of the fluorophore from the AuNP
surface has been shown to prevent quenching and even enhance the lifetime, but lifetimes

still remain short in the region of a few ps to 50 ns.>®

As previously mentioned, lanthanides such as europium have attractive luminescent
properties such as their long lifetimes, which our group has utilised by attaching
luminescent europium complex onto AuNPs. This was first shown in 2006, where AuNPs
with a diameter of 13 nm were used as a scaffold for attaching europium DTPA complexes
with an aminothiophenol sensitiser (Figure 2.1).” The terminal thiol groups allow for
attachment to the AuNP surface; characterisation by UV-Vis spectroscopy showed a clear
red-shift in the SPR wavelength of the NPs and after purification with size-exclusion
chromatography, characteristic emission from europium was observed. The lifetime of
europium luminescence was 0.8 ps, much lower than the complex in solution, suggesting

that there is some quenching from the NP surface.
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Figure 2.1 - The europium complex referred to as EuSH in this work and its attachment to 13 nm AuNPs to
make EuS-AuNPs (left), alongside an emission spectrum of EuS-AuNPs (right).

To overcome quenching, spacer organic groups were incorporated into a different ligand to
act as ‘legs’ that increase the distance of the metal centre from the NP surface. A study by
Davies et al. reported a europium complex, EuQuIinSAc, that had a quinoline sensitiser
functionalised with a hexyl chain with a terminal thioacetate group (Figure 2.2).8 Once
attached to AuNPs, a much longer luminescence lifetime of 287 us was exhibited by the
europium centre, indicating success in overcoming quenching. The quinoline sensitiser also
has an absorption maximum around 323 nm, corresponding to the S; € Sp and -
electronic transition. This allows red-shift allows excitation with light from wavelengths up

until at least 375 nm which is more applicable to biomedical imaging than the EuSH ligand.
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Figure 2.2 — The structure of EuQuUInSAc, designed with a hexyl spacer group to increase
the distance between the europium centre when it is added to the surface of AuNPs
(top); transmitted light image (left hand side image) and luminescence image (right hand

side image) of platelet treated EuQuinSAc/Peptide coated AuNPs, with europium
emission observed (Aexc = 340 NmM). Microscopy images adapted from Davies et al.

Our group has also studied the effect of the distance of ruthenium metal centres from
AuUNPs on luminescence lifetimes. A library of tris(bypyridine) ruthenium complexes were
synthesised with a terminal thiol group with either no spacer chain or a spacer chain of 6 or
12 atoms to extend the distance the metal centre is held away from the AuNP surface.
These complexes were attached to 13, 25 and 100 nm AuNPs and although the size of the
AuUNPs had no effect, a 12 carbon atom spacer unit enhanced the lifetime of a ruthenium
complex by 70% compared to the free probe in water, whereas shorter spacer units of 6

and 1 carbon atoms only enhanced the lifetime by 40% and 20% respectively.®

As previously stated, a fluorosurfactant — Zonyl FSA — is used to stabilise AuNPs upon
addition of positively charged iridium and ruthenium complexes. Fluorination of ligands
complexed to lanthanides is known to increase their luminescence lifetimes, %12 but little is
known about what effects fluorinated surfactants may have on the the photophysics of

lanthanide complexes attached to AuNPs.
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2.1.2 Scanning Transmission Electron Microscopy (STEM) and Electron

Energy Loss Spectroscopy (EELS)

Transmission electron microscopy is a microscopy technique used to reveal sub-
micrometre structures in solids, in which a beam of electrons is transmitted through the
specimen to form an image. There are two different types of TEM — Conventional (CTEM)
and Scanning (STEM). CTEM is a wide-beam technique in which an electron beam is
projected onto the whole area of interest and an image is collected in parallel.*®* In STEM,
a probe forming lens finely focusses a beam of electrons at the specimen, to address each
pixel in series as the probe scans across the specimen.* Analytical information is usually
collected using a focussed beam and the smallest region that can be analysed is defined
by the beam diameter.'® Over the past few decades, electron microscopy performance has
been greatly improved by multipole-based aberration correction technology,¢*¢ allowing
sub-Angstrom resolution in STEM imaging and dynamic imaging of single atoms, through
annular dark-field imaging and spectroscopic mapping by electron energy loss

spectroscopy (EELS).1% 20

Annular dark-field imaging is a method of mapping samples in STEM. Dark-field imaging
describes microscopy methods which exclude the unscattered beam from the image,
resulting in a dark field around the specimen. In STEM dark-field imaging, an annular
detector collects scattered electrons that pass through the sample.?* High-angle annular
dark-field (HAADF) imaging in STEM has become a common analysis technique in
materials science because it provides intuitively interpretable, atomic resolution images that
are sensitive to atomic number (z).?> For elements with a higher z, greater electrostatic
interactions between the nucleus and electron beam lead to more electrons scattered at
higher angles, so they appear brighter in images.?® No aperture is used in HAADF, which
allows the main beam to pass through an EELS detector, so both types of measurement

can be performed simultaneously.
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EELS is an absorption spectroscopy in which the energy losses of incident electrons are
directly measured following transmission through a sample (Figure 2.3).2* 25 As a material
is exposed to a beam of electrons, some electrons undergo inelastic scattering and this can
be measured to give energy loss spectral information.?® This can provide information on
elemental composition, valence/conduction electron density (plasmon peaks), band

structure, bonding and oxidation states.
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Figure 2.3 - Schematic explanation of the basis of EELS in STEM. Reproduced from Liu et al.

An EELS spectrum has many prominent features and is typically separated into three

regions. Figure 2.4 shows an EELS spectrum of a 20 nm thin titanium carbide specimen
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recorded up to 600 electron volts. The first region contains an intense peak at 0 eV, known
as the zero-loss peak, represents electrons that have not lost any energy. The low-loss or
valence region (< 50 eV) contains information about electrons that have interacted with the
weakly bound electrons in the sample and provides insight into the dielectric properties
such as surface plasmons and band gap.?® At higher energy losses (> 50 eV), in the region
known as ‘ionisation edges’ or ‘core-loss region’, the spectrum shows characteristic
features of electrons that have interacted with the tightly bound core electrons of the atoms.
The number of inelastically scattered electrons in this region is much lower and therefore
the intensity of these peaks are lower than in the low-loss region.?® The ionisation edges
often have a characteristic shape, such as the carbon K-edge and L s-edge of titanium in

Figure 2.4, and can be attributed to elements based on their absolute position.?’
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Figure 2.4 - EELS spectrum of a 20 nm thin titanium carbide
specimen. Reproduced from Hofer et al.

EELS has previously been used as a characterisation technique for studying the elemental
composition of bimetallic nanomaterials, such as catalysts. Browning and co-workers
studied Sn(Sb)O, nanophase catalysts with atomic resolution,? revealing that Sb exists in
the trivalent state at the surface (Sb (1)), but pentavalent (Sb(V)) at the core. They also
studied reduction behaviour of metal nanoparticles in alumina-supported Pd catalysts?® and

alloying behaviour of Pd-Cu bimetallic catalysts, where they found that changes in the
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reduction temperature of the precursor materials led to compositions varying from pure
metallic Pd to Pd-Cu bimetallic alloys.* Bavand et al. studied the morphology of PtRu
nanoparticles and were able to use HAADF and EELS to elementally map different PtRu
alloy structures at during various different deposition and annealing processes (Figure

2.5).3

Figure 2.5 - EELS elemental mapping of Ru (red) and Pt (green) of PtRu NPs on highly oriented
pyrolytic graphite (HOPG) at room temperature when Pt was deposited onto Ru (left), EELS
elemental mapping of PtRu NPs on HOPG at room temperature when Ru was deposited on to Pt
(right). Images reproduced from figures 14 and 17 from a study by Bavand et al.

There are many techniques that provide evidence of surface functionalisation of gold
nanoparticles, such as oxidation of the gold surface through Au-S bond formation shown
by x-ray photoelectron spectroscopy,®* % changes in the surface plasmon resonance
observed with UV-vis spectroscopy,” 3* increases in hydrodynamic diameter measured by
dynamic light scattering (DLS)® or differential centrifugal sedimentation (DCS)*, changes
in surface charge measured by {-potential®** 3" and co-localisation of luminescence signal
with reflectance images of gold nanoparticles images with confocal microscopy,3*
However, high-resolution imaging of organically bound ligands to nanoparticle surfaces has
proved difficult. Recently, Wang et al. used negative staining to show a compact shell
(approximately 1.5 nm) of oligo-ethylene glycol branches on the surface of 10 nm gold

nanoparticles.® In 2021, Sheibani et al. were able to study morphological features of the
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biomolecular corona of polystyrene nanopatrticles after exposure to biological media by
cryo-electron microscopy, but this proved too difficult with 15 nm gold nanoparticles due to

the high atomic mass of gold.*

2.2 Chapter Outline

In this chapter, the synthesis of visible and near-infrared emitting lanthanide complexes
LnQuinzSH (Ln = Eu, Yb, Nd) and LnSH (Ln = Eu, Tb) and their photophysical properties
in solution is shown. These thiol-terminated lanthanide complexes have been designed for
their attachment to 13-nm gold nanoparticle surfaces to produce lanthanide coated gold
nanoparticle species LnQuin.S-AuNPs and LnS-AuNPs; their suitability as cellular labels,
detectable by both luminescence imaging and CyTOF, will be explored in later chapters.
Each lanthanide complex has two thiol terminated groups; this has been shown to enhance
the stability of AUNP-ligand cojugates.** The main interest lies with LnQuin.S-AuNPs, due
to their more desirable properties for luminescence imaging, but LnS-AuNPs will also be
studied for more insight into how the increase in chain length and apparent distance from
the gold nanopatrticle surface affects their photophysical properties and their cellular uptake
(see chapter 3). The synthesis and characterisation of LnQuin.S-AuNPs and surfactant and
polymer coated EuQuin.S-AuNPs, as well as LnS-AuNPs is shown, followed by further
characterisation of EuQuin.S-AuNPs and TbS-AuNPs, first by determining an association
constant for the binding of the lanthanide complexes through UV-vis spectroscopy, then by
providing further evidence of a binding event with isotherm titration calorimetry, before
comparing the association constant determined by each method. Novel utilisation of STEM
imaging and EELS for elemental mapping for detecting europium atoms at the surface of
EuQuin.S-AuNPs and EuS-AuNPs is then demonstrated. Lastly, the effect of coating the
nanoparticle surface with fluorinated surfactants Zonyl FSA and TFD, and a PEG polymer

prior to the addition of EuQuin,SH on the loading, photophysical properties and cellular
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uptake of EuQuin.S-AuNPs is investigated, with a focus on identifying a lanthanide gold

nanoparticle species with optimal photophysical properties and enhanced cellular uptake.

I, I
o "r.p':\‘*-\. »\ /—\
R ) //\N/ﬁjﬁ Y O\N/OJWN
L \\' =
/o 0 "-::-:-'\N” /)‘Q =0~ \6/\0(312
HM J HN NH

ny o -]
'k"[{A“N’;' g L J | SN
o ;

LnS-AuNPs

LnQuin,S-AuNPs Surfactant/Polymer coated
AN = EuQuin,S-AuNPs

Q
Jﬂl F 5 ’J-l F E q Q
P o T HS
Loy e - e 1 E H 1 D/\'\/JLE‘H
" 1 -8

Figure 2.6 — Schematic representation of the LnQuin2S-AuNPs, LnS-AuNPs and surfactant/polymer
coated EuQuinzS-AuNPs. In this chapter, the synthesis and characterisation of these NP species is
shown, as well as the effect of surfactants and polymers on the loading, photophysics and cellular
uptake of EuQuin2S-AuNPs.
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2.3 Synthesis of Lanthanide Complexes
2.3.1 Synthesis of LnQuin2SH

HsQuin,SH was synthesised via a 6-step synthesis shown in Figure 2.7. Following the
synthesis of HzQuinSAc optimised by previous group members,*? the terminal thioacetate
groups were reduced by NaOH, yielding HsQuin,SH (22%). Reduction of the terminal
thioacetate groups was confirmed by disappearance of a single at 2.31 ppm in the *H-NMR
spectrum and disappearance of a thioacetate carboxyl peak in the IR spectrum (see
experimental 2.10.1.6 for data). All characterisation of Hs;Quin,SH and intermediate

products is shown in the experimental section.
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Figure 2.7 - Synthetic scheme for the synthesis of HsQuinz2SH.
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Following ligand synthesis, the lanthanide complexes LnQuin.SH were formed by the
addition of an aqueous solution of LnCl;.6H20 to H3Quin,SH in a solvent mixture of water
and THF (Figure 2.8). Characterisation of LnQuin.SH complexes is shown in the

experimental section.
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Figure 2.8 - Synthesis of LnQuin,SH

2.3.2 Synthesis of LnSH

The ligand HsL was synthesised from the reaction of 4-aminothiophenol with DTPA-
bis(anhydride) (Figure 2.9). All characterisation of the ligand agreed with previous studies
by the group.” HsL was then added to a methanolic solution of LnCls.6H.O (Ln = Eu, Th) to

yield LnSH. Characterisation of EUSH agreed with previous studies by the group.

Figure 2.9 - Synthesis of LnSH
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2.4 Photophysical Properties of Lanthanide Complexes in
Solution

2.4.1 EuQuin2SH

0 o O
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P "y
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Figure 2.10 - Structure of EuQuin2SH
The excitation spectrum of EuQuin2SH in MeOH has a band maximum at 330 nm, in close
agreement to the corresponding absorption spectrum, where the band maximum was at
323 nm, corresponding to the S1 € Sp and T-1" electronic transition (Figure 2.11). This
confirms the occurrence of ligand to europium energy transfer responsible for the
luminescence of Eu(lll). Following light excitation into the ligand mrmr* state at 325 nm of
EuQuin.SH in methanol, strong red luminescence was observed, characteristic of the
Do = 'F; (J = 0-4) emission bands of Eu(lll) (Figure 2.12). After subtraction of the baseline,
each emission peak was integrated to compare their relative intensities in methanol and
CD3OD (see appendix 2.12.2 for methodology). The emission band at 695 nm (°Do = "F4)

was particularly strong with a relative intensity of 1.19 with respect to the characteristically
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strong band at 616 nm (°Do > ‘F,) (Table 2.1). Although the majority of emission is
observed from Eu(lll), there is some emission from the quinoline sensitiser (Amax = 440 nm).
There was no change in relative intensities of each Eu(lll) °Do = ’F; transition band, but
the total Eu:Quinoline ratio increased from 3.1 to 5.6 when CDsOD was used as a solvent
(Table 2.1). This is likely due to quenching of Eu(lll) emission from hydroxyl oscillation of
methanol molecules bound to Eu(lll), meaning that the quantity of emission observed from
the sensitiser is at least partially due to solvent coordination to the Eu(lll) centre. This is
further supported by an increase in Eu(lll) lifetime from 500 ps to 890 us and quantum yield

of 2% to 4.7% when CD3;0OD was used as the solvent (Table 2.1).
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Figure 2.11 - Overlayed absorbance and excitation spectrum of EuQuin2SH [0.04 mM] in
MeOH (Aem = 616 nm).
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Figure 2.12 - Emission spectrum of EuQuin2SH in MeOH (Aexc = 325 nm) overlayed with excitation
spectrum ((Aem = 616 Nm).

Table 2.1 — Peak area integration from each emission band relative to the Do = “F2 band of
EuQuin2SH in methanol and CDz0D.

5Do 5Do 5Do 5Do 5Do Total / Total T/
Solvent Quinoline > > > > > Do 2> Eu:Quinoline QY

Fo R 2 Fs s TR ratio HS
MeOH 0.86 0.06 043 1 004 119 272 3.1 500 2
MeOD 0.48 0.06 043 1 0.02 117 2.68 5.6 890 4.7

The number of coordinated solvent molecules can be calculated from the difference in

lifetimes in deuterated and non-deuterated solvent using the Parker-Beeby equation.*3:

q= A,(TI\_/IéOH - TI\_/IéOD - B)

53



Where A’is a revised proportionality constant for europium (Ae, = 2.4 ms™), 1 is the lifetime
of Eu(lll) in each respective solvent, and B is an outer sphere quenching constant. For
EuQuin,SH, substituting the respective lifetimes in methanol and CDs;0OD of 0.5 ms and

0.89 ms suggests there is an average of 2.1 £ 0.5 solvent molecules bound to Eu(lIl).

These photophysical properties of EuQuin,SH are in agreement to the photophysical
properties of EuQuinSAc in previous studies by the group.® This is expected as the only
differences between the complexes are the terminal sulphur containing groups that should

have no effect on their emission when dissolved in organic solvent.
2.4.2 Near-infrared Emitting Lanthanides

The excitation spectrum of YbQuin,SH (Figure 2.14) and NdQuin,SH displayed a band
maximum at 327 nm, in close agreement to the absorption spectrum, again indicating
sensitisation of lanthanide emission by the ligand. Excitation of YbQuin,SH at 325 nm
resulted in near-infrared emission at 980 nm, characteristic of the ?Fs, to ?F7, transition of
Yb(lll) (Figure 2.14). Emission was clearly visible in methanol without degassing and the
lifetime of Yb(lll) was measured as 4 ps, compared to a lifetime of 10 us in CD;OD (Table

2.2).
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Figure 2.14 - Overlayed absorbance and excitation spectrum of YbQuin2SH
[0.04 mM] in MeOH (Aem = 980 nm).
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Figure 2.13 - Emission spectrum of YbQuin2SH [0.04 mM] in MeOH (Aexc = 325 nm).

Table 2.2 - Lifetime measurements of YbQuin2SH in methanol and CDsOD.

T (MeOH) / us 7 (CD30D) / ps
4 10




Excitation of a methanolic solution of NdQuin,SH at 325 nm led to near-infrared emission
assigned to the “Fs» to *l; (J = 9/2, 11/2, 13/2) transition of Nd(Ill) (Figure 2.15). Like
YbQuin,SH, no degassing was required and emission was observed in MeOH, with a Nd(llI)
lifetime of 3 ps. In CD30D, the lifetime was 5 ps (Table 2.3). These lifetimes are in close
agreement with a previous study with similar Yb and Nd complexes without the thiolated
methoxy hexyl chain for attachment to gold nanoparticles, where Lewis et al. found the
lifetimes of Yb(Ill) and Nd(lll) were 16 ps and 6 ps in MeOH and 5 ps and 2 ps in CDsOD

respectively.*
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Figure 2.15 - Emission spectrum of NdQuin2SH [0.04 mM] in MeOH (Aexc = 325 nm).

Table 2.3 - Lifetime measurements of NdQuin2SH in methanol and CDz0D.

T (MeOH) / ps T (CDsOD) / ps
4 10
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2.4.3 TbSH

The excitation spectrum of TbSH displayed a band maximum at 264 nm, matching the
absorption spectrum and confirming excitation of Tb(lll) by ligand sensitisation (Figure
2.16). This is in agreement with studies on EuSH by previous group members.”: 4> Excitation
of a methanolic solution of TbSH at 270 nm led to emission characteristic of the °Ds > 'F;
(J = 0-6 ) emission bands of Th(lll) (Figure 2.17). The lifetime of Tbh(lll) in methanolic
solution was 1600 ps and 2600 ps in CDsOD. It was found that an average number of 1.8
+ 0.5 water molecules were bound to each Th(lll) ion, with quenching from hydroxyl

oscillation in MeOH explaining the decrease in lifetime.
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Figure 2.16 - Overlayed excitation (Aem = 545 nm) and absorption spectra of TbSH [16 uM] in MeOH.
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Figure 2.17 - Emission spectrum of TbSH [16 yM], numbers denote 5Ds4 = 7F; transitions (Aexc = 270 nm).

2.5 Synthesis and Characterisation of Lanthanide Coated Gold
Nanoparticles
2.5.1 Synthesis of 13 nm Citrate Gold Nanoparticles

Gold nanoparticles were synthesised using a method described by Schulz et al.*® based on
the Turkevich method.*” This produces water soluble, monodisperse gold nanoparticles
stabilised citrate anions on their surface. After synthesis, the nanoparticles were
characterised by dynamic light scattering (DLS), zeta-potential ({), UV-vis spectroscopy and
transmission electron microscopy (TEM). DLS revealed number and intensity values of

13 + 3 nm and 18 + 4 nm respectively for the hydrodynamic diameter of the gold
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nanoparticles and confirmed their monodisperse nature with a polydispersity index of 0.10
(Table 2.4). ¢-potential measurements revealed an average surface charge of -38 + 3 mV
due to the presence of the citrate anions (Table 2.4). Analysis by UV-vis spectroscopy in
MQ water showed a surface plasmon resonance (SPR) peak at 516 nm (Figure 2.18). The
average diameter of the gold core was measured as 13.2 + 0.8 nm by analysis of 30
individual particles from TEM images (Figure 2.18). These images further confirmed the
particles monodisperse nature. The results from these characterisation methods are
representative of each batch of gold nanoparticles synthesised during this work and agree

with previously published data.34 38 48
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Figure 2.18 - 13 nm citrate gold nanoparticle characterisation. UV-vis spectrum of 13 nm gold nanoparticles in
water (left); TEM image of 13 nm citrate gold nanopatrticles after synthesis (right) (scale bar = 200 nm).

Table 2.4 - 13 nm citrate gold nanoparticle hydrodynamic diameter measurements by DLS and (-
potential measurements.

Number / nm Intensity / nm PDI (-potential / mV
13+3 18+4 0.10 -38+5

2.5.2 Evaluating the Molar Concentration of AuNP13

The molar concentration (c) of the gold nanoparticles after synthesis was calculated as

2.3 nM using the Beer-Lambert law, measuring the absorbance of the nanoparticles at
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450 nm by UV-vis spectroscopy and using a molar absorption coefficient for 13 nm gold

nanoparticles described by Haiss et al.,*® shown in equation 1:

A
- lx4£50 M
450
where ¢ = concentration (nM), Asso = absorbance (A.U.) at 450 nm, | = path length

(=1 cm™) and €450 = molar absorption coefficient (1.39 x 108 Mlcm™) at 450 nm. 450 nm is
chosen because the absorbance at the Aspr is more heavily influenced by surface effects.
This agrees with a concentration of 2.38 nM calculated theoretically from the number of
gold atoms in a 13.4 nm AuNP and the mass of reagents used during synthesis (see
appendix 2.12.4). Nanoparticle concentration was also analysed by ICP-MS the
discrepancy between the concentrations was 6%, 10% and 14%, giving an average
discrepancy of 10%. Due to the good agreement of values for concentration calculated from
each method and the ease and low cost of using UV-vis spectroscopy, it was decided that

this is a suitably accurate method to use to calculate concentration in this work.

2.5.3 LnQuin2S-AuNPs

Here the synthesis of EuQuin,S-AuNPs is shown, but YbQuin,S-AuNPs and
NdQuin,S-AuNPs were prepared following an identical protocol and characterisation of
these NPs can be found in the appendix (2.12.5 and 2.12.6). EuQuin,SH [0.4 mM] was
added to 13 nm citrate gold nanopatrticles [5 nM] in 2.5 pL aliquots and stirred for 2 min,
then the change in Aspr Was monitored by UV-vis spectroscopy. A red shift in Aspr Was
observed upon EuQuin,SH addition, suggesting the displacement of citrate anions and
EuQuin,SH attachment to the surface (Figure 2.19). After the addition of EuQuin,SH to a
concentration of 8.8 uM, there was a shift in the Aspr 0f 5.8 nm from 515 to 520.8 nm (Figure
2.19) , and further additions did not alter the Aspr, suggesting no further attachment of
EuQuin,SH was possible, most likely due to steric hindrance on the nanoparticle surface.

Changes to the shape of the SPR band of AuNPs in UV-Vis spectra can indicate
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aggregation,>® %1 but here no change in shape was observed during addition of EuQuin,SH,

suggesting no aggregation took place.
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Figure 2.19 - Addition of EuQuinzSH to 13 nm gold nanoparticles causes a red shift in Aspr. Normalised UV-vis
spectra of a 13 nm gold nanopatrticle solution [5 nM] upon 2.5 pL additions of EuQuin2SH [0.4 mM] (left); The
change in the Aspr of 13 nm gold nanoparticles upon EuQuin2SH addition measured by UV-vis spectroscopy (right).

The solution was then purified by size exclusion chromatography to remove any unbound
metal complexes. The UV-vis spectrum of the EuQuin.S-AuNPs was not altered during the
purification step, suggesting that EuQuin,SH remains attached to the nanopatrticle surface
(Figure 2.20). DLS analysis revealed the nanoparticles remained monodisperse and the
increase hydrodynamic diameter increased as expected (Table 2.5), due to the larger size
of EuQuin,SH on the surface compared to citrate anions. (-potential measurements
revealed that the nanoparticles became less electronegative, with an average surface
charge of -11 £ 6 mV, likely due to the displacement of negative citrate anions with the
neutral EuQuin.SH complex. TEM images revealed that the diameter of the gold core
remained unchanged after functionalisation with EuQuin,SH, with an average diameter of
13.3 £ 0.9 (SD) nm measured from 30 individual particles (Figure 2.20). To determine the

average number of EuQuin.SH complexes per nanoparticle, an ionic solution of EuQuin,S-
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AuNPs was analysed by ICP-MS. A ratio of 43 Au:Eu atoms was found, meaning there was

an average of 1600 EuQuinoSH complexes per NP (Table 2.5).
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Figure 2.20 - Full characterisation of EuQuin2S-AuNPs after purification. Normalised UV-vis spectra of EuQuinzS-
AuUNPs before and after purification (left); TEM image of purified EuQuin2S-AuNPs (scale bar = 100 nm) (right).

Table 2.5 - Average hydrodynamic diameter of EuQuin2S-AuNPs measured by DLS and -potential
measurements, and the average number of EuQuUiIn2SH complexes determined by ICP-MS.

Number / nm Intensity / nm PDI -potential / mV EuQuin.SH
complexes per NP
14+ 4 21+7 0.13 -11+6 1600 + 60

2.5.4 Synthesis of Surfactant and Polymer Coated EuQuin2S-AuNPs:
EuQuin2S-Zonyl-AuNPs, EuQuin2S-TFD-AuNPs and EuQuin2S-PEG-

AuNPs

Prior to the addition of EuQuin,SH, fluorinated surfactants Lithium 3-[2-
(perfluoroalkyl)ethylthio]propionate (Zonyl FSA) and N-(2-(ethylthio)ethyl)-
2,2,3,3,4,4,55,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-tricosafluorododecanamide (TFD), as
well as 1-mercapto-3,5,7,9,11,13,15,17-octaoxaicosan-20-oic acid (PEG), a thiol-

terminated PEG polymer were used to coat the nanopatrticle surface of 13 nm citrate gold
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nanoparticles at pH 7 (Figure 2.21). The length of Zonyl FSA, TFD and PEG were measured
on Chem3D as 1.6 nm, 2.0 nm and 3.2 nm respectively, compared to a length of

approximately 1.8 nm for EuQuin,SH.
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Figure 2.21 - The structures of Lithium 3-[2-(perfluoroalkyl)ethylthio]propionate (Zonyl FSA) (left),
N-(2-(ethylthio)ethyl)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
tricosafluorododecanamide (TFD) (middle), and 1-mercapto-3,5,7,9,11,13,15,17-octaoxaicosan-20-
oic acid (PEG) (right).

Titrations were carried out to determine the amount of surfactant/polymer required to shift
Aspr by 1/3 of its maximum, assuming this led to coating approximately 1/3 of the
nanoparticle surface to allow space for EuQuin,SH attachment. 12 yM zonyl, 10 yM TFD
and 2 uM PEG was required to shift the Aspr 0f 5 NM citrate-stabilised gold nanoparticles
by 1/3 of its maximum (Figure 2.22). The higher amount of Zonyl and TFD required to
saturate the surface could be due to the highly polar perfluoroalkyl chain adopting a more
rigid conformation than PEG, which is well known to adopt ‘mushroom’ (PEG chain close
takes up large area close to NP surface) or ‘brush’ (PEG chain extending straight out) like

conformations at the surface of nanoparticles depending on the density of the coverage.®*

54

After partial coating, EuQuin,SH was added in excess to each NP species. UV-vis
spectroscopy revealed that a 6 nm shift in Aspr for EuQuinzS-Zonyl-AuNPs, EuQuin,SH-
TFD AuNPs and EuQuin:S-AuNPs and a 5 nm shift for EuQuin.S-PEG-AuNPs after

surfactant/polymer and subsequent EuQuin,SH addition (Figure 2.22).
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Figure 2.22 - The change in the Aspr of 13 nm citrate gold nanoparticles upon addition of Zonyl FSA, TFD
and PEG, measured by UV-vis spectroscopy (left column); UV-Vis spectra of 13 nm gold nanopatrticles [5
nM] upon addition of Zonyl FSA, TFD and PEG to coat approximately 1/3 of the nanoparticle surface, with
subsequent addition of EuQuinzSH in excess (right column).
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The nanoparticles were then purified by size exclusion chromatography. There were no
observable changes to the UV-vis spectrum before and after purification. There was no
statistical difference in the hydrodynamic size between each NP species (Table 2.6). All
species remained monodisperse with one peak observed in DLS measurements, but the
PDI was higher in the presence of PEG (0.19), Zonyl (0.25) and TFD (0.22). There was no
statistical difference between the {-potential of each species (Table 2.6). The UV-vis
spectra and TEM images of each species show no evidence of aggregation of the gold
nanoparticles (Figure 2.23 and Figure 2.24). After digestion of the nanoparticles with aqua
regia, ionic solutions were analysed by ICP-MS to determine the average number of
EuQuin2SH complexes per NP (Table 2.6). The average number of EuQuin,SH complexes
per nanoparticle was found to be 1600 + 60 for EuQuin.S-AuNPs, 1600 + 80 for EuQuin,S-
Zonyl-AuNPs, 1500 + 70 for EuQuin,S-TFD-AuNPs, and 1400 + 80 EuQuin,;S-PEG-AuUNPs,
thus it can only be concluded that PEG had any statistically significant effect on the loading

of EuQuin,SH.

— EuQuin,SH-AuNP

—— EuQuin,SH-Zonyl-AuNP
\‘ —— EuQuin,SH-TFD-AuNP

\ —— EuQuin,SH-PEG-AuUNP

Absorbance / A.U.

T T T T T 1
300 400 500 600 700 800
Al nm

Figure 2.23 - UV-Vis spectrum of EuQuin2S-AuNPs, EuQuin2S-Zonyl-AuNPs,
EuQuin2S-TFD-AuNPs and EuQuin2S-PEG-AuUNPs at a concentration of 3.8 nM.
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Figure 2.24 - TEM images of purified EuQuinzS-Zonyl-AuNPs, EuQuinzS-TFD-AuNPs and
EuQuin2S-PEG-AUNPs.

Table 2.6 - Aspr, hydrodynamic diameter (+ SD), {-potential (+ SD) and the average number of
EuQuin2SH complexes per NP characterisation of EuQuin2S-AuNPs, EuQuin2S-Zonyl-AuNPs,
EuQuinzS-TFD-AuNPs and EuQuin2S-PEG-AuNPs by UV-Vis spectroscopy, DLS, {-potential and
ICP-MS. For ICP-MS measurements, a mean average of duplicate measurements from 2
independently synthesised nanoparticle species is given (x SD).

Number Intensity C-potential / EuQuin;SH

NP Species  Aser / nm PDI mvV complexes per NP

BuQuineS- 551 14+4 2146 043 -19%10 1600 + 60
AUNP

Z'f)‘:]aUX‘JEP 521 15+4 2912 025 -24%13 1600 + 80

FUOUMS 521 15:4  30+14 022 27%14 1500 + 70

FUOUMS. 520 164  31x10 019 25114 1400 + 80

It was expected that a more considerable decrease in EuQuin,SH loading would be
observed in the presence of the surfactants and polymers. However, the binding strengths
and conformational changes at the surfaces could explain the result. Ligands with multiple
thiol-terminated groups have a higher binding affinity to AUNPs and form more stable AUNP-

ligand conjugates.** The binding mode of Zonyl FSA and TFD to the surface of gold
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nanoparticles are not known, though a previous study by the group show the presence of
Zonyl FSA at gold surfaces after the addition of ruthenium and iridium complexes.® Dialkyl
sulphides have been shown to form weaker interactions with gold surfaces than alkane-
thiols,%® 5" and as both Zonyl FSA and TFD are dialkyl sulphides, it is possible that they
could be displaced by EuQuin,SH at the nanopatrticle surface, which is likely to have a
strong covalent interaction due to its 2 terminal thiol groups. This could explain why Zonyl
FSA and TFD do not reduce the loading, but the thiol-terminated PEG polymer does reduce
the loading of EuQuin;SH by 15%. In the case of PEG, as previously mentioned, the
conformation of PEG changes from ‘mushroom’ to ‘brush’ like depending on the density of
the coverage.>?°* Upon addition of EuQuin.SH, the PEG polymers may extend further out
and become more brush like in conformation due to more steric crowding, allowing more
space for EuQuin;SH to bind to the surface, meaning that it does not reduce the loading

by as much as expected.

255 LnS-AuNPs

Here the synthesis of ThS-AuNPs is shown, but the synthesis of EuS-AuNPs AuNPs were
prepared following identical protocol and characterisation of these NPs can be found in the
appendix (2.12.7). TbSH (0.4 mM) was added to 5.1 nM 13 nm citrate gold nanoparticles
in small aliquots until no change in Aspr Was observed in the UV-Vis spectrum (Figure 2.25).
A red shift of 6.3 nm was observed after the addition of 8.2 uM of TbSH (Figure 2.25). There
was no observable change in the shape of the SPR band upon TbSH addition, suggesting

that no aggegative effects occurred.

After purification by size exclusion chromatography, the UV-vis spectrum was not altered
(Figure 2.26), suggesting that the TbSH complexes remained attached to the NP surface.
Analysis by DLS revealed that the particles remained monodisperse and slightly larger than
13 nm citrate gold nanoparticles, owing to the larger size of TbSH with respect to the citrate

anions they displaced (Table 2.7). Zeta-potential measurements showed an average

67



negative surface charge of -25 £ 12 mV compared to an average surface charge of -38 £ 5
mV for 13 nm citrate gold nanoparticles, likely owing to the neutral TbSH displacing
negative citrate anions (Table 2.7). TEM revealed no observable changes to the gold core
size upon complex attachment (Figure 2.26), and ICP-MS revealed a Au:Tb ratio of 45,

meaning there was an average of 1500 TbSH complexes per NP.

Absorbance / A.U.

) T ) T ) T ) T ) - T T T T T T T T T T T T T T T T
300 400 500 600 700 800 (I) 1 2 3 4 5 6 7 8 9 10 11
Alnm [TbSH] / uM

Figure 2.25 - Addition of TbSH to 13 nm gold nanoparticles causes a red shift in Aspr. Normalised UV-vis spectra of a
13 nm gold nanopatrticle solution [5 nM] upon small additions of TbSH [0.4 mM] (left); The change in the Aspr Of 13 nm
gold nanoparticles upon ThSH addition measured by UV-vis spectroscopy (right).
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Figure 2.26 - Full characterisation of ThS-AuNPs after purification. Normalised UV-vis spectra of TbS-AuNPs before
and after purification (left); TEM image of purified TbS-AuNPs (scale bar = 200 nm) (right).
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Table 2.7 - Average hydrodynamic diameter of ThS-AuNPs measured by DLS and ¢-potential

measurements.
Number / nm Intensity / nm PDI ¢-potential / mV TbSHpg?rI:l]glexes
14+ 4 19+6 0.11 -25+ 12 1500 + 100

2.6 Further Characterisation of Lanthanide Complex Binding to
13 nm Gold Nanoparticle Surfaces

2.6.1 Determination of Association Constants for EuQuin2SH and TbSH

Binding to 13 nm Gold Nanoparticles from UV-Vis Spectroscopy

Using the data collected from UV-vis titrations of EuQuin,SH and TbSH onto 5 nM 13 nm
citrate gold nanoparticles, binding curves have been fitted to calculate an association
constant, Ka, for metal complex attachment to gold nanoparticles. Murphy and co-workers
have previously calculated association constants of proteins to gold nanoparticles by
monitoring changes to Aspr With UV-vis spectroscopy and increases in hydrodynamic

diameter by DLS, by fitting a Langmuir adsorption isotherm model:%8 %°

Where AA is the change in SPR band, AA,,,, is the maximum change in SPR band, K, is
the association constant (M), and [4] is the concentration of complex (M). A derivation of
the Langmuir adsorption isotherm and how UV-vis spectroscopy is used to calculate K, can
be found in the appendix of this thesis (2.12.8). As this model is based on the Langmuir
adsorption isotherm, there are several assumptions made. Firstly, it is based on completely
flat surfaces, whereas each binding site on a spherical nanoparticle will have a very small
curvature angle. It also assumes that a single monolayer is formed, all surface sites are

identical, and the change in Aspr is attributed to ligand binding only.
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After fitting binding curves to the UV-vis titration data, association constants of
(45+1.1) x10°M?tand (3.7 £0.6) x 10° M for EuQuin,SH and ThSH respectively. The
fact that these values fall within the confidence intervals of each other is perhaps not
surprising given that they both have two terminal thiol groups to bind to the AuNP and the

complexes are similar in size. These values are in the range of 10 to 100-fold lower than
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Murphy and co-workers found for proteins binding to 20 and 90 nm gold nanoparticles, most

likely owing to the much smaller size of the metal complexes compared to proteins.
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Figure 2.27 - Binding curves fitted to a titration of metal complex (EuQuin2SH and TbhSH) addition to
13 nm citrate gold nanopatrticles [5 nM], monitoring changes to Aspr with UV-vis spectroscopy. In the
case of EuQuin2SH, error bars are the range from 3 independent repeat experiments.
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2.6.2 Isotherm Titration Calorimetry (ITC)

ITC was used to study the binding of EuQuin,SH and TbSH to 13 nm citrate gold
nanoparticles. An ITC instrument is composed of two identical cells made with chemically
inert, thermally conducting material. The sample is contained in one cell, in this case
containing 13 nm citrate gold nanoparticles [7.5 nM], and the reference cell contains the
buffer solution that the sample is contained within (Figure 2.28). As the binding ligand, in
this case EuQuin.SH or TbSH metal complexes, is titrated into the sample cell in small
aliquots, the temperature change between the sample and reference cell is measured in a

unit known as the power differential (DP).%°

Ligand injection
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Feedback
Heater

Referenc
Heater

Stirrer

Calibration
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Reference Cell Sample Cell

Figure 2.28 - Schematic representation of the instrument setup of ITC.

Control titrations were performed to confirm that no detectable enthalpy change occurred
upon the addition of buffer to the nanoparticles without the addition of metal complex. Upon
addition of 2 pL aliquots of EuQuin,SH and TbSH to 13 nm citrate gold nanopatrticles, an
enthalpic change was observed (Figure 2.29) before a plateau was reached after about 13

aliquots, which corresponds to a metal complex: nanoparticle molar ratio of about 1500-
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2000 (Figure 2.30). As shown by ICP-MS, an average of 1600 EuQuin,SH and 1500 TbhSH
complexes can attach to each 13 nm gold nanoparticle. This suggests that the enthalpy
change is caused by metal complex attachment to the nanoparticle surface, and the plateau
is reached when the nanoparticle surface is saturated. This provides further evidence of a
binding event occurring between the lanthanide metal complexes and the nanoparticle
surface. The larger ADP upon TbhSH addition after a plateau has been achieved may be

due to more buffer mismatch between the sample and reference cell.
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Figure 2.29 - ITC thermograms of the addition of EuQuin2SH (left) and TbSH (right) in 2 pL aliquots to 7.5 nM 13-nm
citrate gold nanoparticles showing the change in differential power (ADP) measured.
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Figure 2.30 - The enthalpy change on addition of EuQuinzSH (left) and TbSH (right) in 2 pL aliquots to 7.5 nM 13-nm
citrate gold nanoparticles measured by ITC with sigmoidal fit. For EuQuin2SH, two data points were discarded as
anomalous results.
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ITC is a quantitative technique that can also determine the binding affinity, or association

constant Ka. The profile of the curve is determined by the c-value (c) using the equation:
c =nK,;M

Where n is the stoichiometry and M is the molar concentration of the sample cell. Iterative
fitting of the data using MicroCal PEAQ-ITC analysis software found K, values of
(3.2+1.0) x 10° Mt and (1.7 + 0.9) x 10° M for EuQuin.SH and ThSH binding to 13 nm
citrate gold nanopatrticles respectively. These values are in agreement with the K, values
of (4.5 +1.1) x 10° M?* and (3.7 £ 0.6) x 10° M determined for EuQuin,SH and TbSH

respectively from UV-Vis experiments.

2.6.3 STEM/EELS Imaging of EuQuin2S-AuNPs and EuS-AuNPs

In this work, the use of STEM and EELS to elementally map europium signal from
EuQuin,S-AuNPs and EuS-AuNPs around single gold nanoparticles is explored to
determine whether a difference in distance from the gold surface can be resolved, owing to
their different chain lengths. Gold and europium both have high atomic mass of 197 and
153 respectively, which should give good contrast in HAADF images. By approximately
measuring the bond lengths in EuQuin,SH and EuSH and anticipating that the metal
complexes will extend outwards from each nanoparticle after the formation of Au-S bonds
from the terminal thiols in each leg of the complex, it was expected that the europium atoms
of EuQuin,SH and EuSH are held around 1.5 nm and 0.6 nm away from the gold core
respectively (Figure 2.31). The difference in distance of approximately 0.9 nm owed to the
hexyl carbon chain in EuQuin,SH should therefore be within the resolution limits of STEM

and EELS.
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Figure 2.31 - Schematic representation of the estimated distances of europium atoms from
EuQuin2SH and EuSH complexes attached to gold nanoparticle surfaces.

EuQuinzS-AuNPs and EuS-AuNPs were synthesised and purified as previously described
and adjusted to a concentration of 2.5 nM, then drop casted onto graphene and ultra-thin
carbon grids and allowed to dry at room temperature. Samples were then sent for STEM
imaging at the SuperSTEM facility in Daresbury, UK. Image acquisition and analysis was
carried out by members of staff at the facility. In these initial studies, the samples were not
subjected to conventional heat treatment before imaging. This is usually carried out
because carbon contamination can affect the sharpness of EELS spectra, lowering
resolution.®® 62 Figure 2.32 shows a HAADF image of a single EuQuin.S-AuNP revealing a
clear halo of bright atoms was observed 1.5-2 nm away from a bright gold core, likely
attributed to europium from EuQuin,SH complexes. This is the distance that we would

expect the europium atoms to be held away from the gold core from the H3Quin>SH ligand
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from approximately measuring the bond distances. Numerous images showed this contrast

and more are shown in the appendix (2.12.9)

Figure 2.32 - HAADF image of a single EuQuinzS-AuNP on graphene support.
Arrows indicate bright spots attributed to europium atoms from EuQuin2SH
surrounding the gold core, with approximate measured distance.

Figure 2.33 shows an EELS spectra of an EuQuin,S-AuNP in the position of a bright spot
in the halo. Features are present beginning at 1131 and 1161 eV with delayed maxima,
matching exactly the position you would expect a signal attributed to the Eu Mas-edges in
Eu(lll) atoms.%3 %4 Although the signal is quite weak due to organic contamination issues,

this feature was present in several EELS spectra taken in different positions.
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Figure 2.33 - EELS spectrum of a single EuQuin2S-AuNP on a graphene support at the position of a bright spot in the
halo around the gold core, highlighted by the red box on the HDAAF image.

Figure 2.34 shows a HAADF image of a single EuS-AuNP imaged on ultra-thin carbon
supports. Similarly, a clear halo of bright atoms is observed around the gold core, but this
time closer to the surface, approximately 1 nm from the gold nanopatrticle, likely attributed
to europium held this distance by its chelating HsL ligand. The closer distance observed is
expected due to the absence of a spacer chain in EuSH, compared to EuQuin,SH. It was
not possible to image EuS-AuNPs on graphene due to the severity of organic

contamination.
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Figure 2.34 - HAADF image of a single EuS-AuNP on an ultra-thin carbon support. Arrows
indicate bright spots attributed to europium atoms from EuSH surrounding the gold core.

Weak signals were observed again in the core-loss region of the EELS spectrum in the
exact positions expected for Eu Mas-edges in Eu(lll) at 1131 and 1161 eV, this time in the
neck between two nanoparticles (Figure 2.35). Europium mapping reveals co-localisation
of europium and gold all over the nanoparticle, and the arrows in Figure 2.35 show bright
spots in the HAADF and europium map in the exact same positions approximately 0.5-1

nm from the gold surface.
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Figure 2.35 - EELS spectrum (bottom) of a two EuS-AuNPs on a graphene support at a
position in the neck between the two nanoparticles, highlighted by the red box in the HDAAF
image (top left). Europium signal mapping by EELS of two EuS-AuNPs (top right). Arrows
indicate co-localisation of bright spots present in HDAAF image and EELS europium map
approximately 1 nm from the gold core.
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After these promising initial results, fresh EuQuin,S-AuNPs and EuS-AuNPs were
synthesised (from different AUNP batches) and sent for further analysis at the SuperSTEM
facility. Image acquisition and analysis was carried out by members of staff at the facility,
as well as heat treatment of the samples. This time, the samples were heat treated at 135
°C under vacuum at 10 Torr for 6 hours prior to imaging, in the hope of reducing carbon
contamination to increase the signal intensity of europium in the EELS spectra.®? Ultrathin
carbon supports were used for all imaging. Single europium atoms appeared as bright spots
approximately 1-2 nm from the AuNP surface (Figure 2.36) This was visible on multiple

HDAAF images of EuQuin,S-AuNPs and more images are shown in the appendix (2.12.9)
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Figure 2.36 - HAADF images of EuQuinzS-AuNPs on an ultrathin carbon
supports after heat treatment at 135 °C. Red lines indicate measured
distance of europium atoms from EuQuin2SH, which were observed as
bright spots surrounding the AuNPs.

EELS spectra were then acquired and a much stronger signal was observed din the core-
loss region of in the exact positions expected for Eu Mas-edges in Eu(lll) at 1131 and 1161
eV, confirming the presence of europium atoms surround the AuNPs (Figure 2.37). The
signal resolved from europium and gold in EELS spectra was artificially coloured red and
gold respectively, with the overlay showing Eu present around the AuNP (Figure 2.37). A
close up image of a single europium atom confirmed by EELS is also shown (Figure 2.38)

and another example is shown in the appendix (2.12.9).
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Figure 2.37 - EELS spectrum (top right) confirms the presence of europium surrounding an AuNP
of EuQuin,S-AuNPs on an ultrathin carbon supports after heat treatment at 135 °C, at the position
of a bright spot in the halo around the gold core, highlighted by the red box on the HDAAF image
(top left). Artificially coloured signal of europium (red), gold (gold) and an overlay of europium and
gold are shown, determined by separating the signal of each element using EELS mapping.
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1 nm

Figure 2.38 - HDAAF image of EuQuin2S-AuNPs after heat treatment at 135 °C with EELS mapping of
europium signal in green inset revealing single europium atom (red) surrounding AuNP core.

HDAAF images acquired of EuS-AuNPs also revealed single europium atoms around the
gold core, much closer to the surface than with EuQuin,S-AuNPs, 0.4-0.8 nm away from
the surface (Figure 2.39). This ‘halo’ effect was again observed on multiple HDAAF images

and more are shown in the appendix (2.12.9).
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Figure 2.39 - HAADF images of EuS-AuNPs on an ultrathin carbon support after heat treatment at 135 °C.
Red lines indicate measured distance of single europium atoms from EuQuin2SH, which were observed as
bright spots surrounding the AuNPs.
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Much stronger signal corresponding to Eu Mys-edges in Eu(lll) at 1131 and 1161 eV were
again observed for EuS-AUNPs, confirming the presence of europium attributed to the metal

centres of EuSH around the AuNPs (Figure 2.40).
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Figure 2.40 - EELS spectrum (bottom) confirms the presence of europium surrounding an AuNP
of EuS-AuNPs on an ultrathin carbon supports after heat treatment at 135 °C, at the position of a
bright spot in the halo around the gold core, highlighted by the red box on the HDAAF image (top
left). Artificially coloured signal of europium (red), gold (gold) and an overlay of europium and gold
are shown, determined by separating the signal of each element using EELS mapping.
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These results provide compelling evidence that EuQuin,SH and EuSH covalently bind to
the surface of gold nhanoparticles through Au-S interactions and remain intact to the surface
in their expected conformation during purification and storage. To the best of our
knowledge, this is the first direct, fingerprint’ evidence of spatial localisation of metal atoms
bound to a metal hanoparticle surface through organic ligands. We hope to further analyse
EuQuin2S-AuNPs and EuS-AuNPs by SuperSTEM/EELS and will attempt to achieve a level

of quantification of the number of europium atoms present on single AuNPs.

2.7 Photophysical Properties of Lanthanide Coated Gold
Nanoparticles

2.7.1 Enhanced Photophysical Properties of EuQuin2S-AuNPs

EuQuinSAc-AuNPs have previously been synthesised by the group from EuQuinSAc
(Figure 2.41). This ligand is similar to EuQuin.SH, but the hexyl chains are terminated by a

thioacetate group, compared to the thiol in EuQuin,SH.
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Figure 2.41 - The structures of EuQuinSAc (left) and EuQuin2SH (right).
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Davies et al. showed the shift in Aspr 0f 13 nm citrate gold nanoparticles upon addition of
EuQuinSAc was 8 nm, the lifetime was found to be 287 ps and an average of 1335
EuQuinSAc complexes were found to be on each gold nanoparticle.® However, attachment
of EuQuinSAc to gold nanoparticles in this work yielded different results. Only a 3 nm shift
in Aspr Was observed upon addition of EuQuIinSAc to 13 nm gold nanoparticles and a
plateau was reached after the addition of approximately 5 uM (Figure 2.42). As shown in
section 2.5.3, the addition of EuQuin.SH to 13 nm gold nanoparticles led to a 6 nm shift in
Aspr and approximately 9 uM of EuQuin.SH was added before a plateau was reached.
Furthermore, it has been shown by ICP-MS analysis that there is an average of 1600 + 60

EuQuin,SH complexes per gold nanoparticle.

o 2 4 6 8 10
[EuQuinSAc] / uM
Figure 2.42 - Addition of EuQuinSAc to 13-nm citrate gold nanoparticles only leads to 3-

nm shift. The change in the Aspr Of 13 Nm gold nanoparticles upon EuQuinSAc addition
measured by UV-vis spectroscopy.

Although it is known that thioacetates form Au-S bonds with AuNPs in the same way as
thiols,*? a study by Lee and co-workers showed that their interaction with gold substrates is
inferior to thiols, as they adsorb more slowly, are less densely packed and less ordered.®®
This could explain why a higher shift in Aspr was observed with EuQuin.SH. It was also
hypothesised that further oxidation of the thioacetate could have occurred during storage,

but this was not confirmed by mass spectrometry or *H-NMR studies.

87



After the synthesis and purification of EuQuin.S-AuNPs and EuQuinSAc-AuNPs, they were

adjusted to a concentration of 2.5 nM and their photophysical properties were compared.

Integration of the area of each emission band revealed there was a 3-fold higher emission

intensity from EuQuin,S-AuNPs compared to EuQuinSAc-AuNPs and a longer Eu(lll)

lifetime of 340 ps, compared to a lifetime of 260 ps for EuQuUINnSAc-AuNPs (Figure 2.43,

Table 2.8).
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Figure 2.43 - A 3-fold higher emission intensity was observed from EuQuin2S-AuNPs

compared to EuQuinSAc-AuNPs. Emission spectra of EuQuin2S-AuNPs (red) and

EuQuinSAc-AuNPs (black) at a concentration of 2.5 NM (Aexc = 325 nm).

Table 2.8 - Peak area integration from each emission band relative to the Do = 7F2 band from
EuQuin2S-AuNPs and EuQuinSAc-AuNPs, the ratio of emission observed from europium emission
bands compared to the quinoline sensitiser, and lifetime measurements.

- Tota

5D > Do 5Do 5Do I/ iy

Species Quinoline 7;): > _0) > > Do  Eu:Quinoline S

° = 7E, F3 Fy > H
=

EuQuinzS- 1.22 005 037 1 002 098 242 2.0 340
AuNP

EuQuinSAc- 2.01 007 041 1 005 097 250 1.0 260
AuNP
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The ratio of emission observed directly from the quinoline sensitiser was much higher for
EuQuinSAc-AuNPs, suggesting that there was more quenching of energy transfer from the
sensitiser to the Eu(lll) metal centre. Kamat and coworkers® ¢” and a study by Stellacci et
al.®® found that quenching of the singlet excited state of fluorophores at the surface of gold
nanoparticles and surfaces is reduced when they are densely packed at the surface. This
could suggest that the stronger luminescence and longer lifetime of EuQuin,S-AuNPs is

due to an increase in EuQuin,SH loading.

2.7.2 Near-infrared Emitting Lanthanide Gold Nanoparticles

YbQuin,S-AuNPs and NdQuin,S-AuNPs were prepared as described in 2.5.3. After
adjusting to a concentration of 2.5 nM and a pH of 7, emission, excitation, and lifetime scans
were taken. At room temperature, using an excitation wavelength of 325 nm, no emission
was observed from either YbQuinS-AuNPs or NdQuin2S-AuNPs in the near-infrared region
from 850-1150 nm and 850-1400 nm respectively, where Yb(Ill) and Nd(lll) emission is
characteristically observed. No signal from excitation scans was observed when monitoring
emission at 980 nm and 1060 nm for YbQuinS-AuNPs and NdQuin,S-AuNPs respectively.
However, emission was observed at 450 nm for YbQuin,S-AuNPs, likely due to emission
directly from the quinoline sensitiser (Figure 2.44). This suggests that excitation of the
quinoline sensitiser is occurring, but emission from Yb(lll) is Nd(lll) is too weak to be
detected, due to quenching by hydroxyl oscillation in aqueous solution, and waters high
level of absorption in the near-infrared region of the electromagnetic spectrum.®® 7° Higher

concentrations were tested, but still no emission was observed.
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Figure 2.44 - Emission spectrum of YbQuin,S-AuNPs [2.5 nM] in water, in the visible
range of the electromagnetic spectrum originating from emission directly from the
qguinoline sensitiser. (Aexc = 325 NnM.)

In an attempt to reduce quenching from hydroxyl oscillation and water absorption,
YbQuinS-AuNPs and NdQuin,S-AuNPs were centrifuged twice and resuspended in D,O
and also in ethanol, but no emission was observed. Both nanoparticle species were also
dried onto filter paper and emission scans in the solid state were also attempted, but no
emission was observed. It was decided that YbQuin,SH and NdQuin,SH are not strongly
emissive enough to be suitable as NIR-emitting probes in aqueous solution and no further

studies were undertaken with these species.
2.7.3 TbS-AuNPs

Upon excitation of an aqueous solution (pH = 7) of TbS-AuNPs at 270 nm, emission peaks
characteristic of the °Ds = ’F; (J = 0-6) emission bands of Th(lll) were observed (Figure
2.45). At a pH of 7, the lifetime of Tb(lll) was 260 ps (Table 2.9) and a 6-fold decrease in
lifetime from the 1600 pus measured for ThSH when dissolved in methanolic solution. To
achieve a good fitting, the lifetime was fitted with 3 components. The majority component
(76%) was only 3 ps, similar to the lifetime of 1 us previously found for EuS-AuNPs,” which
is likely explained by quenching of the lanthanide excited state via energy transfer from the
complex to the gold surface,® ™ given their respective close proximities due to the lack of

any spacer groups in the HsL ligand of TbSH.
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Figure 2.45 - Emission spectra of TbS-AuNPs (2.5 nM) recorded at pH 7 (Aexc = 270 nm).

Table 2.9 - Lifetime data of Tb(lll) from TbSH in a methanolic solution and ThS-AuNPs at pH 7
suspended in water.

/s w2/ s 13/ s t (combined) / ps
TbSH (MeOH) 610 (10%) 1700 (90%) N/A 1600
ThS-AUNPs 3 (76%) 43 (4%) 1300 (20%) 260
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2.8 Effect of Surfactant and Polymer Coatings on EuQuin2S-AuNP
Photophysical Properties and Cellular Uptake
2.8.1 Photophysical properties

After purification of each NP species, the concentration was adjusted to 3.8 nM using UV-
Vis spectroscopy by monitoring the absorbance at 450 nm (Figure 2.23). Emission and
lifetime spectra of each NP species was then acquired at pH 7. Only small differences were
found between the emission intensity observed from each NP species. It was found that
EuQuinzS-Zonyl-AuNPs were the most emissive, with an increase in emission by 1.18-fold
with respect to EuQuin2S-AuNPs. An increase in emission of 1.12-fold was observed for
EuQuin,S-PEG-AuUNPs, but a reduction in emission was observed for EuQuin,S-TFD-
AuNPs by 0.88-fold. However, as there is error associated with calculating NP
concentration and determining the intensity of emission by peak area integration, the
difference in emission is not likely to be significant. As there is an estimated 10% error in
lifetime measurements, there was only a significant difference between the lifetime of
EuQuin,S-TFD-AuNPs and the other NP species, where a reduction of 20% was seen
compared to EuQuin,S-AuNPs (Figure 2.47 and Table 2.10). The presence of PEG
increased the ratio of Eu(lll) emission to quinoline emission to 2.1, compared to 1.8 for
EuQuin.S-AuNPs. Zonyl FSA had no effect on the Eu:quinoline ratio, and TFD decreased

the ratio to 1.5.
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Figure 2.47 - Emission spectra of EuQuin,S-AuNPs, EuQuin,S-Zonyl-AuNPs, EuQuin,S-TFD-
AuNPs and EuQuin;S-PEG-AuNPs at a concentration of 3.8 nM (Aexc = 325 nm).
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Figure 2.46 - Lifetime spectra of EuQuin,S-AuNPs, EuQuinzS-Zonyl-AuNPs, EuQuin,S-
TFD-AuNPs and EuQuin,S-PEG-AuUNPs at a concentration of 3.8 nM (Aexc = 325 nm).
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Table 2.10 - Lifetimes, normalised emission intensities (from combining peak integration of each
emission band) and ratio of Eu(lll) emission to quinoline emission of EuQuin2S-AuNPs, EuQuinzS-
Zonyl-AuNPs, EuQuinzS-TFD-AuNPs and EuQuin2S-PEG-AuNPs. There is an estimated 10%
error associated with lifetime measurements. Emission intensity was calculated by calculating the
area under the curve of each Eu(lll) emission peak after subtracting the baseline.

_ Normalised Eu (1ll) Eu:Quinoline Ratio
NP Species T/ s o :
Emission Intensity
EuQuin2S-AuNP 350 1.00 1.8
EuQuin;S-Zonyl-AuNP 370 1.18 1.8
EuQuin,S-TFD-AUNP 280 0.88 15
EuQuin,S-PEG-AuNP 350 1.12 2.1

There are many examples in the literature that show fluorination of sensitising ligands can
increase lanthanide lifetimes in the NIR,%12 but this is not always the case for visible-light
emitting lanthanides.”? Furthermore, previous studies by the group have shown that Zonyl
FSA increases the lifetime of ruthenium coated AuNPs, but decreases the lifetime of iridium
coated AuNPs, with respect to the lifetime of each metal complex in solution.® ** However,
due to the charged nature of these complexes, it is essential that a surfactant is present on
the nanopatrticle surface to prevent aggregation of the NPs upon complex addition, so the

effect of Zonyl on lifetime or emission has never been studied directly.

As the number of EuQuin,SH complexes on each NP species is not significantly different
for EuQuin2S-AuNPs, EuQuinzS-Zonyl-AuNPs and EuQuin,S-TFD-AuNPs, and only 15%
less in the case of EuQuin.S-PEG-AuUNPSs, it can be concluded that the surfactants and
polymers are playing a minimal effect in the photophysical properties of EuQuin,S-AuNPs.
As Zonyl FSA slightly increases emission and TFD slightly decreases lifetime and emission,
the effect of perfluoronated surfactants on Eu(lll) emission on NPs is not clear from this

study.
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2.8.2 The Effect of Coating EuQuin2S-AuNPs with Fluorinated Surfactants

and a PEG Polymer on their Cellular Uptake in Cancer Cells

After purification, EuQuin,S-AuNPs, EuQuin,S-Zonyl-AuNPs, EuQuin,S-TFD-AuNPs and
EuQuin.S-PEG-AuNPs were adjusted to a concentration of 1.6 nM. HelLa cells were then
treated with each NP species (10x dilution in DMEM) for 4, 8 and 16 hours. The cells were
then washed and prepared for CyTOF experiments as described in 3.10.4, and the mean
number of NPs taken up by each cell was determined. The methodology of using CyTOF
as a quantitative technique to determine NP cellular uptake is discussed in detail in chapter

3.

It was found that fluorinated surfactants significantly enhance the uptake of EuQuin,S-
AUNPs in HeLa cells (Figure 2.48). The number of EuQuin2S-AuNPs per cell was 192 + 60,
291 + 98 and 321 + 104 (x SD) at 4, 8 and 16-hour incubation times. EuQuin.S-Zonyl-AuNP
uptake was on average 5.1-fold higher than EuQuin.S-AuNP uptake at each incubation
time, and EuQuin,S-TFD-AUNP uptake was 2.8-fold higher. In contrast, EuQuin.S-PEG-
AuNP uptake was on average 0.8-fold lower than EuQuin.S-AuNP uptake at each
incubation time. The mean number of NPs per cell increased for each NP species as
incubation time increased from 4 h to 8 h by 1.5-fold for EuQuin.S-AuNPs and EuQuin,S-
Zonyl-AuNPs, 1.6-fold for EuQuin,S-TFD-AuNPs and 2-fold for EuQuin.S-PEG-AuNPs. At
a 16 h incubation time, there was a 0.8-fold decrease in the number of EuQuin,S-Zonyl-
AUNPs, EuQuin;S-TFD-AuNPs and EuQuin,S-PEG-AuUNPs per cell compared to 8 h, and

a 1.1-fold increase for EuQuin,S-AuNPs.
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Figure 2.48 - The cellular uptake of EuQuin2S-AuNPs is increased by the presence of fluorinated
surfactants at the nanoparticle surface. The mean number of EuQuinzS-AuNPs, EuQuinzS-Zonyl-AuNPs,
EuQuinzS-TFD-AUNPs and EuQuin2S-PEG-AuNPs per Hela cell after 4-, 8- and 16-hour incubations at a
concentration of 0.16 nM, measured by CyTOF. Error bars represent the standard deviation in NP content

from >100,000 single cells studied in each sample.

A recent study by Argudo et al. found that fluorination of the terminal group of a PEG
polymer coating increased the cellular uptake of ZnCdS/ZnS quantum dots in HelLa cells
by 5.7-fold, likely due to an increased interaction with the phospholipid membrane.” Dafik
et al. have also shown that fluorinated lipids are 3-5-fold more efficient at entering cells than
their hydrocarbon counterparts.” This supports our findings of higher uptake of EuQuin,S-
Zonyl-AuNPs and EuQuin,S-TFD-AuNPs, and indicates that the fluorinated surfactants

remain present at the nanoparticle surface after EuQuin,SH addition and purification.
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Despite the assumption that the majority of the nanoparticle surface is covered by
EuQuinzSH, given the high loading confirmed by ICP-MS, it appears that it is the fluorinated

surfactant that mediates the cellular uptake of the nanoparticles.

There was a reduction in uptake of EuQuin.S-PEG-AUNPs by an average of 0.8-fold at
each incubation time, with respect to EuQuin.S-AuNPs. It is generally considered that PEG
molecules reduce the cellular uptake of nanoparticles,”>’” but many factors play an
important role, and high molecular weight PEG molecules (>2 kDa) have a much greater
effect on reducing the uptake of nanoparticles than lower molecular weight PEG
molecules,’®®! as does a higher density of PEG.8? & The low molecular weight (460 Da) of
the PEG polymer used in this study, as well as its low density on the nanoparticle surface

may explain the modest reduction in uptake.

The findings on the dependency of incubation time on the cellular uptake of EuQuin,S-
AuUNPs are in broad agreement with similar studies in the literature. Desai et al. previously
showed the cellular uptake of polymeric nanoparticles was highest in the first 4 hours of
incubation using a caco-2 carcinoma cell line,®* and Chithrani et al. found the cellular uptake
of 14, 50 and 74 nm citrate-stabilised AuNPs in HelLa cells reached a plateau at around 6-
8 hours, with incubation times ranging from 2 to 10 hours.®® The reduction in the mean
number of NPs per cell after an incubation time of 16 h could be due to the rate of NP
uptake slowing, as well as the total number of cells increasing due to proliferation of the
HelLa cell population. In a separate HelLa proliferation experiment (see 3.8.2.4), we found
the doubling time of HelLa cells to be 16.6 hours. This would suggest that the lower mean
NPs per cell is a result of the effects of both proliferation and lower uptake rate. This theory
is further supported by a study from Gunduz et al., where it was found that after continuous
exposure of low doses of AuNPs to Human Umbilical Vein Endothelial Cells (HUVEC),
endocytosis pathways were inhibited and the number of AuNPs per cell decreased over

time with proliferation, and exocytosis of NPs did not play a major role.®
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2.9 Concluding Remarks

In summary, lanthanide complexes LnQuin,SH (Ln = Eu, Yb, Nd) and LnSH (Ln = Eu, Thb)
have been synthesised and their photophysical properties were studied. In the case of
EuQuin2SH, some emission was directly observed from the quinoline sensitiser, indicating
that energy transfer from the sensitiser to the lanthanide centre was not ideally efficient,
and it was found that solvent coordination to the Eu(lll) centre had some effect on this
energy transfer. NIR emission was observed from YbQuin,SH and NdQuin,SH in methanol
with lifetimes of 4 and 3 ps respectively. Strong emission was observed from TbSH with a

long luminescence lifetime of 1600 us in methanol.

LnQuin,SH and LnSH complexes were attached to 13-nm citrate gold nanoparticles to form
stable, monodisperse LnQuin2S-AuNPs (Ln = Eu, Yb, Nd) and LnS-AuNPs (Ln = Eu, Th).
These lanthanide gold nanoparticles were characterised by UV-Vis, DLS, TEM and ICP-
MS, revealing their hydrodynamic and gold core size, monodispersity and the average
number of lanthanide complexes on each particle. The synthesis and characterisation of
surfactant and polymer coated EuQuin,S-AuNPs was also demonstrated. EuQuin,SH and
EuSH were further characterised by STEM and EELS, where we were able to elementally
map europium atoms colocalised with single AuNPs, showing spatial localisation of metal
atoms bound to metal NP surfaces through organic ligands for the first time. These studies
also showed that the alkyl chain in EuQuin;SH held the metal atom further away from the
NP surface. The binding of EuQuin,SH and TbSH to 13-nm citrate gold nanoparticles was
also shown by ITC, providing new evidence of a binding event occurring at the NP surface
upon metal complex addition. Association constants of the binding of EuQuin,SH and ThSH
to AuNPs was also determined by UV-Vis spectroscopy and ITC. The values from both
techniques were in agreement and were not significantly different for each metal complex,

likely due to their identical binding modes and similar sizes.
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The photophysical properties of each lanthanide gold nanopatrticle species was studied. An
improvement in the properties of EuQuin,S-AuNPs was observed with respect to the
previously studied EuQuinSAc functionalised AuNPs; a longer luminescent lifetime and
subsequent stronger emission from the NPs was attributed to an increase in EuQuin,SH
loading shown by ICP-MS. It was also found that the ratio of Eu:Quinoline emission from
EuQuin,SH reduced on nanoparticles compared to in methanolic solution. The lifetime of
Th(lll) from TbSH reduced significantly more on nanoparticles with respect to its lifetime in
solution compared with EuQuin2SH, likely owing to an increase in quenching due to the
closer proximity of the Th(lll) centre to the AUNP surface. No emission in the NIR was
observed from YbQuin,SH or NdQuin,SH, likely due to quenching by hydroxyl oscillators

and the lower excited state energies of Yb(lIl) and Nd(lII).

Lastly, the surface of nanoparticles was partially coated with fluorinated surfactants Zonyl
FSA and TFD, and a PEG polymer prior to the addition of EuQuin.SH and their effects on
the loading, photophysics and cellular uptake of EuQuin,S-AuNPs was studied. Fluorinated
surfactants had no significant effect on the loading of EuQuin,SH and it was suggested that
this could in part be due to the displacement of Zonyl FSA and TFD by the thiol terminated
EuQuinz.SH complexes that likely bind more strongly to the nanoparticle surface. PEG
reduced the average loading of EuQuin,SH per NP from 1600 + 60 to 1400 * 80, less than
the anticipated 33% likely due to conformational changes of the polymer upon addition of
EuQuin,SH. The fluorinated surfactants/polymer did not have a large impact on the
photophysical properties of EuQuin,S-AuNPs; Zonyl FSA and PEG slightly increased the
emission, but the lifetime did not significantly change, and TFD decreased emission and
lifetime. The largest observed effect was with the cellular uptake of the NPs in HeLa cells;
Zonyl increased the uptake by 5.1-fold and TFD by 2.8-fold, and PEG decreased the uptake
by 0.8-fold. This shows that despite the majority of the surface is covered by EuQuin,SH,

the presence of surfactants and polymers can still mediate their cellular uptake.
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Further studies are needed to fully understand the effect of pH on the lifetime and emission
of EuQuin,S-AuNPs and ThS-AuNPs, which could lead to a potential application as pH
sensors in cellular environments. We hope to continue STEM and EELS studies to
elementally map other lanthanide metals around the gold core, as well as improving the
resolution of the images by removing organic contamination in the hope that we can add a
degree of quantification of the number of lanthanide ions around each nanoparticle. For
potential biomedical applications regarding the cellular uptake of the NPs, EuQuin,S-Zonyl-
AuNPs are the ideal candidate due to their enhanced uptake. Further studies into how these
EuQuin,S-Zonyl-AuNPs affect the viability of cells and their potential as multi-modal probes

for detection through both confocal imaging and CyTOF should be undertaken.
2.10 Experimental
2.10.1 Synthesis of ligands and lanthanide complexes

2.10.1.1 Synthesis of tert-butyl (8-hydroxyquinolin-5-yl)carbamate (2)

14

17

17
NH2 16
17 O

S 1. NaOH, H,0
- 2 HCI >
N~ 2. BocyO, KHCO3, Hy,O/THF
0°C > rt, 18 h

OH

1 (2.00 g, 8.58 mmol, 1.00 eq.) was dissolved in water (20 mL) and NaOH (17.2 mL, 17.2
mmol, 1 M, 2.00 eq.) was added. The solvent was removed in vacuo and the crude product
was dissolved in water (80 mL) and THF (50 mL). KHCO3; (4.9 g, 44.5 mmol, 5.20 eq.) was
added and the solution was stirred at 0 C. A solution of di-tertiary butyl carbonate in THF
(4.40 mL, 8.80 mmol, 1.03 eq.) was added over 5 min and the solution stirred for Lhat 0 C

then allowed to warm to room temperature and stirred for an additional 17 h. THF was
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removed in vacuo and the organic material was extracted with DCM (1 x 200 mL, 3 x 100
mL). The organic layer was dried over anhydrous Na.SO4 and filtered. The solvent was

removed in vacuo, yielding a dark red powder (1.69 g, 76%).

IH NMR (400 MHz, CDCls) 8 ppm: 8.79 (1H, dd, J = 4.2, 1.5 Hz, H2), 8.25 (1H, dd, J =
8.6, 1.5 Hz, H4), 7.59 — 7.44 (2H, m, H7, H3), 7.13 (1H, d, J = 8.2 Hz, H8), 6.43 (1H, s,

H11), 1.52 (9H, s, H17). MS (ESI-TOF)* m/z: 261.12 [M + HJ".

2.10.1.2 Synthesis of S-(6-bromohexyl) ethanethioate (4)

0
26
PN e
Br\/\/\/ il > Br\/19\/21\/23\ )2‘]5\
Toluene, ABCN, 110°C. 6 h s 2 22 O 27

24
3

3 (2.0 mL, 15.0 mmol, 1.00 eg.) and a catalytic amount of ABCN (mass?) were dissolved
in toluene (25 mL) and stirred at reflux. Thioacetic acid (2.20 mL, 30.8 mmol, 2.05 eq.) was
added and the solution was stirred for a further 6 h. The solvent was removed in vacuo and
ethyl acetate (100 mL) and NaHCO3; (50 mL, 1 M) were added. The organic layer was
collected and the aqueous layer was washed twice more with ethyl acetate (2 x 50 mL).
The combined organic layers were washed with NaHCO; (50 mL, 1 M), dried over
anhydrous Na.SO, and filtered. The solvent was removed in vacuo, yielding a yellow oil

(3.5 g, 97%).

IH NMR (400 MHz, CDCls) &4 ppm: 3.39 (2H, t, J = 6.8 Hz, H18), 2.86 (2H, t, J = 7.3 Hz,
H23), 2.32 (3H, s, H27), 1.85 (2H, p, J = 6.8 Hz, H19), 1.59 (2H, m, H20), 1.52 — 1.32 (4H,
m, H21, H22). 3C NMR (400 MHz, CDCls) 8¢ ppm: 196.1, 33.9, 32.7, 30.8, 29.5, 29.1, 28.0,

27.8. MS (ESI-TOF)* m/z: 241.14 [M + H]".
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2.10.1.3 Synthesis of S-(6-((5-((tert-butoxycarbonyl)amino)quinolin-8-

yl)oxy)hexyl) ethanethioate (5)

ﬁ\o/ﬁ\NH

(0]

N - )J\ K»CO3, KI, TOAB
+ R NG ST NS >
— 3 Acetone, 60 °C, 45 h
N

OH

2 (1.69 g, 6.49 mmol, 1.00 eq), K-COs (7.2 g, 52.2 mmol, 8.03 eq.), Kl (1.5 g, 9.04 mmol,
1.39 eq) and tetraoctylammonium bromide (cat. amount) were dissolved in acetone (50 mL)
and stirred at reflux (T =56 C) for 15 min. 4 (2.11 g, 8.83 mmol, 1.36 eq.) was dissolved in
acetone (5 mL) was added slowly and the reaction was stirred for an additional 45 h at
reflux. The solvent was removed in vacuo and the crude material was cast between CH-Cl>
(150 mL) and deionised water (100 mL). The organic layer was collected and the aqueous
layer was washed twice more with CH2Cl; (2 x 100 mL). The combined organic layers were
washed with brine, dried over anhydrous Na,SOy, filtered, and the solvent was removed in
vacuo. Purification by flash column chromatography (hexane/ethyl acetate: 50/50) yielded

the product as a dark orange residue (2.08 g, 77%).

IH NMR (400 MHz, CDCls) &1 ppm: 8.96 (1H, dd, J = 4.2, 1.7 Hz, H2), 8.23 (1H, dd, J =
8.5, 1.7 Hz, H4), 7.58 (1H, m, H7), 7.46 (1H, dd, J = 8.5, 4.2 Hz, H3), 7.01 (1H, d, J = 8.5
Hz, H8), 6.47 (1H, s, H11), 4.22 (2H, t, J = 7.0 Hz, H18), 2.88 (2H, t, J = 7.3 Hz, H23), 2.32
(3H, s, H27), 2.00 (2H, p, J = 7.0 Hz, H19), 1.67 — 1.40 (15H, m, H17, H20, H21, H22). MS

(ESI-TOF)* m/z: 419.20 [M]".
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2.10.1.4 Synthesis of S-(6-((5-aminoquinolin-8-yl)oxy)hexyl)

ethanethioate (6)

>LO/[OLNH

X5 TFA, DCM
B
N (0]
O\/\/\/\ )J\
S
5

5 (2.08 g, 4.96 mmol, 1.00 eq.) was dissolved in DCM (30 mL) and stirred at room
temperature. TFA (14.1 g, 9.5 mL, 123 mmol, 24.7 eq.) was added slowly and the solution
was stirred for an additional 3 h. The solvent was removed in vacuo and the crude material
was cast between CH,CI, (50 mL) and aqueous NaHCO3 (1 M, 50 mL). The organic layer
was collected and the aqueous layer was washed twice more with CH2Cl; (2 x 50 mL). The
combined organic layers were dried with anhydrous Na,SOys, filtered, and the solvent was

removed in vacuo, yielding a dark red residue (1.25 g, 3.93 mmol, 80%).

IH NMR (400 MHz, CDCls) 8 ppm: 8.94 (1H, dd, J = 4.1, 1.7 Hz, H2), 8.18 (1H, dd, J =
8.5, 1.7 Hz, H4), 7.39 (1H, dd, J = 8.5, 4.2 Hz, H3), 6.91 (1H, d, J = 8.2 Hz, H8), 6.75 (1H,
d, J=8.2 Hz, H7), 4.16 (2H, t, J = 7.0 Hz, H18), 3.80 (2H, br, H11), 2.87 (2H, t, J = 7.2 Hz,
H23), 2.31 (3H, s, H27), 1.97 (2H, p, J = 7.0 Hz, H19), 1.67 — 1.38 (6H, m, H20, H21, H22).

MS (ESI-TOF)* m/z: 319.15 [M + HJ".
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2.10.1.5 Synthesis of 2,2'-((((carboxymethyl)azanediyl)bis(ethane-2,1-
diyl))bis((2-((8-((6- (acetylthio)hexyl)oxy)quinolin-5-yl)amino)-2-

oxoethyl)azanediyl))diacetic acid (HsQuinSAc)

42
OH
35 34 %
OH HO (0] (6] OH
3 39 Oy
6) 5 36 N
NH OY\N/\/N\/\N/YO 5 g N;\37/38\/\N
5 0 30 0
(0} O 3
o 7
~ & 0 - s~ N HN
B ).Ol\ Pyridine, 24 h, RT 5 .
0O (e} (0}
\/\/\/\S 12 10 l
6 18 Na 3 N
19 1 2
205
H3QuinSAc

23 02 0 S
gf Y

DTPA bisanhydride (0.62 g, 1.74 mmol, 1.00 eq.) was dissolved in pyridine (30 mL) and
stirred at room temperature. 6 (1.18 g, 3.70 mmol, 2.13 eq.) dissolved in pyridine (30 mL)
was added and the solution was stirred for 24 h. The solvent was removed in vacuo and
the crude material was dissolved in water (60 mL). The pH was adjusted to 3.5 using an
agueous solution of HCI (1 M) and a red precipitate formed. The solution was filtered and
the solid was collected by filtration and washed with MeCN (3 x 50 mL) and hexane (3 x 50
mL). The solid was dried in vacuo and Hs;QuinSAc was obtained as a light-yellow powder

(1.20 g, 69%).

IH NMR (400 MHz, DMSO-de) &+ ppm: 10.10 (2H, s, H11), 8.83 (2H, dd, J = 4.0, 1.7 Hz,
H2), 8.33 (2H, dd, J = 8.6, 1.7 Hz, H4), 7.58 (2H, d, J = 8.6 Hz, H7), 7.50 (2H, dd, J = 8.6,
4.0 Hz, H3), 7.08 (2H, d, J = 8.6 Hz, H8), 4.09 (4H, t, J = 6.7 Hz, H18), 3.52 (4H, s,
H30/H32), 3.50 (4H, s, H30/H32), 3.43 (2H, s, H39), 3.01 (4H, t, J = 6.3 Hz, H37), 2.92 (4H,
t, J = 6.3 Hz, H36), 2.85 (4H, t, J = 7.2 Hz, H23), 2.32 (6H, s, H27), 1.82 (4H, p, J = 6.7 Hz,

H19), 1.62 — 1.34 (12H, m, H20, H21, H22). 3C NMR (400 MHz, DMSO-ds) 8¢ ppm: 195.4,

104



173.1, 170.2, 152.3, 148.7, 139.7, 131.3, 125.6, 124.3, 122.2, 121.4, 108.6, 68.3, 58.3,
55.6, 52.3, 51.8, 40.2, 39.9, 39.7, 39.5, 39.3, 39.1, 38.9, 30.6, 29.2, 28.6, 28.4, 28.0, 25.2.
HR-MS (ESI-TOF)" m/z: CsHe3sN7012S- calcd: 994.4055, Found: 994.4058 [M + H]*. Anal.
Calcd for CssHs3N7012S2: C, 57.99; H, 6.39; N, 9.86; S, 6.45. Found: C, 58.08; H, 6.45; N,
9.91; S, 6.41. IR (solid), v(cm™): 2931 (C-H, m), 1682 (SCOCHj3), 1598 (C=0, S). Amax /nm

(MeOH) 265 (log € = 4.6).

2.10.1.6 Synthesis of 2,2'-((((carboxymethyl)azanediyl)bis(ethane-2,1-
diyl))bis((2-((8-((6-mercaptohexyl)oxy)quinolin-5-yl)amino)-2-

oxoethyl)azanedin))diacetic acid (HsQuin2SH)

2
OH

35 34
HO OH HO. O 404 O~_ _OH
%ﬁ 39 0, j/
36
N/\/ \/\N 32 N/\/%\/\N
2 31 37
(0] 30 0}
28
NH HN 7
NaOH, RT, 2h 8 s -NH HN
5
(0] (0]
N N 1207 7 40 N
X = 18 N 3
199 'y
20N 21 .
H3Quin,SH

s\fo OYS SH

H3QuinSAc (400 mg, 4.02 x 10 mol, 1.00 eq.) was dissolved in MeOH (5 mL) and THF (5
mL). NaOH (1M, 4 mL, 4 x 10 mol, 10 eq.) was added and stirred under N, atmosphere.
The solvents were removed in vacuo and the material was dissolve in the minimum amount
of water. A precipitate was formed upon acidification to pH 3.5 by dropwise addition of HCI
(1M). The orange solid was filtered, washed with MeCN (3 x 20 mL) and hexane (3 x 20

mL), then dried by cryodesiccation, yielding a light-yellow/brown powder (70%).

IH NMR (400 MHz, DMSO-ds) &4 ppm: 10.08 (2H, s, H11), 8.81 (2H, dd, J = 4.0, 1.7 Hz,

H2), 8.32 (2H, dd, J = 8.6, 1.7 Hz, H4), 7.52 (2H, d, J = 8.6 Hz, H7), 7.39 (2H, dd, J = 8.6,
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4.0 Hz, H3), 7.02 (2H, d, J = 8.6 Hz, H8), 4.05 (4H, t, J = 6.6 Hz, H18), 3.51 (10H, br s,
H30, H32, H39), 3.04 (4H, t, J = 6.4 Hz, H37), 2.94 (4H, t, J = 6.4 Hz, H36), 2.70 (4H, t, J
= 7.2 Hz, H23), 1.79 (4H, m, H19), 1.64 (4H, m, H22) 1.44 (8H, m, H20, H21). MS (ESI-

TOF)* m/z: 911.42 [M + H]*. IR (solid), v(cm™): 2929 (C-H, m), 1594 (C=0, s).

2.10.1.7 Synthesis of LnQuin2SH

~\./0
HO o OH ﬁj O\N~\ \N
NN —o” § o=
oﬁ) \\f HN NH
NH HN ~ =
LnCls.6H,0 P Q
N N
THF / H20, TBAOH
o) 0 o o
N _N
SH SH
SH HS

H3QuinzSH (50 mg, 0.050 mmol) was dissolved in a 1:1 THF/H,O mixture (5 mL) and the
pH was raised to 5 by the dropwise addition of tetrabutylammoniumhydroxide (TBAOH).
LnCl;.6H20 (0.050 mmol, 1.0 eq.) was dissolved in water (1 mL) and added to the solution.
The THF was removed in vacuo and the pH was raised to 5 by the dropwise addition of
TBAOH, forming a solid. The solid was filtered, triturated with acetone (10 mL) at 4°C for 1
h, then collected by filtration. The solid was collected by filration, washed with acetone and

dried in vacuo, yielding LnQuin,SH.

EuQuinSH (71%): HR-MS (ESI-TOF)* m/z: CasHssEUN7O10S, Calcd: 530.6450, Found:
530.6461 [M + 2H]?*. IR (solid), v(cm™): 2929 (C-H, m), 1594 (C=0, S). Amax /nm (MeOH)

245 (log € = 4.8), 322 (log € = 3.9).

NdQuin2SH (54%):HR-MS (ESI-TOF)" m/z: CsHseN7NdO10S: calcd: 526.6406, Found:

526.6409 [M + 2H]?". Amax /nm (MeOH) 245 (log € = 4.8), 322 (log € = 3.8).
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YbQuinzSH (49%): HR-MS (ESI-TOF)* m/z: CasHssN7010S2Yb Caled: 541.1539 Found:

541.1542 [M + H]*. Amax /nm (MeOH) 245 (log € = 4.8), 322 (log € = 3.8).

2.10.1.8 Synthesis of 2,2'-((((carboxymethyl)azanediyl)bis(ethane-2,1-
diyl))bis((2-((4-mercaptophenyl)amino)-2-oxoethyl)azanediyl))diacetic
acid (HsL)

OH 23
OH

o HOC 075 202 o Ox,OH
o) A~N~ o 14 22
\H Y\N N/Y :f 17 19N
2 071) Kf(o BN N TN
18
10
(@] O Oﬁ)ﬁ Kfo
9
Pyridine, 24 h, RT 5

NH HN
6 8
4
SH
3 3
HS SH

7 2

4-aminothiophenol (2.0 g, 16 mmol, 5.7 eq., Fischer Sci.) and DTPA bisanhydride (1.02 g,
2.8 mmol) were dissolved in dry pyridine (10 mL) and stirred under N, atmosphere for 24 h
at room temperature. The solvent was removed in vacuo and the resultant yellow oil was
dissolved in deionised water (20 mL). The pH was lowered to 3 by the dropwise addition of
conc. HCI (2 M), forming a sticky, off-white solid. The water was decanted and the solid
was triturated with acetonitrile (50 mL) and filtered. The crude product was dissolved in
pyridine (20 mL) and hydrazine monohydrate (3 mL) was added. The solvent was removed
in vacuo and the resultant yellow oil was dissolved in deionised water (20 mL). The pH was
lowered to 3 by the dropwise addition of conc. HCI (2 M). The solution was filtered, washed
with acetonitrile (50 mL) and diethyl ether (50 mL), then dried in vacuo, to yield the product

as a fine white powder (0.65 g, 1.1 mmol, 38%).

!H NMR (400 MHz, Methanol-d,) &, ppm: 7.44 (4H, d, J = 8.9 Hz, H3, H4), 7.14 (4H, d, J =

8.9 Hz, H2, H6), 4.02 (2H, s, H20), 3.61 (4H, s, H11/H13), 3.58 (4H, s, H11/H13), 3.48 (4H,
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t, J = 5.5 Hz, H18), 3.23 (4H, t, J = 5.6 Hz, H17). HR-MS (ES-TOF?)" m/z: C26H33Ns0sS>

calcd: 608.1849, Found: 608.1846 [M]*. Amax /nm (MeOH) 265 (log € = 4.6).

2.10.1.9 Synthesis of LnSH

0]

Ho\fo/\/@oj/w %J/\l//

N LnCl3.6H,0
O
Methanol
HS HsL SH

LnSH

HsL (0.125 g, 0.20 mmol) was added to a solution of LnCls.6H,O (0.20 mmol, 1.0 eq.) in
methanol (3 mL) and sonicated until fully dissolved. Acetonitrile (30 mL) was added, forming
a white precipitate, which was collected by filtration, washed with acetonitrile (50 mL) and

diethyl ether (50 mL) and dried in vacuo.

EuSH (59%): HR-MS (ES-TOF?)* m/z: C2sH30EUNsOsS; calcd: 758.0825, Found: 758.0826

[M]*. Amax /nm (MeOH) 266 (log € = 4.5).

ThbSH (68%): HR-MS (ES-TOF?)" m/z: C26H30Ns08S,Th calcd: 764.0867, Found: 764.0854

[M + H]". Amax /nm (MeOH) 266 (log € = 4.5).
2.10.2 Synthesis of Nanoparticle Species

2.10.2.1 Synthesis of 13 nm citrate-stabilised gold nanoparticles
(AuNP13)

Ethylenediaminetetraaceticacid (EDTA, 162 mg, 0.04 mM), citric acid (13.6 mg, 0.71 mM)

and trisodium citrate (60.5 mg, 2.05 mM) were added to a 250 mL round bottom flask with

100 mL of MQ water. The resultant solution was stirred vigorously and brought to

reflux (100 °C). When reflux was achieved, a warm solution of gold (lll) chloride trihydrate
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(HAuCl4.3H20, 8.6 mg, 0.86 mM) was added. The solution was stirred under reflux
conditions for 15 min and then for a further 45 min at room temperature. : Amax (H20): 515
nm; DLS: Number: 13 £ 3 nm, Intensity: 18 + 4 nm, PDI: 0.10; C-potential: -38 + 5 mV; TEM:

13.3+ 0.6 nm.

2.10.2.2 Synthesis of LnQuin2S-AuNPs and LnS-AuNPs

13 nm citrate-stabilised gold nanoparticles were centrifuged at 10,000 g for 20 min and
resuspended in MQ water at a concentration of 5 nM, monitored by UV-vis spectroscopy.
LnQuinzSH (Ln = Eu, Yb, Nd) and LnSH (Ln = Eu, Th) were dissolved in MeOH at a
concentration of 0.4 mM and added to a vial containing 13 nm citrate gold nanoparticles (3
mL, 5 nM) in 2.5 pL aliquots until the final concentration of metal complex was 12 uM, with
continuous stirring. Each NP species was stirred for a further 10 min, purified through a G-
15 Sephadex size exclusion column to remove any excess LnQuin,SH or LnSH, and
adjusted to the desired concentration by addition of MQ water. EuQuinzS-AuNPS: Anax
(H20): 521 nm; DLS: Number: 14 + 4 nm, Intensity: 21 + 7 nm, PDI: 0.13; {-potential: -11 +
6 mV; TEM: 13.3 £ 0.9 nm. YbQuinzS-AuNPs and NdQuin.S-AuNPs characterisation was
not significantly different to EuQuin,S-AuNPs. TbS-AuNPs: Amax (H20): 521 nm; DLS:
Number: 14 £ 4 nm, Intensity: 19 £ 6 nm, PDI: 0.11; {-potential: -25 £ 12 mV; TEM: 13.0 £

1.1 nm. EuS-AuNP characterisation was not significantly different to TbS-AuNPs.

2.10.2.3 Synthesis of EuQuin2S-Zonyl-AuNPs, EuQuin2S-TFD-AuNPs and
EuQuin2S-PEG-AuNPs

13 nm citrate-stabilised gold nanoparticles were centrifuged at 10,000 g for 20 min and

resuspended in MQ water at a concentration of 5 nM, monitored by UV-vis spectroscopy.

Lithium 3-[2-(perfluoroalkyl)ethylthio]propionate (Zonyl FSA, 12 uM), N-(2-(ethylthio)ethyl)-

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-tricosafluorododecanamide (TFD, 10

uM), or l1l-mercapto-3,5,7,9,11,13,15,17-octaoxaicosan-20-oic acid (PEG, 2 uM) were

added to the citrate-stabilised gold nanoparticles and stirred continuously for 5 min.
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EuQuin,SH was then added in excess to each NP species and stirred for a further 10 min,
before purification using a G-15 Sephadex size exclusion column to remove any excess
EuQuinzSH, then the NP species was adjusted to the desired concentration by addition of

MQ water.

EuQuinzS-Zonyl-AuNPS: : Amax (H20): 521 nm; DLS: Number: 15 + 4 nm, Intensity: 29 + 12
nm, PDI: 0.25; {-potential: -24 + 13 mV. EuQuin.S-TFD-AUNPSs: Amax (H20): 521 nm; DLS:
Number: 15 = 4 nm, Intensity: 30 + 14 nm, PDI: 0.22; (-potential: -27 + 14 mV.
EuQuinzS-PEG-AUNPS: Amax (H20): 520 nm; DLS: Number: 16 + 4 nm, Intensity: 31 + 10

nm, PDI: 0.19; {-potential: -25 + 14 mV.

2.10.2.4 Synthesis of PEG-AuNPs

13 nm citrate-stabilised gold nanoparticles were centrifuged at 10,000 g for 20 min and
resuspended in MQ water at a concentration of 5 nM, monitored by UV-vis spectroscopy.
1-mercapto-3,5,7,9,11,13,15,17-octaoxaicosan-20-oic acid (PEG) (1 mM) was added to a
vial containing 13 nm citrate gold nanoparticles (3 mL, 5 nM) in 2.5 L aliquots to a final
concentration of 50 UM, with continuous stirring. To remove any excess PEG, the NPs were
washed twice by centrifugation (10,000 g, 20 min) and adjusted to the desired concentration
by addition of MQ water. Amax (H20): 518 nm; DLS: Number: 16 nm, Intensity: 26 nm, PDI:

0.13; C-potential: -50 mV.

2.10.3 Isotherm Titration Calorimetry Experiments

ITC was performed using the automated Malvern Panalytical MicroCal PEAQ-ITC.
EuQuin,SH (0.1 mM) and 13 nm citrate gold nanopatrticles (7.5 nM) were suspended in a
Tris-HCI buffer (2.5 mM, pH 7) supplemented with 10% methanol to improve metal complex
solubility. 300 pL of buffer stabilised gold nanoparticles were added to the instrument
sample cell and the temperature was equilibrated to 25 °C. EuQuin,SH was automatically

titrated into the instrument sample cell in 20 injections at a rate of 0.5 yLs™ in 150 s intervals;
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the first injection was 0.4 pL and the following 19 injections were 2 pL. A constant stirring
speed of 750 rpm was maintained during the experiments to ensure sufficient mixing. The
data from experiments was analysed using MicroCal PEAQ-ITC analysis software. ITC

experiments with TbSH were ran under identical conditions.

2.10.4 SuperSTEM imaging

EuQuin.S-AuNPs and EuS-AuNPs were prepared as described previously and adjusted to
a concentration of 2.5 nM, monitored by UV-vis spectroscopy. 10 uL of each sample was
then drop casted onto graphene and ultra-thin carbon supports, allowing evaporation to
occur overnight at room temperature. The samples were then posted to the SuperSTEM
laboratory, at the EPSRC National Research Facility for Advanced Electron Microscopy,
Daresbury, UK, in small plastic casing to avoid as much organic contamination as possible.
Image acquisition and analysis was carried out by members of staff at the facility, as well
as heat treatment of the samples. At the laboratory, imaging was performed using a Nion
UltraSTEM100 dedicated aberration corrected STEM, equipped with a Gatan Enfina EEL
spectrometer. The microscope was operated at an acceleration voltage of 100 kV and the
beam current was estimated at 40 pA, resulting in an effective electron probe size of less
than 0.9 A. The convergence semi-angle was 27 mrad for HDAAF/BF and 36 mrad for

EELS. During data processing, EELS was denoised with principle component analysis.

2.10.5 Analysis of the Number of Lanthanide Complexes per Nanoparticle with

ICP-MS

Ultrapure water, HCI (Traceselect Ultra, Aldrich — 68%) and HNO3z (Traceselect Ultra,
Aldrich — 68%) reagents were used for all experiments. Nanopatrticle species were digested
by the addition of the minimum required volume of aqua regia. Each sample was transferred
to a 15 mL polypropylene tube (Agilent) and the total volume for each sample was then

made up to 5 mL using with a final HNO3; concentration of 4%.
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2.10.6 Using CyTOF to Study The Effect of Coating EuQuin2S-AuNPs with

Fluorinated Surfactants and a PEG Polymer on their Cellular Uptake in

Cancer Cells

EuQuin,S-AuNPs, EuQuinzS-Zonyl-AuNPs, EuQuin,S-TFD-AuNPs and EuQuin,S-PEG-

AuNPs were prepared and purified as described in 2.10.2.3, then adjusted to a

concentration of 1.6 nM. HelLa cells were then treated with each NP species (10x dilution

in DMEM) for 4, 8 and 16 hours under the culture conditions described in 3.10.1. Cells were

prepared for CyTOF analysis as described in 3.10.4.
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2.12 Appendix
2.12.1 H3Quin2SH NMR Spectra
2.12.2 Integration of Peaks to Calculate the Intensity of Europium Emission

Using Origin Pro, first the baseline was subtracted, then the area under the 5 EuD > F
transitions is calculated. The emission from europium was taken as the sum of the 5 peaks.

Quinoline emission estimated by integration of the peak like shown below.
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Appendix Figure 2.1 How peaks were integrated to calculate the intensity of europium
emission.
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2.12.3 Integration of Peaks to Calculate the Intensity of Terbium Emission

Using Origin Pro, first the baseline was subtracted, then the 3 Tb emission peaks at 546,
584 and 621 were integrated to find the emission intensity. The peak at 488 nm was

discarded from analysis due to too much scattering in the signal at pH 6.
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Appendix Figure 2.2 How peaks were integrated to calculate the intensity of terbium

emission.

2.12.4 Calculating Molar Concentration of Gold Nanoparticles

Using Reagent Concentrations

Myy 4.165 x 1073g
C = = = 2.38nM
Nuroms X V X Mr _ 71000 x 0.125 dm? x 197 gmol-1

Where may = mass of Au used in synthesis
Nawoms = €stimated number of gold atoms in a spherical 13.2 nm gold nanoparticle

V = volume of water used in synthesis

M; = molar mass of Au
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ICP-MS

:Cppbx10‘6xd.f.x 1 530ppb x55 1

= x =2.18nM
m Moaunp N, 222x10-17g " 6.022 x 1023 gmol-1 "

Where Cn, = molar concentration

Copb = average concentration in ppb measured by ICP-MS
d.f. = dilution factor

Maune = Mass of 13 nm gold nanoparticle

Na = avagadro’s constant
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2.12.5 NdQuin2S-AuNP Characterisation
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Appendix Figure 2.3 Normalised UV-vis spectra of a 13 nm gold nanoparticle solution [5
nM] upon small additions of NdQuin,SH [0.4 mM] (top); The change in the Aspr Of 13 nm
gold nanoparticles upon NdQuin,SH addition measured by UV-vis spectroscopy (bottom).

Appendix table 2.1 Size and polydispersity index of NdQuin,S-AuNPs measured using DLS
analysis.

Number / nm Intensity / nm PDI
14+ 4 22+6 0.12
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2.12.6 YbQuin2S-AuNP Characterisation
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Appendix Figure 2.4 Normalised UV-vis spectra of a 13 nm gold nanoparticle solution [5
nM] upon small additions of YbQuin.SH [0.4 mM] (top); The change in the Aspr Of 13 nm
gold nanoparticles upon YbQuin,SH addition measured by UV-vis spectroscopy (bottom).
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Appendix table 2. Size and polydispersity index of YbQuin.S-AuNPs measured using DLS
analysis.

Number / nm Intensity / nm PDI
13+4 205 0.09

2.12.7 EuS-AuNP Characterisation
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Appendix Figure 2.5 Shift in Amax 0f 13 nm citrate AuNPs (5 nM) upon addition of EuSH to
achieve a final concentration of 10 pM.

Appendix Table 3. Size and polydispersity index of EuS-AuNPs measured using DLS
analysis.

Number / nm Intensity / nm PDI
13+4 18+ 6 0.14

2.12.8 Derivation of The Langmuir Adsorption Isotherm (Used for Association

Constant Calculations)

At equilibrium

Taa = Ta

ad _kaa _ .,
ST~ kg

Tq.d,Tq are the rates of adsorption and desorption

[4] is the concentration of adsorbate A

121



[S] is the concentration of bare sites (number/m?)
kqaq, kq are constants of forward and back reactions
The concentration of sites is equal to total no. of sites divided by the area of adsorbate (a)
[So] = So/a
And the concentration of all sites is the sum of the free and occupied sites
[So]l = [S]+ [Aqal
Combining this with the equilibrium equation:

[Aqal 1+ KglA]

So=kaay * el = =]

[Aad]

Now define the fraction of surface sites covered with A as 6,,
[Aad]

47 So]

This, applied to the previous that combined site balance and equilibrium, yields the
Langmuir adsorption isotherm:

_ KelA]
1+ K4 [A]

Kq[A]
max HTa[A]

A

Al = AA

Fit binding curve to data using equation:

AL = m0Om?2
M mom2

mO = [A]
M1 = Adax

m2 = Approximation of binding constant, Ka
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2.12.9 Additional STEM Images of EuQuin2S-AuNPs and EuS-AuNPs

s

Appendix figure 2.6 HDAAF images of non-heat treated samples of EuQuinzS-AuNPs.

Appendix figure 2.7 HDAAF images (not contrast adjusted) of EuQuin.S-AuNPs on ultrathin
carbon supports after heat treatment at 135 °C. Red lines indicate measured distance of
single europium atoms from EuQuin.SH, which were observed as bright spots surrounding
the AuNPs.
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Appendix figure 2.8 HDAAF images (contrast adjusted) of EuQuin,S-AuNPs on ultrathin
carbon supports after heat treatment at 135 °C. Red lines indicate measured distance of

single europium atoms from EuQuin.SH, which were observed as bright spots surrounding
the AuNPs.
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Europium

Appendix figure 2.9 Additional HDAAF and EELS mapping of EuQuin,S-AuNPs. Atrtificially
coloured signal of europium (red), gold (gold) and an overlay of europium and gold are
shown, determined by separating the signal of each element using EELS mapping.
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Single Eu atoms very close to the
surface of the Au Nps

Appendix figure 2.10 HDAAF images (contrast adjusted) of EuS-AuNPs on ultrathin carbon
supports after heat treatment at 135 °C.

Appendix Figure 2.11 HDAAF images of EuS-AuNPs, showing single Eu atoms very close
to the AUNP surface. Red lines indicate measured distance of single europium atoms from
EuQuin,SH, which were observed as bright spots surrounding the AuNPs.
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Europium
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Figure 2.12 Full EELS spectrum (bottom) confirms the presence of europium surrounding
an AuNP of EuS-AuNPs on an ultrathin carbon support, at the position of a bright spot in
the halo around the gold core, highlighted by the red box on the HDAAF image (top left).
Artificially coloured signal of europium (red), gold (gold) and an overlay of europium and
gold are shown, determined by separating the signal of each element using EELS mapping.
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Chapter 3: Investigative Studies into the Cellular
Uptake of Lanthanide Gold Nanoparticles with CyTOF
3.1 Introduction

3.1.1 Previous Studies Using CyTOF to Quantify Nanoparticle Uptake

CyTOF was first used to detect and quantify NP uptake within cells in early 2017 by Irvine
and co-workers, where they demonstrated high-throughput quantification of 3 nm AuNPs
in RAW macrophages.! To quantify NP uptake, they estimated the transmission efficiency
(TE) of “Au atoms from the TE of *Ir that is determined from the instruments internal
calibration, assuming that the *’Au TE would be similar to **Ir due to their similar ionisation
energies of 8.98 (**°Ir) and 9.23 (*®Au) eV. The instruments counts could then be
converted into the number of AuNPs per cell (this calculation is described further in our
work in this chapter) and these were compared to the number of AUNPs per cell determined
using the more conventional technique, ICP-AES. They found that the average number of
AuNPs determined per cell were similar in magnitude with CyTOF and ICP-AES,
demonstrating for the first time that CyTOF could be used as a quantitative technique to
determine AuNP uptake. Irvine and co-workers also discovered that CyTOF had lower and
upper limits of detection of approximately 1 x 10*—1.3 x 10° Au atoms per cell,
corresponding to ca. 0.15—19000 13 nm AuNPs per cell. This extremely low limit of
detection makes CyTOF ca. 2400 times more sensitive than flow cytometry for detecting
BODIPY labelled AuNPs. This study then used CyTOF to show the biodistribution of AUNPs
within immune cells in mice after injection, simultaneously using the phenotyping
capabilities of CyTOF in the same experiment. Furthermore, they showed how this data
generation can guide therapeutic development, which was further utilised in another CyTOF

study by the same authors in 2018.2
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Figure 3.1 - CyTOF provides quantitative, sensitive detection of AUNPs in single cells with a wide
dynamic range. (a) Histogram of AuNP signal from RAW macrophages measured by flow
cytometry and CyTOF, (b) median fluorescence intensity (MFI) from flow cytometry shows a much
higher, lower limit of detection when compared to CyTOF, (c) Quantitative analysis of the number
of AuNPs per cell at different treatment concentrations with CyTOF and ICP-AES, showing values
similar in magnitude with each technique. Figure reproduced from Yang, Irvine et al.

Also in 2017, Ivask and co-workers first demonstrated the use of CyTOF to quantify the
number of silver nanoparticles (AgNPs) associated with Jurkat cells.®> The authors
calculated the TE of 19’Ag by calibrating the instrument with an ionic solution of AQNO3 and
demonstrated that the number of AgNPs per cell determined by CyTOF analysis was in
broad agreement with the numbers determined by ICP-MS in comparable experiments.
They were also able to quantify the proportion of AgNPs that were internalised and bound
to the surface of the cells. In 2019, Oliver et al. further studied the TE of °’Ag and found

that the calculated TE was approximately 2-fold lower for 50 nm AgNPs compared to AgQNO3
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solution, indicating that the arrangement of metal atoms as dense NPs reduces the overall

number of atoms that eventually reach the TOF detector.*

In late 2020 Wu et al. determined a TE of *’Au for the first time directly (rather than using
193] as an approximate) by linear regression analysis of the counts detected from 10, 20,
50, 80 and 100 nm citrate-coated AuNPs when the CyTOF instrument was in ‘event’ mode,
which, as shown later, yields similar data to that presented in this thesis from work
conducted at a similar time.®> This study then focussed on accumulation of NPs and
detecting AuNPs of different sizes at ultra-trace levels in bacteria and showed that even at
1 fg/mL, small subsets of a population may take up hundreds of AuNPs. They also briefly

showed that the ultra-trace doses of AUNPs were not detectable in 94% of bacteria after 60

hours.
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Figure 3.2 — Mass cytometry analysis of different sized AuNPs. (a) Histograms of the
relative counts of each NP size in ‘event’ mode, (b) Calculation of the TE of 1°’Au by
comparing the counts of each AuNP size to their estimated number of atoms.

Studying AgNP cell interactions with CyTOF has advanced further over the last two years,
although these studies fall out of the scope of our work, so they are only briefly discussed
here. Yoon and co-workers have investigated the biodistribution of AgNPs in human
peripheral blood mononuclear cells (PBMCs) and used in-depth phenotyping to discover
that AgNP doses can have pro-inflammatory and pro-apoptotic effects on subsets of certain
cell types.®> 7 8 Malysheva et al. combined CyTOF with single-particle ICP-MS and

synchrotron X-ray absorption spectrometry to study the cellular binding, uptake and the
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intracellular transformation of AGNPs.® Their study revealed that intracellular AgNPs are the
primary driver of toxicity and differences between NP coatings and sizes had minimal

effects on the toxicity compared to the total internalised load.

To summarise, over the last 5 years CyTOF has been utilised in 9 studies as a high-
throughput, single cell technique to quantify AUNP and AgNP uptake. It has been shown to
be ca. 2400 times more sensitive than flow cytometry in detecting AUNPs and comparative
studies indicate that absolute average number of NPs per cell values are in broad
agreement with conventional ICP-AES techniques. Researchers have also used its
phenotyping capabilities to simultaneously study NP uptake alongside biological
information such as toxicity. However, the use of CyTOF to quantify NP uptake is not yet
conventional with current research largely focussing on technique development and proof-
of-concept studies. More research is needed with aspects such as sample preparation, and
it is shown in this thesis that the instruments incredible sensitivity can cause issues with
data acquisition. No studies have yet investigated the TE of AUNPs of a single size (which
will likely affect TE), or in ‘solution’ mode, where a large amount of data can be acquired
over a long time period to increase integration time and correlate this value to the ‘event’
mode counts. Furthermore, Wu et al.’s study did not validate AuUNP quantification with
another comparable technique such as ICP-MS. The high-throughput, single cell
capabilities of CyTOF have not been fully utilised to study the heterogeneity of NP uptake
within cell populations, detect more than one metal from a single NP, or to study the
reduction of NP content over multiple proliferation cycles. This work will look to further
develop and expand on these research themes whilst the interaction of luminescent, dual-
metal lanthanide AuNPs is studied with HelLa cells in this chapter, and then monocytes,

macrophages and dendritic cells in Chapter 4.
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3.1.2 Studying Nanoparticle Uptake Heterogeneity

The cell-to-cell variation or heterogeneity of nanoparticle uptake in cell populations has
important implications for their use as therapeutic and diagnostic agents. As with all
therapies, a minimum therapeutic dose of nanoparticles is required to treat an individual
cell.’® For example, AuNP photothermal therapies require a minimum light dosimetry to
induce cell death which is governed by the intracellular nanoparticle content,!! so cancer
cells with low AuNP uptake may survive in treatments. In contrast, nanoparticle toxicity
often increases with dose,'? 12 so cells that take up a large number of nanoparticles may
be at higher risk of toxicity which may need to be considered when nanoparticles are used
for diagnostic applications. Furthering our understanding of the heterogeneity of
nanoparticle uptake will therefore be important for improving the development pipeline of
nanoparticle-based medicines, particularly now computational simulations are playing a

larger role in the assessment of nanomaterial toxicity and design.1416

Heterogeneity in nanoparticle uptake is in part caused by cell-to-cell variability. Snijder et
al. have shown that receptor molecule distributions, cell size and local cell density were all
significant factors in the variability of virus particle uptake,'” which like many nanomaterials,
are taken up by endocytosis mechanisms.*® The cell cycle also affects nanoparticle uptake
and although the rate of uptake was found to be similar in each stage of the cell cycle,
uptake can be ranked in the order of G2/M > S > G1.1° However recent studies have
demonstrated that it is the increased size of the G2/M cells that leads to their increased
uptake rather than the cell cycle itself.?> 2! In addition, nanoparticles administered to cells
in culture media undergo a number of process before they are taken up. They may interact
with serum proteins that may subsequently coat the nanoparticle with a ‘protein corona’??*
2 and form nanoparticle clusters of varying sizes?* before adhering to the cell membrane,
affecting the number of nanoparticles which may reside in an internalised endosome after

endocytosis, which itself is randomly initiated.?
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As described previously, many conventional techniques for quantifying nanoparticle uptake
such as ICP-MS can only determine an average content per cell and therefore do not
provide information on the heterogeneity of uptake, so our understanding has advanced in
recent years as quantitative single cell techniqgues have become more readily available.
Rees, Summers and co-workers have studied the uptake heterogeneity of fluorescent 10-
15 nm CdTe/ZnS core/shell quantum dots (QDs). In one study, they used imaging flow
cytometry and confocal microscopy to analyse the heterogeneity of QD uptake in human
bone osteosarcoma (U-2 OS) cells after a 24-hour treatment. To quantify uptake, they
determined the number and intensity of nanoparticle loaded vesicles (NLVs) and found that
guantum dot uptake is best described by an over-dispersed Poisson distribution?® and have
built on this knowledge to develop a modelling technique that predicts the distribution of
guantum dots in a cell population.?* Jeynes et al. used ion beam analysis to determine
AuUNP uptake together with the mass of each cell, and found that uptake was best described

by a log-normal distribution.?’
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Figure 3.3 — Histograms showing uptake heterogeneity of nanoparticle uptake in previous studies.
(a) Histogram of the number of nanopatrticle loaded vesicles (NLV) in each cell measured by
imaging cytometry, with Poisson distribution (dotted line) and over-dispersed Poisson distribution
(solid line) fitted to data (reproduced from Summers et al.), (b) Histogram of the number of 30 nm
AuNPs per cell measured by ion beam analysis with a log-normal fit and the same data normalised
for the mass of each cell in (c) (reproduced from Jeynes et al.).

Although these detailed studies have uncovered important discoveries on uptake
heterogeneity, there are some limitations owing to the techniques used. Rees, Summers
and co-workers have relied on imaging flow cytometry and confocal microscopy, which
have relatively high minimum limits of detection, can only detect fluorescence from clusters
of quantum dots (and therefore rely on counting the number of NLVs), and suffer from low

throughput that relies on computational methods to quantify the signal intensity from each
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individual cell. Jeynes and co-workers used ion-beam analysis which suffers from extremely
low throughput; a minimum of 55 cells were studied in each population. These studies have
also studied uptake at 24- and 48-hour dose periods to counteract the effects of the cell
cycle, but typically cells are treated with nanopatrticles for shorter time periods and some
nanoparticles have a typical half-life of a few hours in the bloodstream,?® so an incubation

length of days would not be a realistic representation of in vivo conditions.

As a highly sensitive, high-throughput, quantitative single cell technique, we set out to use
CyTOF to study nanoparticle uptake heterogeneity. This will allow studies on uptake in cells
at relevant dosing periods, with low intracellular nanopatrticle content and minimal post-
modification of data through computational methods, for comparative data output to
previous studies with different techniques in this field, as well as furthering our own

understanding of the uptake of our lanthanide gold nanoparticles.

3.1.3 Long-term Gold Nanoparticle Fate in Cell Populations

Understanding the long-term fate of internalised gold nanoparticles is important for
diagnostic applications where the intention is to detect nanoparticles within cells over
extended time periods, such as cell tracking.?®3* Equally the eventual fate of gold
nanoparticles, be it long-term residency in cells or elsewhere if they are expelled, is
important due to potential toxicity*® and therefore has relevance for all in vivo applications.
Citrate-coated AuNPs have been shown to reside in mouse cells for 6 months after injection
at 90% of the original administered dose® and recent research has discovered that injected
AuNPs and other NP types can have effects as diverse as accelerating cancer metastasis,*’

highlighting the significance of their long-term fate.

Itis generally accepted that AUNPs show good long-term stability in biological environments
and can be detected in cells months after their original entry,3® 3 although a recent study

by Balfourier et al. reported almost complete degradation of 4-22 nm AuNPs in human skin
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primary fibroblasts after 2 months.*® Other than degradation, internalised nanoparticles can
either be inherited by daughter cells'® %0 or exit cells in two ways: non-vesicle related
secretion if nanoparticles are no longer contained within endosomes, or exocytosis after
endosomes have matured into lysosomes.*! In this introduction, some key recent literature
is discussed focussing primarily on the study of AUNPs, however some studies involving

other NP types are also featured.

The release of AuNPs and other NP types by exocytosis and non-vesicle related excretion
has been shown in several studies. Oh and Park used ICP-MS to show that the rate of
exocytosis of AUNPs over a 48 hour period in macrophages was highly dependent on the
surface chemistry.*? Cationic AUNPs were largely retained in cells as they agglomerated
within endosomes in the macrophages, but PEGylated AuNPs were found to leave
endosomes and exit cells as individual particles at a higher rate. The size of the AuNPs did
not have a significant effect on the exocytosis rate. Conversely, Chithrani and Chan found
that the rate of exocytosis within 8 hours of incubation was higher for smaller protein-coated
AuNPs and higher still for protein-coated gold nanorods compared to spheres,
demonstrating that both size and shape affect AUNP exocytosis.*® A study by Bartczak et
al. used ICP-AES to show the exocytosis rate of 15 nm peptide-coated AuNPs in human
endothelial cells (HUVECSs).* They found that the peptide coating affected both the rate of
exocytosis and the reuptake of AUNPs by cells after exocytosis. Yanes et al. showed that
cell type also plays a major role in a study with 130 nm mesoporous silica nanoparticles.*
The study used flow cytometry and ICP-OES to show that after a 2 h incubation with
nanoparticles and subsequent cell culture for a further 24 hours, the average quantity of
dose that was exocytosed ranged from 4-87% depending on the cell line, with the majority

of exocytosis occurring in the first 6 hours post exposure.
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Figure 3.4 - Exocytosis of NPs is dependent on physicochemical properties and cell type. (a) Effect of surface
chemistry on the exocytosis of 10 nm serum coated AuNPs up to 48 hours post exposure (reproduced from Oh
et al.), (b) Effect of cell type on the exocytosis of 130 nm mesoporous silica hanopatrticles 24 hours post
exposure (reproduced from Yanes et al.).

Several studies have investigated the inheritance of intracellular NPs by daughter cells after
cell division and in contrast to the studies discussed above, many found no evidence of
nanoparticle exocytosis from cells; indicating that cell division is the key driver in NP
depletion. A study published by Kim et al. used confocal microscopy to show that
fluorescent polymeric NPs were internalised within lysosomes in A549 cells.'® Using flow
cytometry, they found that the depletion of NPs is due to cell division and that export by
exocytosis or non-vesicle excretion is negligible over the studied time of 12 hours after
dosing. The same research group found no evidence of SiO:NP export over 28 hours in a
similar study.*® This is in contrast to the previously discussed study by Yanes et al. where
A549 cells had the highest excretion rate of all cell types studied with 130 nm mesoporous
silica NPs.* Summers, Rees and co-workers used a combination of low-throughput, high-
resolution TEM and high-throughput, low-resolution optical imaging to study the inheritance
of QDs in daughter cells. They found that QD inheritance between cells is highly
heterogeneous, mainly due to the highly variable number of quantum dots in each vesicle.*°
Supporting this finding, Bourquin et al. used live cell imaging to analyse the 28 individual
mitotic events of J774A.1 cells, finding that the inheritance of non-porous, 70 nm fluorescent

silica NPs was highly heterogeneous between daughter cells.*” Using ICP-OES, they also
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found that 20 and 46 nm AuNPs were not significantly exocytosed by macrophages,
J774A.1, or HelLa cells 48 hours post exposure. Gunduz et al. investigated the fate of 12
nm citrate-stabilised AuUNPs over the course of 40 days and also found that cell division

played a predominant role of depletion, with no evidence that exocytosis played any major

role.*®
400
(a) u All
- 350 o After division
3 s . s Complement
< 300 )
% 250 e :
E .
o 200
;": & ¢ O G 9 @ .
w 80
0
1 6 10 2
Time (h)
80 100 20 nm Au@PVP
(c) mE
=
= _ 75 §
2 % g
£ rel -
3 = B 504997/ {994 980/ (97.7 985/ lgasH .
e w— O =
© o O =
Q it}
X 251 &
=
w
= 0 1 L L 1 AL 'S A1 .
” = 24h 48h 24h 48h 24h 48h
10 10 MDM J774A1 HelLa

particles per cell

Figure 3.5 — The depletion of NP load is heavily driven by cell division. (a) After accounting for cell
division, cell fluorescence intensity decreases with modelled fitting, indicating that NP export is
negligible and internalised NP load decreases only as a result of cell division (reproduced from Kim
et al.), (b) Measured (coloured lines) and predicted (black lines) frequency distributions of QD load
per cell 24 and 48 hours post exposure, showing that QD inheritance is not split evenly between
daughter cells (reproduced from Summers et al.), (c) ICP-OES analysis of the gold content from 20
nm AuNPs over a 48 hour period, with no significant reduction in load seen due to exocytosis
(reproduced from Bourquin et al.).

To summarise, over the last decade several studies have investigated the fate of
internalised NPs in cell population, but contrasting findings mean many questions remain.
The export of NPs by exocytosis has been shown in many cases, particularly in the hours
immediately after exposure and it is clear that this process is dependent on a number of

NP physicochemical properties and cell type. Other studies have found minimal evidence
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of exocytosis and find that cell division is the key source of NP depletion from cell

populations over time.

In general, most of these studies have used ICP-based techniques (MS/AES/OES) to
quantify the rate of exocytosis, and in some cases TEM and fluorescence techniques such
as confocal microscopy and flow cytometry, all of which have some limitations. As
previously mentioned, ICP-based technigues require the digestion of a very high numbers
of cells to determine an average number of NPs per cell. The technique cannot discriminate
between NPs within cells and NPs remaining in suspension, so relies heavily on accurate
cell counting and removing all free NPs remaining in the solution, which can account for the
overwhelming majority of the NP dose after incubation.*® In our work with CyTOF, it is
demonstrated that it is very difficult to remove all free NPs remaining in the solution without
a much higher number of washing steps than conventionally used, and minimal errors in
not doing so with ICP-based experiments could have an effect on quantifying a process
such as exocytosis. TEM provides detailed information such as intracellular location of NPs
and mechanistic evidence of processes, but it is not quantitative and suffers from extremely
low throughput. Fluorescence based techniques can only study fluorescent NPs so are not
suitable for many studies with AuNPs, often lack sensitivity for detecting low numbers or
small clusters of NPs, and photobleaching of fluorophores could affect signal quantification,

particularly in studies over long time periods.

Furthermore, these studies have mainly focussed on the fate of NPs in time periods of up
to 24 hours post exposure to the NP dose and have not investigated fate after multiple
proliferation cycles. We hypothesised that CyTOF could be a useful quantitative technique
to study the long-term fate of our lanthanide coated AuNPs, with its high-throughput and
sensitivity, ability to study uptake and heterogeneity in NP inheritance after cell division,

and the potential for proliferative tracing over multiple proliferation cycles. This could add
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to the fields understanding of the long-term fate of NPs whilst revealing the suitability of our

lanthanide gold nanoparticles as long-term cellular labels.

3.2 Chapter Outline

In this chapter, the use of CyTOF as a high-throughput, single cell technique to accurately
quantify our lanthanide gold nanoparticles initial uptake, composition and long-term fate in
Hela cells is explored. HelLa cells were used because of their robust nature, ease of cell
culture and their extensive use in previous studies for data comparison. Several issues with
acquiring CyTOF data due to saturation of the instrument detector with non-cell associated
free AuNPs in solution were quickly encountered; this inadvertently led to us optimising
sample preparation and investigating several methods of acquiring cell samples free of NPs
in solution, discussed in the first section of this chapter alongside control experiments and
gating strategy used to identify single cells. Following this, the instrument was calibrated in
‘solution’ mode to determine a TE for our lanthanide AuNPs for conversion to the number
of LnAuNPs per cell. The mean cellular uptake of EuQuin.S-AuNPs to ThS-AuNPs was
then compared to investigate the effect of ligand chain length with both CyTOF and ICP-

MS, to test our hypotheses that CyTOF is an accurate, quantitative technique.

Characterisation of dual-metal, europium or terbium coated AuNPs both in solution and
within cells is shown to determine the average humber of metal complexes on each AuNP.
This dual-metal detection from single NPs within cells will be a first for the field, with the

potential to reveal information on the integrity of our NPs within cellular environments.

The single cell nature of CyTOF is used to investigate the heterogeneity in uptake of
EuQuin.S-AuNPs at different incubation times, statistically testing whether a log-normal
distribution best describes the cellular uptake over a population. Lastly, the long-term fate
of EuQuin,S-AuNPs within cells after their original incubation, over multiple proliferation

cycles is investigated, using a metal channel in CyTOF to incorporate a proliferation dye
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and monitor the proliferation of single cells and correlate this to the number of EuQuin,S-
AuUNPs found in cells at 24-hour intervals over 96 hours. It was hypothesised that this study
will contribute to our understanding of NP depletion in cells, whilst also assessing

EuQuin2S-AuNPs as cellular labels in CyTOF studies, setting the basis for the research in

Chapter 4.

Cellular uptake of lanthanide gold nanoparticles
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Figure 3.6 — Schematic diagram of the process to monitor cellular uptake of lanthanide gold nanoparticles
with CyTOF, illustrating the incubation of HeLa cells with lanthanide gold nanoparticles and their cellular
uptake in vesicles/endosomes. We seek to quantify their cellular uptake and uptake heterogeneity with
CyTOF, as well as ratiometric detection of the lanthanide and gold metals, before using CyTOF to study the
depletion of NPs within cells after cell division.
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3.3 Optimising Sample and Data Preparation for Reliable Single
Cell Data Output
3.3.1 Effect of Free Nanoparticles in Solution

As described in Error! Reference source not found., when ion clouds are detected in the
mass cytometer, if there are no gaps in ion signal detection between pushes the instrument
cannot output data as discrete events corresponding to single cells. Any free metal
contaminants such as nanoparticles in solution that may exceed the signal threshold could
lead to long non-discriminate event lengths and prevent the instruments capacity to identify
events containing ion-clouds corresponding to cells (Figure 3.7). Specifically, if there are
lots of nanoparticles in solution, once ionised and introduced to the TOF-MS component of
the CyTOF there would be a constant stream of gold ions and the instrument would not be
able to discriminate between different cell events, hence one long event is measured. If this
occurs the detector is completely saturated and there is no data output from the experiment,

as illustrated in Figure 3.7.

Initially, this was investigated with our nanoparticle-treated cell samples. In a pilot study,
HelLa cells were treated with 13 nm PEG-AuNPs NPs (0.1 nM, 16h) and washed with a
protocol typical for preparing NP-treated cells for biological analysis®®-°? (see 3.10.3 for full
experimental), then analysed by CyTOF. PEG-AuNPs were used in these pilot experiments
due to lack of LnAUNP availability this early in this work. Details of their synthesis can be
found in the Chapter 2 experimental (2.10.2.4) and their characterisation is shown in the
appendix of this chapter (3.12.1). Each sample contained a constant stream of 197Au
detection and therefore no FCS file could be generated from the IMD as no discrete events
were produced, so the samples could not be analysed (Figure 3.7). Each 13 nm AuNP

contains approximately 68,000 gold atoms and a single 13 nm AuNP will cause multiple
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counts; it was clear that ionised, non-cell associated PEG-AuNPs in solution were causing

the issue.
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Figure 3.7 - Free nanoparticles in solution can lead to no useful data output. (a) a rain plot of metal
detection from Hela cells treated with PEG-AuNPs (0.1 nM, 16 h) and washed according to
3.10.3. Continuous detection of 197Au is measured and no discrete events were recorded. (b) A
graphical representation (ie not real data) of how these data are recorded in the IMD file. No gaps
between °7Au ion detection are present, exceeding the maximum event duration for the data to be
transferred as an FCS file.

Owing to the incredible sensitivity of CyTOF, it was quickly apparent that to study cells
treated with 13 nm AuNPs at low nM concentrations, a more robust method to ensure
minimal free AuNPs are in solution is necessary. For adherent (HeLa) cells, 2 methods
were tested that could potentially improve cell preparation: optimising cell washing with
centrifugation and fluorescence associated cell sorting (FACS), and the results from these

preparation techniques are discussed from herein.
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3.3.2 Optimisation of Cell Preparation Using Centrifugation Washing

Because adherent cells attach to a surface and grow as a monolayer, following incubation
of cells with nanoparticle-containing media, the solution can be removed to eliminate most
free nanoparticles. At this stage, further washing steps with PBS can further dilute the
concentration of free nanoparticles in the sample, but some residual volume of solution is
left in the culture vessel and on top of cells (that cannot be disturbed due to risk of
detachment), so it is impossible to eliminate all free nanoparticles. An enzyme is then added
to suspend the cells in solution and any subsequent washes require centrifugation; a
common technique used in cell sample preparation to pellet cells at the bottom of the tube

whilst lighter matter such as nanoparticles can be removed from the solution.>3

It was identified that centrifugation must be optimised to remove as much solution as
possible during each wash without excessive cell loss and identified the plastic tubing and
the method of removing the supernatant as the most important controlling factors for
thorough washing. We therefore compared the use of 15 mL Corning® Centrifuge Tubes, 5
mL Falcon™ Round-Bottom Polystyrene Test Tubes and 1.5 mL Fisherbrand™
Polypropylene Microcentrifuge Tubes and whether physically tipping the supernatant out
by inversion or aspirating with a pipette would be the most suitable method. It was found
that using 5 mL Falcon™ Round-Bottom Polystyrene Test Tubes and removing the
supernatant by inverting the tube were the most suitable. This was most notably because
the highest percentage of supernatant could be removed without disturbing the cell pellet.

The data and methods used to determine this can be found in the appendix (3.12.2).

After identifying the optimal procedure for washing cells by centrifugation, cells were then
treated with PEG-AuNPs NPs at a range of concentrations (0.005-0.27 nM) for 16 h, then
prepared and washed using 5 mL Falcon™ Round-Bottom Polystyrene Test Tubes and
inverting to remove supernatant, with additional washing steps as described in 3.10.4

before analysis by CyTOF. We chose to measure the quality of samples by determining the
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number of events that had an event length < 30 (an arbitrary unit) after we had previously
witnessed longer event lengths in badly contaminated samples. This protocol led to
excellent CyTOF data acquisition; over 97% of events were < 30 in all samples (Table 3.1),
implying that free nanoparticles are not considerably increasing cell event lengths and
providing confidence that °’Au signal from cell events comes from cell associated
nanoparticles. By identifying cells using signal from the Cell-ID *3Ir isotope channel, the
number of events that correspond to cell events and events with no cells but °’Au signal,
the percentage of events corresponding to free nanoparticles in solution was determined.
The number of events corresponding to free NPs in solution increased with concentration,
ranging from 2 - 26%. This is expected as there will be a far greater number of nanoparticles
in solution to remove at higher concentrations. This also led to a lower proportion of overall

events being single cell events (Table 3.1).

Table 3.1 — Extra centrifugation washes can remove free nanoparticles from solution, leading to
good data acquisition. HeLa cells were treated with PEG-AuNPs for 16 hours at a range of
concentrations (0.005-0.27 nM) and prepared as described in 3.10.4. This led to good CyTOF data
acquisition, with short event lengths and the majority of events recorded as single cell events.

Concentration/  Event length <30/ Free NPs in Single cells

nM % solution events / % | %
0.005 99 2 86
0.010 99 2 91
0.018 99 3 91
0.027 99 3 91
0.045 99 4 90
0.130 99 5 81
0.160 98 15 76
0.270 97 26 70
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Figure 3.8 - Extra centrifugation washes can remove free nanoparticles from solution, leading to good data
acquisition. (a) >97% of events were <30 pushes in each sample, (b) 1°’Au mean dual counts from cell
associated NP signal acquired from PEG-AuUNPs.

It was found that washing steps 1-2 hours before running samples are vital to avoid free
nanoparticles in solution; this probed further experiments into whether the cell
permeabilisation buffer used during the DNA staining step with Cell-ID™ intercalator-Ir

allows NP escape from cells (see 3.3.4).
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3.3.3 Washing of Cells by Fluorescence Associated Cell Sorting

Removing free nanoparticles using fluorescence associated cell sorting (FACS) was also
investigated. By measuring visible light scattering in the forward direction (forward scatter,
FSC) and at 90° (side scatter, SSC), FACS can rapidly analyse the relative size and internal
complexity (granularity) of single cells and particles.> By plotting SSC vs FSC, a population
of cells can be identified and the cells of interest are directed down a separate channel into
a collection vessel. This is achieved by oscillating the sample stream of liquid at a high
frequency to generate drops that can then be given a positive or negative charge and
separated by deflection plates on a charge basis.> It was hypothesised that this technique

could be used to separate cells from free nanoparticles in solution (Figure 3.9).

Laser

Charge applied
Droplets formed . 4 L 4

NPs in solution

and debris
Single cell microfluidic introduction Laser beam collected in waste

OO0 OD. o5
Deflection piates N

B Y. 89

QO

FSC Detector

Collection tube
O = NP labelled cell = Free NPs in solution = Cells in charged droplet containing sorted,
pure cells

Figure 3.9 - Removing free nanoparticles in solution using flow cytometry. By measuring forward
scatter and side scatter, cells and particles can be sorted based on their size and granularity by
forming charged droplets. Deflection plates direct the cells of interest into a collection tube, whilst
other material such as cell debris and nanoparticles are discarded.

HelLa cells were treated with PEG-AuNPs NPs (0.1 nM, 16 h), prepared as described in
3.10.3, then analysed and sorted by FACS. By plotting SSC vs FSC (Figure 3.10), a
population corresponding to HelLa cells was selected for sorting and collected in PBS and

stored at
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4 °C until they were prepared for CyTOF later that day. 13 nm AuNPs were not observed
in the SSC vs FSC plot as they are too small for detection by FACS, with limits of detection
for viruses and nanoparticles reported as 50 and 140 nm respectively,>® ¢ These samples
were stained with Cell-ID™ intercalator-Ir, stored overnight, washed as described in 3.10.5
and analysed by CyTOF. The cell sorting was extremely efficient in removing free
nanoparticles from solution; 295% of events were <30 pushes, only 7-8% of events
corresponded to free NPs, and 285% of events were single cell. Due to difficulties with
instrument booking time and cost, it was not used for preparing HelLa cell samples in the
rest of this work, however this novel washing method could be particularly useful for

samples that may not be suitable for large numbers of centrifugation washing steps.
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Figure 3.10 — FSC vs SSC plot of HeLa cgllpsntreated with PEG-AuNPs. Hela cells were
identifiable from debris and doublet events/cell aggregates and these cells were directed
into a collection vessel and analysed by CyTOF.

Table 3.2 — The proportion of event lengths <30 (%), free NPs (%) and single cells (%) in 3
samples of HelLa cells treated with PEG-AuNPs (0.1 nM) for 16 hours, when washed by FACS and
analysed by CyTOF.

Free NPs in .
Concentration EVent length luti Single
<30/ % solution 2 =0,
/'nM events / %
0.1 o8 8 86
0.1 95 7 85
0.1 o8 8 91
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3.3.4 Effect of Cell Permeabilisation on the Number of Nanoparticles

Associated with Cells

As it was found that washing steps 1-2 hours before running samples are vital to avoid free
nanoparticles in solution; this probed further experiments into whether the cell
permeabilisation buffer used during the DNA staining step with Cell-ID™ intercalator-Ir

allows NP escape from cells, previously shown by Oliver et al. with silver nanoparticles.*

Hela cells were treated with PEG-AuNPs NPs for 16 hours at concentrations of 0.1-0.2 nM
and prepared for analysis by CyTOF. In the control samples, no cell permeabilisation buffer
or Cell-ID™ intercalator-Ir was added. Samples were analysed using the methods
described in 3.5.2 to work out the number of PEG-AuNPs NPs associated with each cell. It
was found that the DNA staining step had no statistically significant effect on the number of
PEG-AuUNPs NPs associated with each cell (Figure 3.11). This suggests that the step does
not allow any significant NP escape from cells, in contrast to the findings by Oliver et al.

One reason for different findings could be due to different cellular fates of NPs, such as
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Figure 3.11 — DNA staining step during sample preparation does not cause NP escape from HelLa
cells. HelLa cells were treated with PEG-Aul13 NPs for 16 hours at concentrations of 0.1 and 0.2 nM.
Samples were prepared as described in 3.10.4, with control samples undergoing no DNA staining step.
No statistically significant difference (p<0.05) by independent t-test analysis between the control and
DNA stain for each concentration.
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cell cytoplasm. Furthermore, silver nanopatrticles are known to release Ag* ions in cells and

these ions could escape cells far more easily, lowering their Ag content.>”->°

3.3.5 Single Cell Gating Strategy: Devising a Gating Strategy for Single Cell

Analysis of Nanoparticle Treated Cells

Before cytometry data can be analysed, single cell events must first be identified. Cell-cell
doublets can form in sample preparation or in the instrument fluidics prior to nebulisation,
resulting in a single droplet containing two cells. Doublets can also form when two separate
droplets fuse together prior to entering the TOF chamber, known as an ion-cloud fusion.®°
Additionally, some cellular debris may remain as well as free metals and nanoparticles.
Failure to identify single cells could lead to over and under calculating nanopatrticle uptake
by analysing cell-cell doublets or debris. In flow cytometry, doublets can be excluded by
their high pulse-width,%* but this analysis is less trivial in CyTOF. Traditional single cell
gating with older CyTOF instruments was simply based on DNA and event length. However,
this method does not account for differences in chromatin density between cell types that
can affect staining intensity,%? or cell cycle effects such as two G; cells having the same
amount of DNA as a G; or mitotic cell.®®* The newer Helios instrument used in this work
reveals Gaussian parameters that allow exclusion of cell-cell doublets by discriminating
between high- and low-quality pulses. This enables the specific exclusion of doublets
formed by ion-cloud fusion, which is independent of cell type and less sample-dependent.®®
However as these Gaussian parameters are a property of the ion-cloud, they do not identify
cell-cell doublets or aggregates formed during sample preparation, so they can be used in
combination with DNA/cisplatin based gating that also excludes doublets and dead cells

based on size and DNA content.

For the identification of single cell events in this work, the following gating strategy was
deployed: any events longer than approximately 30 were discarded, followed by events with

non-normal centre, offset or residual Gaussian parameters to remove ion-cloud fusions.
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Figure 3.12 - The single cell gating strategy used during this work. The number on each graph is the
percentage (%) of each events selected in each gate. An event length threshold of <30 is selected,
before discarding non-normal centre, offset and residual Gaussian parameter values. Beads and
debris events can then be removed by plotting 14°Ce vs. 1%8Ir, then dead cells and any remaining
doublets/aggregates can be removed by plotting 19Pt vs. 19Ir,

3.3.6 Negative Control Experiments

For every CyTOF experiment, a negative control sample was analysed, where cells were

treated with MQ water from the same water source as all NP samples were synthesised

from, instead of NP treatment. Cells were then stained and prepared as normal for CyTOF.

These data were acquired after any ‘solution mode’ calibrations were acquired. In all cases,

minimal *’Au mean dual counts were detected. For example, a histogram of °’Au mean

dual counts from a representative control sample is shown in Figure 3.13. 99% of cells

studied had a '*’Au mean dual count signal of 0 or less than 1 AuNP. In the 1% of cells that
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had a positive **”Au mean dual count signal, the average mean dual counts was 12 (see
section 3.5 for conversion of mean dual counts to NPs), corresponding to approximately
1.5 AuNPs. This provides confidence that *’Au mean dual counts from NP treated cell
samples arises from cell associated NPs, rather than any contamination from other

samples.
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Figure 3.13 — Histogram of 1%’Au mean dual counts detected during acquisition of a negative
control sample. Cells were treated with MQ water from the same water source as all NP
samples were synthesised from, instead of NP treatment. Cells were then stained and
prepared as normal for CyTOF. Histogram is representative of all negative control samples
which were ran every day the instrument was used.
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3.4 Studying EuQuin2S-AuNP Uptake by TEM

CyTOF cannot determine whether a nanoparticle is intracellularly (i.e., taken up) or
extracellularly associated (i.e. externally bound to the cell membrane) with an individual
cell. TEM was therefore used to investigate whether our EuQuin,S-AuNPs are taken up by
HelLa cells. Previous studies with gold and silver nanoparticles have shown that a significant
proportion of the nanoparticles associated with a cell can be bound to the surface.® 6
HelLa cells were treated with EuQuin.S-AuNPs at a concentration of 1 nM for 16 hours and
sections of cells were prepared for TEM imaging. The cells were washed the same number
of times as they are subjected to in CyTOF experiments, as it was hypothesised that these
washing steps could displace any nanopatrticles externally attached to the cell membranes.
The images show internalisation of EuQuinS-AuNPs in HelLa cells (Figure 3.14). Of the
cells imaged, there was no signs of EuQuin,S-AuNPs externally associated with the cell
membrane, implying that the °’Au signal associated with cells from CyTOF experiments is
indicative of intracellular EuQuin.S-AuNP uptake. Higher magnification images reveal that
EuQuin2S-AuNPs are located in clusters within vesicle-like structures, and no nanoparticles
were found in the cytoplasm outside of vesicles in the timeframe of the incubation period.
This suggests that the predominant uptake mechanism of EuQuin,S-AuNPs is
endocytosis.% ¢ There was no evidence of nuclear uptake or EuQuin,S-AuNPs located
within mitochondria, which was shown in a previous study by the group with iridium coated

gold nanoparticles.%!
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Figure 3.14 — TEM image of HelLa cells sections. HelLa cells treated with EuQuin2S-
AuNPs for 16 hours at a concentration of 1 nM and washed using the same protocol as
used in CyTOF studies.
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3.5 Quantification of Nanoparticle Uptake by CyTOF
3.5.1 Instrument Calibration

The quantity of a metal isotope associated with each cell is given in ‘mean dual counts’
which can be correlated to the actual number of NPs through calibration of the instrument
to determine the transmission efficiency (TE) of the metal of interest. It is possible to assess
TE of metal isotopes for a Helios instrument by operating the system in ‘solution mode’,
where the ion counts are integrated over a known amount of time. The instrument is tuned
daily with a tuning solution containing isotopically pure 133Cs, *°La, 1°Th, %9Tm, 1°Ir and
193|r metal ions of known concentrations to determine a dual instrument (Di) count
coefficient. Plotting the analog intensity counts against the digital pulse counts reveals a
range at which both numbers correlate; this can be used to approximate the pulse count
even at high pulse concentrations.” This internal calibration can be used to determine the
transmission efficiency (TE) of these metals, but TE varies for each metal,®® and we are
particularly interested in accurately quantifying *°’Au signal from lanthanide coated AuNPs.
Furthermore, Oliver et al. showed that the TE differs for ionic and colloidal silver
nanoparticles when measured in solution mode on a CyTOFv1 instrument.* We therefore
used the instruments solution mode to determine a TE for 13 nm lanthanide coated gold
nanoparticles. To calculate TE, the theoretical expected counts must first be determined.
This is the number of counts you would expect if 100% of °’Au atoms were recorded as a
count by the detector. In reality, when Tricot et al. studied the TE of isotopes ranging from
139-176 Da, most metals had a TE of ca. 0.5-1 x 10, meaning only around 1 in 10,000-
20,000 atoms make it to the detector (0.005-0.01%), although it is worth noting this study
was conducted on an older CyTOF2 mass cytometer.®® By using the concentration of the
ionic solution, the natural abundance of the elemental isotope of interest, Avagadro’s
constant (Na) and the injection of speed of the solution (0.5 pLs™ for the Helios instrument),

the theoretical expected counts (s?) can be calculated (equation x). The TE can then be
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calculated from the dual counts output given per second when the instrument is in solution

mode (equation Xx).

Theoretical expected counts (s™1) =

Concentration X natural abundance X Ny X Injection speed

isotope mass

dual counts

Transmission ef ficiency (TE) =
11 y (TE) theoretical expected counts

ThS-AuNPs NPs were synthesised, purified, and diluted to concentrations ranging from 0.1-
5 pgL? (for calculations involving the conversion of molar to mass concentrations, see
appendix 3.12.4) and ion counts were recorded for 2 minutes, meaning there were 120 data
points recorded for each sample. Linear regression (R? = 0.998) of the observed *’Au
counts plotted against the theoretical expected counts of ThS-AuNPs NPs of this
concentration revealed a TE of 1.15 x 10 for 1°’Au atoms (Figure 3.15). This value is within
the expected magnitude and is comparable to a TE of 1.67 x 10 for AUNPs ranging from
10-100 nm in diameter in a Helios instruments ‘event mode’, shown in a study by Wu et al.
at a similar time to when our work was conducted.®> As gold is a monoisotopic element, this
means that 1 in 8700 *’Au atoms produces a mean dual count from the instrument and a
13 nm AuNP containing approximately 68000 '°’Au atoms would correspond to 7.8 mean
dual counts. To assess how this calibration translated to measurements in ‘event mode’, a
control experiment with HeLa cells with no lanthanide AuNP treatment prior to sample
acquisition was run. There was however a small amount of *’Au signal observed;
presumably single nanoparticles remaining in the instrument fluidics from the calibration
samples acquired beforehand. These '°’Au events centred around a peak of around 7-8
counts — in agreement with the TE calculated (Figure 3.15). Although this peak was
observed during this analysis, using the mean dual counts in ‘event mode’ was not found

as a reliable measure of determining TE, as on many occasions no peak was observed.
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We therefore focussed our quantification from TE calculated in solution mode in this work.
A calibration was performed on each lanthanide gold nanoparticle species before acquiring
data every day the instrument was used, as different nanoparticles were studied and
instrument performance can vary for reasons such as cone contamination and cleaning.®”
8 One limitation of calibrating the instrument with lanthanide gold nanopatrticles in solution
is that it does not account for any potential effects that the complex biological matrix may

have on the ionisation of internalised nanopatrticles.
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Figure 3.15 - The observed mean dual counts of 0.1-5 pgL* TbS-AuNPs in ‘solution mode’ plotted
against the theoretical *”Au counts expected for this concentration. Linear regression analysis
revealed a transmission efficiency of 1.15 x 10 for 1°7Au atoms from ThS-AuNPs. Error bars
represent standard deviation from 120 measurements. Inset: 1*”Au mean dual counts when the
CyTOF was in ‘cell mode’ and a non-treated control of HeLa cells was analysed. The signal was
attributed to single ThS-AuNPs.
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3.5.2 Determination of the Number of EuQuin2S-AuNPs and ThS-AuNPs per

Cell with CyTOF

Having demonstrated a method to determine the TE of LnAuNPs, CyTOF was then used
to quantify the number of LnAuNPs per cell within a cell population. We set out to investigate
the difference in cellular uptake of EuQuin,S-AuNPs and ThS-AuNPs.Through calibration
of the instrument in solution mode as described in 3.4.1, the TE for TbS-AuNPs and
EuQuin2S-AuNPs nanoparticles were determined as 6.28 x 10° and 6.22 x 10° with both
showing excellent linear fitting (R? = 0.998 and 0.999 respectively), as shown in Figure 3.16
and Figure 3.17. It is worth noting that the TE calculated for these NP species is 1.8-fold
lower than the TE calculated for TbS-AuNPs in 3.5.1. This could be due a different
instrument response on the day or that the NPs used in this experiment were slightly larger,
meaning fewer gold atoms in each NP may have been ionised by the ICP torch, reducing
the TE. It could also highlight a disadvantage of this quantification method which will be

discussed in section 3.5.4.
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Figure 3.16 — Calibration fit of TbS-AuNPs of concentrations ranging from 0.1-1 ugL. The 5 pgL! data point
for TbS-AuNPs was discarded as an outlier. Error bars represent standard deviation from 120 measurements.
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Figure 3.17 - Calibration fit EuQuin2S-AuNPs of concentrations ranging from 0.1-5 pgL.
Error bars represent standard deviation from 120 measurements.
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After determining a TE for *’Au, the number of *’Au atoms associated with each cell was
calculated from the mean dual counts value provided by the instrument for every event,
using the equation below:

197 Au mean dual counts
Y7 AuTE

Number of *°7 Au atoms per cell =

The number of **’Au atoms per cell was then converted into the number of nanoparticles

per cell using the equation below:

197 Ay atoms per cell

Number of nanoparticles per cell = 157 -
Number of ' Au atoms per nanoparticle

In this work, the average number of **’Au atoms per nanoparticles was determined by
calculating the average diameter of the NP species from TEM images. For this batch of
NPs, the average nanoparticle diameter was determined to be 14.6 = 1.0 nm. This is a
higher diameter than most NPs synthesised in this work but can be accounted for in the

calculations.

HelLa cells were then treated with TbS-AuNPs and EuQuin.S-AuNPs for 16 hours at a
concentration of 0.3 nM and the mean number of NPs per cell was determined by CyTOF
analysis. Approximately 250,000 single cell events were analysed in each sample. After
identifying single cell events, the average °”Au mean dual counts of for TbS-AuNP and
EuQuin2S-AuNP treated HelLa cells was 10865 = 160 and 7118 + 170 (x SD) respectively
(N=3 for each type of sample). By using the equations above and the average number of
197Au atoms in a 14.6 nm nanoparticle, the mean number of ThS-AuNPs and EuQuin,S-
AuNPs per cell was calculated as 1640 + 10 and 1074 + 10 respectively (= SD) (Figure
3.18). The low standard deviation of ca. 1% for TbS-AuNPs and EuQuin,S-AuNPs shows
excellent reproducibility between the triplicate samples. This shows that ThS-AuNPs were

taken up 1.5-fold more than EuQuin,S-AuNPs on average.
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Figure 3.18 — The mean number of TbS-AuNPs and EuQuinzS-AuNPs per cell
determined by CyTOF analysis after HeLa cells were treated with TbS-AuNPs and
EuQuin2S-AuNPs for 16 h at a concentration of 0.3 nM. Error bars represent the
standard deviation from triplicate repeats.

As lanthanide metal complexes are isostructural,” the difference of the Eu®* and Tb®*
lanthanide centres will likely have no effect on the cellular uptake of EuQuin,S-AuNPs and
TbS-AuNPs. However, the difference in chain length of the metal complexes will alter the

nanoparticle surface properties and this could explain the difference in uptake.

3.5.3 Validation of CyTOF as a Quantitative NP uptake technique: A

Comparative Study with ICP-MS

Following from 3.5.2, the same samples were analysed by ICP-MS to compare the number
of NPs per cell determined from each method. For ICP-MS analysis, the NP treated cells
were digested into an ionic solution with aqua regia. A calibration plot of a solution of gold
ions demonstrated good overall linear fitting of measured [Au] concentration to theoretical
[Au] ppb (R? = 0.999) (Figure 3.19). However, as shown in the inset, at lower Au

concentrations the fitting was not as optimal and at the Au concentration of samples in this
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[Au counts] / ppb

work at 20-25 ppb there is a ca. 30% difference between the linear fit and the measured
values. Calibration of this instrument at these concentrations for Au could not be improved,
even with different calibration standards ran in separate experiments on different days.
Since it is difficult to increase the Au signal from cells in each sample as a very large number
(ca. 15 million) are already prepared for each sample, this error could not be eradicated

from using this technique in the timeframe of this work.
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Figure 3.19 — Linear regression analysis (R? = 0.999) of a gold solution to calibrate an ICP-MS instrument. Inset

reveals non-optimal fitting at lower Au concentrations.

From analysis of the concentration of °’Au in each sample, the mean number of ThS-
AuNPs and EuQuin,S-AuNPs per cell from ICP-MS experiments was calculated as 1370 +
10 and 964 + 150 respectively (Figure 3.20). These values are very similar to the mean
number of ThS-AuNPs and EuQuin.S-AuNPs per cell of 1640 + 10 and 1074 + 10
respectively determined by CyTOF. Overall, this shows excellent agreement between ICP-
MS and CyTOF for determining the number of NPs per cell, despite the differences in
experimental setup and the known errors associated with the ICP-MS measurements. Yang
et al. previously used a TE value for ’Au approximated from the TE of *¥1%|r and found
the number of 5 nm AuNPs per cell to be within the same order of magnitude for both

CyTOF and ICP-AES, but there was a greater than 5-fold difference between the values in
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some instances.! Our results indicate that through calibration of the lanthanide gold
nanoparticle of interest, CyTOF generates NPs per cell values very similar to the gold-

standard ICP-MS method at the concentration tested.
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Figure 3.20 — Comparison of the mean number of ThS-AuNPs and EuQuin2S-AuNPs per Hela cell
after treatment for 16 hours at a concentration of 0.3 nM, determined by CyTOF and ICP-MS. Error
bars represent the standard deviation from triplicate repeats.

3.5.4 Variability of CyTOF Nanoparticle Uptake Quantification: Evaluating the

Effect of Experimental Differences and Uncertainty

So far, it has been shown that lanthanide gold nanoparticle uptake quantification in HelLa
cells by CyTOF analysis is highly comparable to ICPMS, with excellent agreement between
replicate samples. This demonstrates both good laboratory practice and that CyTOF can
reliably and agreeably quantify metal content when taking measurements on the same day.
However, it does not provide insight into the reproducibility of lanthanide AuNP uptake
guantification by CyTOF with independently repeated measurements. To evaluate this
variability, the mean number of EuQuin.S-AuNPs per cell determined by CyTOF analysis

from 3 independent experiments over a time period of 8 months was compared. In each
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case, HelLa cells were treated with EuQuin,S-AuNPs for 4 hours at a concentration of
0.3 nM and prepared for CyTOF analysis following the same protocol. The mean number
of EuQuinS-AuNPs per HelLa cells was determined as 464, 585 and 305 in each case,

giving an average of 451 + 114 (+ SD).

This is a much greater variability (25%) in standard deviation of the mean number compared
to triplicate repeats on the same day (1%). This is a 1.9-fold difference between the highest

and lowest values, compared to a same day difference of just 0.97-fold.

There are numerous contributory effects to consider when evaluating this discrepancy. First
of all, the values would not be expected to be the same. Although all cells used were from
the same source, cell behaviour can also change with density, proliferation rates, growth
media, the presence of contaminants and the time kept in culture, which could in turn affect
the cellular uptake of NPs.”* Furthermore, the physicochemical properties of NPs affect
their uptake, so slight differences in EuQuin,SH coating and NP size may also change the

uptake kinetics.

Secondly, there are many values used in order to determine the number of NPs per cell
that each have their own uncertainty. NP uptake is concentration dependent’? and it was
shown in 2.5.2 that using UV-Vis spectroscopy to calculate concentration has an estimated
10% error. This could contribute to the dosing of cells with NPs as well as determining the
TE of the NP species in question. Additionally, different 13 nm citrate stabilised AuNP
batches were used and separately analysed from TEM images to estimate particle diameter
and determine the mean number of Au atoms per NP. There are several sources of
uncertainty that may contribute to uncertainty in the determination of the mean patrticle size,
including calibration of the pixel size, digitisation and pixel noise. Temmerman et al.
determined an uncertainty of 4% in determining average AuNP diameters from TEM
images.” Since the number of Au atoms per NP = 30.9D° (see appendix 3.12.3 for

derivation), a 4% uncertainty in average diameter leads to a larger uncertainty in our
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calculations. For example, a 14.6 nm AuNP has approximately 96,000 Au atoms, but a 15.2
nm AuNP has approximately 108,500 Au atoms, meaning there is an uncertainty of 12%.
The uncertainty of the number of Au atoms per NP also contributes towards the
determination of the TE of NP species. The variability in TE calculated from 10 independent
measurements of TE of EuQuin.S-AuNPs, all synthesised separately from multiple 13-nm
citrate stabilised AUNP batches, an average TE of 1.02 x 10* + 2.97 x 10®° (SD) was
determined, or a standard deviation of 30%. This is in comparison to a standard deviation
of 7% for °*V1%|r using the mean dual counts determined from the internal calibration ran
on the instrument each day. The estimated magnitude of the uncertainty associated with
each parameter used to quantify NP uptake is shown in Figure 3.21. Although TE is
expected to differ on each day due to instrument performance, this higher variation in TE
measurements suggests that the added complexity of calculating TE from NP solutions may
add in further uncertainty. Although it is difficult to accurately quantify the level of
uncertainty, from the addition of the uncertainties associated with on-the-day sample
variability (1%), concentration (10%), estimation of Au atoms per NP (12%) and the
additional uncertainty from TE estimates compared to the instruments internal calibration
(22%), the addition of these errors leads to a crude estimate of up to 45% uncertainty of
NP uptake quantification using CyTOF from independently repeated samples. More
systematic studies would be required to provide more understanding of the true error
associated with AUNP uptake quantification. This discrepancy should be considered when
comparing the relative uptake of NPs in cells when samples have been analysed on

different days and synthesised independently from different NP batches.

When the average number of NPs per HelLa cell determined from CyTOF of the three
independent repeats are plotted with 45% uncertainty, there is large overlap between the
error bars (Figure 3.22), although a statistical test cannot be done as there is only 1 repeat

per independent sample.
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Figure 3.22 — The number of EuQuin2S-AuNPs per cell determined from CyTOF
analysis in 3 independent experiments with different EuQuin2S-AuNP batches, with
error bars to represent the crude estimate of 45% uncertainty with uptake
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Figure 3.21 -Estimated uncertainty associated of parameters used to
quantify NP uptake with CyTOF.
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3.6 Ratiometric Detection of Lanthanide Gold Nanoparticles
3.6.1 Determination of the TE of 151Eu, 1%3Eu and 1%°Tb

The europium and terbium channels in the CyTOF were used to simultaneously detect gold
and europium or terbium from EuQuin>S-AuNPs and TbhS-AuNPs within cells. The objective
for this work was to determine a gold: lanthanide ratio when the instrument is in solution
and event mode to calculate the average number of lanthanide complexes per gold

nanoparticle and compare these values to those determined from ICP-MS experiments.

As TE is a property of each individual metal,®® a calibration was conducted to determine a
TE for europium. An ionic solution of Eu®* ions was used, and it was hypothesised that the
TE would not be affected by the nanoparticle environment as the europium ions are held at
the surface. **Tb is one of the four isotopes that the instrument uses for an internal
calibration, meaning its TE can already be calculated and therefore no further calibration
was undertaken. On the day of this experiment, the TE for *°Tb was determined as 1.0 x

10, similar to the TE of 1.3 x 10* determined for *’Au from ThS-AuNPs.

The TE of ®Eu and '*3Eu ions were determined as 9.1 x 10° and 1.2 x 10 respectively
(Figure 3.23). The 1.3-fold difference between the TE of *Eu and *°Eu ions is similar to
the 1.2-fold difference determined in a previous study by Tricot et al.%® and highlights the
importance of instrument calibration as even isotopes of a similar mass of the same element

can have a different TE.

Table 3.3 — The TE and its method of determination for each metal isotope used in this analysis.

Metal isotope Transmission efficiency (TE) Determination method
51E, 9.1 x 105 Eu** ionic solution
153 1.2 x 104 Eu** ionic solution
159Tp 1.0 x 10 Instrument internal calibration
197A 1.3 x 10% ThS-AuNP/EuQuin2S-AuNP

species calibration
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Figure 3.23 - The observed mean dual counts of ionic Eu3* solutions of concentrations ranging
from 0.1-5 pgL* by CyTOF analysis in ‘solution mode’ plotted against the theoretical Eu mean dual
counts counts for 5'Eu and '5Eu respectively. Linear regression analysis revealed TE’s of 9.1 x
10° and 1.2 x 10 for 15'Eu and 53Eu respectively, with R? values of = 0.9999 in both cases.
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3.6.2 Determination of the Average Number of Lanthanide Complexes per NP

in Solution Mode

The average number of lanthanide metal complexes per nanoparticle was then calculated
from the ratio of the gold: lanthanide metals detected from each NP species when the
instrument was in solution mode. The mean dual counts from each metal isotope was
divided by its respective TE to determine ‘corrected’ metal isotope counts, so that the ratio
of gold: lanthanide is comparable for each NP species. The corrected metal isotope counts
for each NP species were then plotted (Figure 3.24), with the gradient of a linear regression
fit identifying the gold: lanthanide ratios as 115.2, 115.4 and 54.1 for !Eu, *3Eu and *°Tb
respectively. After accounting for the natural abundance of the 'Eu (48%) and >3Eu (52%)
isotopes, the average number of EuQuin,SH complexes per 14 nm AuNP were determined
as 1540 and 1420 respectively, and the average number of TbSH complexes per NP was
determined as 1570. There is an 8% divergence of the average number of EuQuin,SH
complexes per NP calculated using the values for **Eu and *3Eu respectively, giving an
average value of 1480 complexes per AuNP. This small discrepancy could be due to errors
in the calculated TE’s or the error associated with the detection of the isotopes during the

experiment.
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Figure 3.24 — Calculating the ratio of gold: lanthanide elements present in each NP species.
Linear regression analysis of corrected °’Au counts vs. corrected 51Eu/'53Eu/%°Tb counts from
EuQuin2S-AuNP and TbhS-AuNP species of concentrations ranging from 0.1-5 ugL* by CyTOF

analysis in ‘solution mode’. The counts were corrected using the TE for each metal isotope

calculated from prior calibration experiments on the same day of the experiment.

Corrected *’Au Counts

3.6.3 Determination of the Average Number of Lanthanide Complexes per NP

in Cells

Next, the average number of metal complexes per NP was calculated from the gold and
lanthanide mean dual counts detected from internalised lanthanide gold nanoparticles after
HelLa cells were incubated with EuQuin2S-AuNPs (0.3 nM, 4 h) and TbS-AuNPs (0.3 nM,
16 h). The dot plots of the lanthanide and '°’Au isotope mean dual counts are shown in
Figure 3.25. After accounting for each metal isotopes TE and natural abundance, the
average number of EuQuin.SH complexes per NP was determined as 1945 + 250 and 1734
+ 220 for ®Eu and °Eu respectively and the average number of TbSH complexes was
determined as 2049 + 62. These data suggest that the lanthanide complexes remain intact
on the surface of the AuNPs, and to our knowledge is the first demonstration of dual metal

detection from a single NP species within cells.
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Figure 3.25 — Dot plots of the mean dual counts of 15V153Ey/159Th vs. 197Au from single Hela cells
containing EuQuin2S-AuNPs (4h incubation at 0.3 nM) and TbS-AuNPs (16 h incubation at 0.3 nM)
after NP treatment. Each dot represents a single cell and the increasing red colour represents an
increase in density of dots.

3.6.4 Comparison of the Average Number of Lanthanide Complexes per NP

from Solution mode, in Cells and ICP-MS

The average number of EuQuin,SH and TbSH complexes per NP determined from CyTOF
in solution mode and in cells was compared to those determined by ICP-MS in solution,
which was previously shown in chapter 2. For EuQuin.S-AuNPs, an average from analysis

of 3Eu and %°Eu isotopes was taken. This is shown in Figure 3.26 below.

For both complexes, the values determined from solution mode and ICP-MS are in very
close agreement. When CyTOF is run in solution mode, the instrument’s data output is
effectively identical to the ICP-MS instrument used. The only difference is that the LnAuNPs
have not been digested before analysis, like in ICP-MS. The agreeability of values gives

further confidence in the accuracy of the TE'’s calculated for each metal isotope.

There is a slight discrepancy between the values determined in cells compared to in
solution mode and ICP-MS, with a higher number of lanthanide complexes per NP
determined in cells (Figure 3.26). With this determination method, the LnAuNPs are still

within the complex biological cellular matrix when ionised, which could affect the TE of each
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metal isotope. Further studies would be needed to investigate whether this hypothesis is

true.
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Figure 3.26 — The average number of EuQuin2SH (red) and ThSH (blue) complexes per NP
determined using CyTOF in solution mode and in HelLa cells, and ICP-MS. For EuQuin2S-AuNPs, an
average of the 151Eu and 1°3Eu isotopes was taken. Error bars represent the SD from 3 repeat
measurements for in cells and ICP-MS and the discrepancy between 151Eu and 153Eu isotopes for
solution mode.

Here, we have used CyTOF for ratiometric detection of lanthanide and gold isotopes to
characterise lanthanide gold nanoparticles and the relative number of lanthanide
complexes that coat each AuNP, with comparable data output to conventional ICP-MS
methods. One potential application for this detection would be to increase the limit of
detection of LnAuNPs with CyTOF by up to 2 orders of magnitude. For example, with our
EuQuin,S-AuNPs, we have shown the Au:Eu ratio to be approximately 115. If the number
of EuQuin.SH complexes per AuNP is reliably determined, when the limit of detection is

reached for °’Au, the concentration of *¥1%3Eu isotopes would not be reached for an
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intracellular NP concentration of 115-fold higher. This would allow the study of cells

containing approximately 500,000 EuQuin,S-AuNPs per cell.

3.7 Studying the Heterogeneity of EuQuin>S-AuNP Uptake in HeLa

Cells

CyTOF was used to study the heterogeneity of EuQuin,S-AuNP uptake in HelLa cells at
incubation times of 4 and 16 hours at a EuQuin,S-AuNP concentration of 0.3 nM. After
gating to remove doublet events and dead cells, the number of EuQuin,S-AuNPs per cell
was determined through calibration of the instrument and the number of EuQuin.S-AuNPs
in each cell in a given population was plotted as a histogram with a bin size of 52. At a
4-hour incubation time, a total of 38984 HelLa cells were studied and EuQuin,S-AuNP
uptake was highly heterogeneous with a mean and median of 680 and 587 EuQuin,S-
AuNPs per cell respectively and a standard deviation of 380 (Figure 3.27). A log-normal
distribution appears to fit the data excellently, suggesting this is the best description of

EuQuin2S-AuNP uptake heterogeneity in HeLa cells at a 4-hour incubation.
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Figure 3.27 — Histogram of the number of EuQuinzS-AuNPs per Hela cell after a 4h incubation at
a concentration of 0.3 nM, analysed by CyTOF. Count (y axis) refers the number of cells in each
bin corresponding to its NP content. A total of 38984 live, single cells were studied. Bin size = 52.
Line curve shows fit to the data using a log-normal distribution. Sample representative of 3
independent repeats.
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To further analyse the distribution of nanoparticles, the data was plotted as a box plot
(Figure 3.28). The 25-75% interquartile range (IQR) was 420-832 NPs per cell, meaning
that 25% of cells contained less than 420 NPs per cell, and 25% of cells contained more
than 832 NPs per cell.
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Figure 3.28 — Box plot of distribution of EuQuin2S-AuNPs in a HelLa cell population after a
4h incubation at a concentration of 0.3 nM, analysed by CyTOF. A total of 38984 live,
single cells were studied. Sample representative of 3 independent repeats.

At a 16-hour incubation, a total of 122156 HelLa cells were studied and the mean and
median number of EuQuin,S-AuNPs per cell was 1042 and 945, with a standard deviation
of 522 and a log-normal distribution appearing to fit the data excellently (Figure 3.30). The
distribution of nanoparticles is further shown in the box plot in Figure 3.29. The 25-75% IQR
was 700-1280 NPs per cell, meaning that 25% of cells contained less than 700 NPs per

cell, and 25% of cells contained more than 1280 NPs per cell.
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Figure 3.30 - Histogram of the number of EuQuin2S-AuNPs per HeLa cell after a 16h
incubation at a concentration of 0.3 nM, analysed by CyTOF. Count (y axis) refers the
number of cells in each bin corresponding to its NP content. A total of 122156 live, single
cells were studied. Bin size = 52. Line curve shows fit to the data using a log-normal
distribution. Sample representative of 3 independent repeats.
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Figure 3.29 - Box plot of distribution of EuQuin2S-AuNPs in a HeLa cell population after a 16h
incubation at a concentration of 0.3 nM, analysed by CyTOF. A total of 122156 live, single cells
were studied. Sample representative of 3 independent repeats.

Our results from statistically analysing the distribution of nanoparticles produce similar

results from studies by Jeynes et al.?” and Summers et al.?® Jeynes had shown that the

uptake of 30 nm peptide-coated gold nanopatrticles followed a log-normal distribution when
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normalising the mass of each individual cell after an incubation time of 48 hours, but used
only a small sample size (= 55 cells analysed for each sample). Summers show
nanoparticle uptake is best described by an over-dispersed Poisson distribution highly
similar to a log-normal distribution after a 24-hour incubation. These previous studies both
used long incubation times to eliminate the effects of the cell cycle on the distribution of
nanoparticles and involved complicated computational methods to analyse their data. Here,
the large heterogeneity in EuQuinS-AuNP uptake in HelLa cell populations is shown using
CyTOF; a highly sensitive technique capable of detecting cells containing as few as 1 NP,
or even 0. These data at shorter incubation times of 4h and 16h show that cell division and
the cell cycle do not have a large effect on the distribution of nanoparticles in a cell

population over these time periods.

3.8 Assessing the Nanoparticle Content of HelLa Cells Over

Multiple Proliferation Cycles

CyTOF is next used to quantify the NP content of HeLa cells up to 96 hours after treatment
with EuQuin2S-AuNPs. It was hypothesised that due to cell division and potential export of
our lanthanide AuNPs by processes such as exocytosis, NP content will reduce over time.
In theory, CyTOF should be an excellent technique to study this due to its high-throughput,
single cell nature to assess NP inheritance between daughter cells, high sensitivity to detect
small changes in NP content, ability to distinguish between live and dead cells, as well as

cells that do not contain any EuQuin,S-AuNPs at all.

In addition, a proliferative tracing dye, Anti-FITC, is incorporated into the experiments that
indicates the number of times that each cell has divided at each time point of the
experiment. Proliferative tracing in cytometry experiments has been shown to be more
accurate than manual cell counting as it removes counting biases due to either cell loss

during harvesting or the presence of cellular debris or cell clumps.” It also informs whether
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all cells within a population are dividing, whereas cell counting only provides an average
number of divisions over the whole population. Anti-FITC proliferative tracing was first
described by Good et al. in 2019, taking inspiration from carboxyfluorescein succinimidyl
ester (CFSE) fluorescence based proliferative tracing in flow cytometry. Its precursor,
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) is cell-permeable and readily
taken up by cells™ where intracellular esterases cleave the acetate groups to form CFSE,
which is not cell-permeable and therefore is retained within the cytoplasm of the cell.”” 78
During cell division, partitioning of the dye is 50% between daughter cells and the quantity
of CFSE, a highly fluorescent molecule, detected within cells indicates the amount of
proliferation that has occurred.” Good et al. hypothesised that the structural similarity
between CFSE and fluorescein isothiocyanate (FITC) would result in successful binding of
an anti-FITC antibody to CFSE within cells. When metal isotopes were conjugated to anti-
FITC antibodies, they were able to track changes in CFSE content within T-cells,
monocytes and dendritic cells, with 50% partitioning observed and detection up to a total of

7 proliferation cycles.

Figure 3.31 - Schematic representation of experiment scope. We set out to label HelLa cells with
EuQuinzS-AuNPs and leave the cells in culture and use mass cytometry to determine the NP
content of single cells after multiple proliferation cycles, using an in-built proliferation assay. We
hypothesise that this experiment will provide information on NP inheritance heterogeneity as well as
the extent of NP export by processes such as exocytosis.
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3.8.1 Optimisation of Anti-FITC Staining for Monitoring Proliferation

We first optimised the staining of HeLa cells with CFSE/Anti-FITC to determine the number
of proliferation cycles during the experiments. Cells were stained with CFSE and methanol,
saponin and Maxpar Fix and Perm Buffer were tested as suitable permeabilisation buffers
to allow a anti-FITC antibody (Fluidigm, FIT-22), conjugated with 1°Gd for its detection in

CyTOF, to enter cells during incubation. A schematic representation is shown below and

o

details of the protocol used can be found in 3.10.10.1.

CFSE Permeabilisation

ﬁ
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{Fix & Perm

Figure 3.32 — Schematic representation of staining cells with CFSE/anti-FITC to monitor HeLa cell

proliferation with mass cytometry. First HeLa cells are stained with CFSE, then the cell membrane

is permeabilised to allow the entry of an anti-FITC antibody conjugated with 169Gd metal isotopes
that are detectable with mass cytometry.

Saponin permeabilisation led to the highest median value of mean dual counts in the 1¢°Gd
channel, suggesting high anti-FITC antibody uptake (Figure 3.33) and was therefore
selected as the permeabilisation buffer. An additional advantage of using saponin is that
its a mild permeabilisation technique that creates holes around 100 A in size in the
membrane so should not allow any NP escape from cells.®® Next, a titration using anti-FITC
antibody dilutions of 1:200, 1:100 and 1:50 revealed that 1:50 led to the most optimal *°Gd

counts (Figure 3.33).
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Figure 3.33 - Saponin permeabilisation at 1:50 dilution most optimal conditions for anti-FITC
staining. Histogram of 160Gd mean dual counts from a 169Gd conjugated anti-FITC antibody
using methanol, saponin and Maxpar Fix and Perm permeabilisation buffers at an antibody

dilution of 1:200 (left); histogram of 169Gd mean dual counts from 16°Gd conjugated anti-FITC

antibody at 1:200, 1:100 and 1:50 dilutions using saponin permeabilisation (right).
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3.8.2 Assessment of EuQuin2S-AuNP Content in HeLa Cells Over Multiple

Proliferation Cycles

3.8.2.1 Initial Cellular Uptake of EuQuin2S-AuNPs

HelLa cells were treated with EuQuin2S-AuNPs for 4 hours at a concentration of 0.3 nM and
then stained with CFDA-SE and cultured for a further 24, 48, 72 and 96 hours. Culture
media was replaced every 24 hours to remove any EuQuin2S-AuNPs expelled from cells.
At each time point, cells were then stained with 1°Gd conjugated anti-FITC antibody and
their NP content and proliferation was analysed by CyTOF. After gating, at least 50,000
single cell events were recorded for each time point. After the 4-hour treatment, 100% of
cells contained EuQuin;S-AuNPs and the median uptake was 585 NPs per cell

(Figure 3.34).

Count
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Figure 3.34 - Initial EuQuin2S-AuNP uptake after 4-hour treatment at a concentration of
0.3 nM. Linear histogram of the number of EuQuin2S-AuNPs per cell (right). Count (y
axis) refers the number of cells in each bin corresponding to its NP content.
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3.8.2.2 Effect of Proliferation Dye on EuQuin2S-AuNP Content

To assess whether the proliferative tracing dye, CFSE, contained within cells or subsequent
labelling with Anti-FITC in preparation for CyTOF experiments had an effect on
EuQuin2S-AuNP content within cells, an unstained control was also analysed under the
exact same conditions. The median number of NPs per cell decreased similarly in cells
treated with CFDA-SE vs. an unstained control (Figure 3.35), indicating that proliferative
tracing had no effect on EuQuin.S-AuNP content. Here, the median number of EuQuin,S-
AuUNPs per cell is shown on a logarithmic scale because the increase in the number of cells

is exponential during cell proliferation.
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Figure 3.35 - EuQuinzS-AuNP depletion unaffected by CFDA-SE staining of HelLa cells. Stained
vs. non-stained control median EuQuinzS-AuNP uptake in HeLa cells treated with NPs for 4 hours
at a concentration of 0.3 nM, at 0, 24, 48, 72 and 96 hours after NP treatment. Shown on a
logarithmic scale.
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3.8.2.3 Investigating Cell Death

There was no increase in cell death over the incubation period, with 98-99% of cells studied
at each timepoint found to be alive, and the NP content of dead cells was very similar to
live cells at each time point (Table 3.4), suggesting that cell death is random throughout the
experiment and not caused by EuQuin,S-AuNP toxicity. The only large discrepancy
between the number of EuQuin.S-AuNPs per cell in live and dead cells was after the initial
incubation period, where there was a median of 585 EuQuin2S-AuNPs per cell in live cells
and 242 NPs per cell in dead cells. This may be due to cell death during the incubation

period that would prevent any further uptake of NPs in these cells.

Table 3.4 - The percentage of dead cells and their NP content at each time point.

Dead cells/ Median NPs per Median NPs

R ¢ % cell (dead) per cell (live)
0 1 242 585
24 2 242 259
48 1 76 66
72 1 40 25
96 2 13 7

3.8.2.4 Determination of the Number of Proliferation Cycles

The proliferation of cells was monitored by anti-FITC staining and the median 6°Gd intensity
at each time point was studied (Figure 3.36). Anti-FITC signal decreased across the whole
cell population between each time point, meaning all cells were dividing for the duration of
the experiment. At 0, 24, 72 and 96 h timepoints, each population appeared log-normally
distibuted (i.e. normally distributed on the logarithmic scale shown), however at 48 h there
was a minor shoulder in the anti-FITC histogram. This could suggest that some cells had
divided at a slightly faster rate than others between 24 and 48 hours, or it may be an artefact
in the data. At least 1 cell division occurred between each time point, and the proliferation

rate was highest between 24 and 48 hours. The average number of cell divisions was
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Mormalized To Mode

calculated using the median intensity of %°Gd mean dual counts for each timepoint. It was
found that an average of 5.8 cell divisions occurred over 96 hours (Table 3.5), indicating
the average doubling time was 16.6 hours. This is in agreement to a doubling time of 16.2
+ 1.7 h found by Kumei et al.,®! though doubling times as high as 24.2 h have also been
reported,®? but many experimental factors such as cell density, pH and FBS variability can
affect proliferation rates.®® The number of cell divisions over time was plotted as a ‘growth
curve’ (Figure 3.36) to represent the rate of growth over the experiment. Growth curves of
cells in culture typically consist of a lag phase, where cells are adjusting to the culture
conditions and begin to divide; exponential phase where cells divide rapidly, and saturation
phase where cell division begins to slow due to high cell density and insufficient space in
the culture dish to divide.®* From this data, the lag phase is evident but appears to be short,
as cell division is almost as fast between 0 to 24 hours and the exponential phase. It is
worth noting that after the 72 hour timepoint, the culture dishes were reaching confluency,
so cells were reseeded at a lower density to allow further cell proliferation. This may explain

why no saturation phase is observed in this experiment.
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Figure 3.36 - Anti-FITC proliferative tracing reveals the number of cell divisions at 24, 48, 72
and 96 hours. (a) Histogram of *°Gd mean dual counts from a **°Gd conjugated anti-FITC
antibody at 0, 24,48, 72 and 96 hours, (b) the number of cell divisions calculated from the

median intensity of °Gd mean dual counts at each time point.
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Table 3.5 - 180Gd median intensity values from anti-FITC proliferation marker and the average
number of cell divisions calculated at each time point.

Tmesh  OCdaNEITC e mepomt ol cell
Median / Intensity (Tu/T2) divisions

0 1873 N/A 0.0
24 750 25 1.2
48 195 3.8 1.9
72 65.8 3.0 1.5
96 28.4 2.3 1.2
Total 5.8

The number of cell divisions after each timepoint was also determined from manual cell

counts from the stained and unstained samples. An average of 5.1 cell divisions was

observed, similar to the total number average number of cell divisions determined from the

proliferation dye (Figure 3.37). There was quite a large difference between the number of

cell divisions calculated from the stained and unstained control, despite their similar

reduction in NP signal.
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Figure 3.37 - The number of cell divisions calculated from manual
cell counting at each timepoint from stained and unstained control
samples. Data plotted is mean * range from each sample.

Due to the nature of the experimental setup, there are likely additional sources of

uncertainty in determining the number of cell divisions from cell counting. For each

timepoint, a separate culture dish was used so that the cells collected at each timepoint did
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not need to be harvested and reseeded when cells from earlier time points needed to be
collected. This would mean that any small discrepancy in the original number of cells in
each flask (which can only be estimated) could have a large effect on the number of cell
divisions. This uncertainty does not apply to the proliferation dye method and the number

of cell divisions determined from this method was used for all further analysis.

3.8.2.5 Comparing the Rate of NP Depletion with Cell Proliferation

The number of NPs per cell at each time point can be theoretically estimated based on the
average number of cell divisions that occurred during the experiment. If NP depletion is a
result of cell division only, then the observed median NPs per cell would be expected to be
similar to the theoretical values. If NP depletion is a result of cell division and exocytosis,

then the observed median NPs per cell would be lower than the theoretical values.

In this experiment with EuQuin.S-AuNPs, the observed and theoretical median NPs per cell
at each time point are in very close agreement (Figure 3.38). The reduction in EuQuin,S-
AuNPs per cell follows the rate of proliferations similarly at all time points. After 96 hours,
an average of 5.8 cell divisions occurred compared to 6.2 halving’s of the median NPs per
cell over this time. This data suggests that EuQuin,S-AuNP content is decreased
predominantly by cell division and not exocytosis. Similar results were obtained when the
mean number of EuQuin.S-AuNPs per cell was used. This data is shown in the appendix

(3.12.5).
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Figure 3.38 — Reduction in EuQuin2S-AuNP content occurs due to cell division.
Observed (black) median NPs per cell at each time point vs. theoretical (red) NPs per
cell calculated from the number of cell divisions at each time point.

This experiment was carried out three times and the median number of EuQuin.S-AuNPs
per cell from each repeat is shown in Figure 3.39 below. Median values were normalised
to an original NP content per cell of 585 so the results are comparable. Only minimal
differences are observed at each time point, suggesting that the NP content shown in Figure
3.38 is representative of each experiment. It is again worth noting that factors such as
seeding density effect proliferation rates, so slight discrepancies in NP content may be

expected.
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Figure 3.39 — The median number of EuQuin2S-AuNPs per cell at 0, 24, 48, 72 and 96 h timepoints
after a 4 h incubation at a NP concentration of 0.3 nM, in 3 different experiments. As we have
shown that there is variability in absolute NP quantification by CyTOF analysis when measurements
are taken on different days, the absolute number of EuQuin2S-AuNPs per cell at 0 h was
normalised to 585 for more comparable analysis.

This experimental data suggests that the reduction of EuQuin,S-AuNPs in HelLa cells over
96 hours — a time frame in which cells divided on average 5.8 times — was predominantly
due to cell division. There is little evidence for any measurable rate of exocytosis or export
of NPs by cells by any other method, agreeing with previous studies by Bourquin*’ and
Dawson and co-workers'® 46 that cell division is the major driver of NP signal. Our work is
the first to monitor NP depletion at the single cell level over multiple proliferation cycles with
an in-built proliferation marker incorporated into the experiment. It also continues for the
longest time period, except for the study Gunduz et al. which focussed on continuous

dosing.*® CyTOF has much higher sensitivity to flow cytometry and other techniques such
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as ICP-MS used in previous studies, allowing the detection of small changes in NP signal
and the detection of as little as 1 NP per cell. However, there are caveats to this experiment
which must be considered. The cell media was replaced in each sample at 24-hour
intervals, but reuptake of NPs that may have been expelled between each timepoint cannot
be ruled out. NP reuptake is poorly understood but has been shown to be dependent on
the physicochemical properties of NPs.** More frequent cell media exchange and analysis
of former cell media for NP content, potentially using the CyTOF instrument in solution
mode, may provide insight on this process. Furthermore, simultaneous analysis of cells at
each time point by TEM may provide further mechanistic information on the intracellular
trafficking of EuQuin,S-AuNPs. For example, if escape to the cytosol has occurred, this
may explain the apparent lack of exocytosis. Additionally, the uncertainty in monitoring the
proliferation with the method deployed in this work is not known. The original study by Good
et al. remains the only published work with this proliferation dye to date so there is a lack
of knowledge in the associated errors. Independent repeats would reveal how accurate

proliferation can be traced but were not possible due to time restraints in this work.

3.8.2.6 Heterogeneity of NP Inheritance Between Daughter Cells

CyTOF was then used to study the heterogeneity of NP load inheritance in daughter cells
after cell division over multiple proliferation cycles at high throughput. It was first found that
even after 24 hours, 6% * 4% of cells did not contain any NPs at all. The number of cells
containing EuQuin,S-AuNPs steadily dropped to 94% * 3.6% after 24 hours, 83% + 4%
after 48 hours, 74% * 10% after 72 hours and 66% + 7% after 96 hours. After 24 hours, the
median intensity of 1*°Gd was 654 in cells containing no NPs compared to 750 in the whole
population, which suggests that cell division is not significantly different. It was unexpected
to observe some cells already containing no NPs at this point. However, as shown in Figure
3.34, the initial uptake of NPs is highly heterogeneous, with some cells taking up far less

than the median average of 585 NPs per cell. For example, the median number of
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EuQuin,S-AuNPs per cell was 150 in the 5™ percentile of cells. As NP inheritance has been
shown to be highly heterogeneous in previous studies,*” & it is likely that this result
demonstrates that some daughter cells do not inherit any vesicle-containing NPs. A study
by Xiong et al. found that the endocytic uptake of QDs led to only 80% of cells containing
detectable levels QDs.® This reduced to 40% after approximately 3 cell divisions, and less
than 10% after 5 cell divisions, although it is worth noting that flow cytometry was used to
detect fluorescence, which as previously discussed is far less sensitive than CyTOF, so it

is possible that cells still contain QDs, but at an undetectable level.
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Figure 3.40 — The percentage of cells containing EuQuin2S-AuNPs at each time point. Shown is
the mean average + SD from 3 repeat experiments.
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Figure 3.41 — Histogram overlay of the number of EuQuin2S-AuNPs per cell in each cell
population at each time point. Shown on a logarithmic scale for clearer visualisation of the wide
dynamic range of EuQuin2S-AuNP content.. Count (y axis) refers the number of cells in each
bin corresponding to its NP content.

Next, we studied the heterogeneity in NP inheritance in cells containing NPs. The
histograms of the number of EuQuin,S-AuNPs in each cell population are shown in Figure
3.41. A reduction in the number of NPs per cell is observed across the whole population,
as to be expected. The coefficient of variation (CV) has previously been shown by Lijster et
al. to be an accurate means of measuring the asymmetry of nanoparticle inheritance in

daughter cells.®” The CV of a population can be calculated using the equation below:

Standard Deviation

Mean

As equal partitioning of the proliferation marker used has been previously shown,” there
should not be a large increase in CV over the time course of the experiment, as shown with
CFSE proliferation dyes.” We therefore compared the CV of EuQuin,S-AuNPs and the

160Gd channel to assess NP inheritance heterogeneity (Figure 3.42). CV increased from
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95% + 32% at O h to 344% + 78% at 96 h, compared to increase from 83% to 160% over

the same time period for the proliferation marker.
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Figure 3.42 — Increase in coefficient of variation (CV) of EuQuin2S-AuNPs and proliferation marker
at 0, 24, 48, 72 and 96 h timepoints. Error bars represent SD from 3 repeat experiments.

The 3.6-fold increase in CV for EuQuin.S-AuNPs compared to a 1.9-fold increase in CV for
the proliferation marker suggests that NP inheritance is highly heterogeneous and is in
agreement with increases in CV shown in with asymmetric theoretical modelling shown by.
Lijster et al.®” Due to the large standard deviation in CV, it is difficult to determine whether

inheritance heterogeneity increases at a higher rate after a certain number of cell divisions.

3.9 Conclusion and Future Work

In this chapter, it was shown the that the high sensitivity of CyTOF can cause challenges
with the acquisition of single cell data when analysing AuNP treated cells. This is due to
free NPs in solution not fully removed by conventional washing procedures that would
usually be undetected by less sensitive instrumentation. Two protocols have been

established in this work for sample preparation that overcome these issues by removing
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free NPs sufficiently: extra centrifugation steps in 5 mL Falcon™ Round-Bottom
Polystyrene Test Tubes and removing the supernatant by inverting the tube, or the use of

FACS cell sorting.

It was shown that the use of a cell permeabilisation buffer to stain cells with Cell-ID™
intercalator-Ir does not affect the number of NPs associated with each cell. TEM was used
to show that cell associated EuQuin.S-AuNPs are located inside cells, within endosomes,
suggesting that EuQuin.S-AuNPs are taken up by endocytosis mechanisms. Further
studies with CyTOF could reveal the specific endocytosis pathways and could be combined

with TEM to reveal information on the intracellular locations of EuQuin.S-AuNPs.

| have developed a solution-based calibration method that can be run on the day of each
experiment with the NP batch to be analysed, for determining the TE of lanthanide coated
gold nanoparticles in order to determine the average number of NPs per cell from CyTOF
analysis. This TE agreed with the mean dual counts observed from 1 NP detected in event
mode. | then showed that the number of EuQuin,S-AuNPs and ThS-AuNPs per cell
determined by CyTOF was in close agreement to simultaneous analysis by ICP-MS,
validating our use of CyTOF as an accurate NP uptake quantification method. This also
revealed that ThS-AuNPs were taken up by cells more readily than EuQuin,S-AuNPs,

attributed to the shorter chain length of the lanthanide complex.

Excellent reproducibility of NP uptake quantification was shown with replicated samples ran
on the same day, but then revealed a much larger disparity of EuQuin,S-AuNP uptake
guantification by CyTOF when analysing EuQuin,S-AuNPs synthesised from different
citrate AUNP batches, on different days over a time period of 8 months. Although this could
be due to biological and experimental factors, several sources of uncertainty with our
method of determining NP uptake were discussed that could be attributed to the difference
in uptake quantification, such as uncertainty with calculating the concentration of NPs and

the number of Au atoms per NP from TEM image analysis. These factors could contribute
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to uncertainty of the TE of the NP species, which was found to have a much greater
variance than the TE calculated from the tuning solution the instrument uses for internal
calibration. This uncertainty should be considered when comparing uptake guantification of
NP species separately synthesised and analysed on different days. A more systematic
approach in studies to determine the true uncertainty associated with CyTOF uptake
quantification is needed, alongside similar studies with other techniques. Additionally, more
precise synthesis of AUNP to reduce batch-to-batch variability would significantly reduce
the uncertainty in measurements. Microfluidic approaches to AuNP synthesis are in

development.88

Ratiometric detection of gold:europium/terbium was demonstrated to characterise the
number of lanthanide complexes attached to each AuNP and we showed dual-metal
detection from a single NP species for the first time in cells. These values were in rough
agreement with ICP-MS measurements and this ratiometric detection could be used to
increase the limit of detecting lanthanide gold nanoparticles by 2 orders of magnitude. We
were also able to show that the distribution of EuQuin.S-AuNPs follows a log-normal
distribution, regardless of the incubation time period, although a Kolmogorov-Smirnoff

goodness of fit test was rejected when a high number of cells were studied.

Lastly, we used CyTOF to show the depletion of EuQuin.S-AuNPs in HelLa cells over
multiple proliferation cycles. We used an in-built proliferation assay to determine the
number of times a cell has divided and correlated this with the reduction in the median
number of EuQuin,S-AuNPs per cell, indicating that NP depletion was due to cell division
and not exocytosis of NPs. Even after an average of 5.8 cell division, we were able to detect
EuQuin.S-AuNPs in two thirds of cells with CyTOF, which shows good potential for their
use as cellular labels in cytometry experiments, which we investigate further in chapter 4.
Although there are limitations to our findings, this experimental framework has the potential

to further our understanding of NP depletion and could answer important questions on
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exocytosis rates. Future work could involve determining the level of uncertainty associated
with the proliferation dye, as well as increasing the frequency of cell media renewal to

eliminate the potential for reuptake of exocytosed NPs.

This work demonstrates CyTOF as a single cell, high throughput, quantitative technique to
explore NP-cell interactions and is built on in chapter 4 as we investigate the uptake and

fate of our EuQuinzS-AuNP in immune cells and assess their suitability as cellular labels.

3.10 Experimental
3.10.1 HeLa Cell Culture Conditions

Human cervical cancer cell line HeLa (Catalogue no. 93021013) were grown as monolayer
cultures in vented cap T75 flasks using Dulbecco’s Modified Eagle Medium (DMEM,
Gibco® Thermo Fisher Scientific), which was supplemented with 10% Fetal Bovine Serum
(FBS), penicillin (100 U/mL) and streptomycin (0.2 pg/mL). The cells were kept at 37 °C in

a humidified atmosphere with 5% CO, concentration.
3.10.2 Nanoparticle Treatment Conditions

Cells were seeded in a suitable culture flask, dish, or plate depending on the number of
cells needed for the experiment and cultured under the conditions previously described
overnight. The following day, the cell media was removed, washed twice with PBS, and a
pre-mixed, pre-warmed, cell media/NP mixture (9:1) was carefully added to the culture
vessel. The cells were kept under standard culture conditions for the required treatment

duration before washing and preparation steps outlined in each experimental.

3.10.3 Preparation of Cells for CyTOF with Conventional Number of Washes

HelLa cells were treated with PEG-AuNPs at a concentration of 0.1 nM for 16 hours. After
treatment, the cell media was removed and each well was washed three times with PBS

and TrypLE Express Enzyme was added to detach the adherent cells. The cells were
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transferred to 1.5 mL Eppendorf tubes, suspended in PBS and centrifuged. The
supernatant was removed by aspiration and the cells were suspended in 300 uL of pre-
warmed, serum-free DMEM. Cisplatin (300 L, 10 uM) was added to each sample, mixed
thoroughly and incubated at room temperature. After 5 min, pre-warmed serum containing
DMEM was added. The cells were centrifuged once, the supernatant was removed by
aspiration and 1 mL of BD CellFix was added and the cells were resuspended and
incubated for 30 minutes at 4 °C. The cells were centrifuged and washed once with PBS
by centrifugation. The supernatant was removed by aspiration and 1 mL of Iridium DNA
intercalator (0.125 uM, Fluidigm inc.) in Maxpar Fix and Perm buffer (1 mL, Fluidigm inc.)
and stored at 4 °C. overnight. The following morning, the cells were centrifuged, the
supernatant was removed by aspiration and washed once with Maxpar Cell staining buffer
and once more with water, before being resuspended in water to achieve a concentration

of 500,000 cells/mL, before acquisition on the Helios CyTOF instrument.

3.10.4 Preparation of Cells for CyTOF with Washing by Centrifugation

HelLa cells were treated with PEG-AuUNPs at a concentration of 0.1 nM for 16 hours. After
treatment, the cell media was removed and each well was washed three times with PBS
and TrypLE Express Enzyme was added to detach the adherent cells. The cells were
transferred to 5 mL Falcon™ Round-Bottom Polystyrene Test Tubes, suspended in PBS
and centrifuged twice. From herein, the supernatant was removed by inversion. To remove
by inversion, a sheet of paper towel was first laid in the cell culture hood and the 5 mL
Falcon™ Round-Bottom Polystyrene Test Tubes containing pelleted cells was tipped and
pressed onto the paper towel, to ensure as much of the supernatant as possible was
removed. After supernatant removal, cells were suspended in 300 pL of pre-warmed,
serum-free DMEM. Cisplatin (300 pL, 10 pM) was added to each sample, mixed thoroughly
and incubated at room temperature. After 5 min, pre-warmed serum containing DMEM was

added. The cells were centrifuged once, the supernatant was removed and then washed
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twice in cell staining buffer. The supernatant was removed and 1 mL of BD CellFix was
added and the cells were resuspended and incubated for 30 minutes at 4 °C. The cells
were centrifuged and washed once with PBS by centrifugation, followed by one wash with
cell staining buffer. The supernatant was removed and 1 mL of Iridium DNA intercalator
(0.125 uM, Fluidigm inc.) in Maxpar Fix and Perm buffer (1 mL, Fluidigm inc.) and stored
at 4 °C overnight. The following morning, the cells were centrifuged, the supernatant was
removed and washed twice with Maxpar Cell staining buffer and once more with water just
before acquisition. The cells were then resuspended in water to achieve a concentration of

500,000 cells/mL before acquisition on the Helios CyTOF instrument.

3.10.5 Preparation of Cells for CyTOF with Washing by Fluorescence

Associated Cell Sorting

Hela cells were treated with PEG-AUNPs at a concentration of 0.1 nM for 16 hours. After
treatment, the cell media was removed and each well was washed three times with PBS
and TrypLE Express Enzyme was added to detach the adherent cells. The cells were
transferred to 5 mL Falcon™ Round-Bottom Polystyrene Test Tubes, suspended in PBS
and centrifuged. The supernatant was removed and the cells were suspended in 300 pL of
pre-warmed, serum-free DMEM. Cisplatin (300 uL, 10 uM) was added to each sample,
mixed thoroughly and incubated at room temperature. After 5 min, pre-warmed serum
containing DMEM was added. The cells were centrifuged once, the supernatant was
removed and 1 mL of BD CellFix was added and the cells were resuspended and incubated
for 30 minutes at 4 °C. The cells were centrifuged, washed once with PBS and resuspended
in 500 pL of FACS buffer. Cells were then sorted on a BD FACSAria™ Fusion, collecting
cells in 5 mL Falcon™ Round-Bottom Polystyrene Test Tubes. The cells were then
centrifuged, the supernatant removed and 1 mL of Iridium DNA intercalator (0.125 pM,
Fluidigm inc.) in Maxpar Fix and Perm buffer (1 mL, Fluidigm inc.) was added and stored

at 4 °C overnight. The following morning, the cells were centrifuged, the supernatant was
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removed and washed once with Maxpar Cell staining buffer and once more with water. The
cells were then resuspended in water to achieve a concentration of 500,000 cells/mL before

acquisition on the Helios CyTOF instrument.

3.10.6 CyTOF Instrument Calibration Using Solutions of Lanthanide Gold

Nanoparticles

The molar concentration of the lanthanide AuNP species of interest (TbS-AuNPs or
EuQuin.S-AuNPs) was determined from UV-Vis spectroscopy. The concentration was then
converted to ugL™ (see appendix 3.12.4) and the NPs were diluted with ultrapure water to
a concentration of 100 ugL?, which was used as a stock solution to make up each
calibration standard. From the stock solution, calibration standards of 0, 0.1, 0.25, 0.5, 1.0,
2.5 and 5.0 ugL? were made and mixed thoroughly. These solutions were made no more
than 24 hours before instrument calibration on the CyTOF and were stored at 4 °C until
their use. With the CyTOF instrument in solution mode, the mean dual counts were
recorded for 2 min per calibration standard from the lowest to the highest concentration,
with 2 min washing with ultrapure water in between each standard. Linear regression
analysis of the linear calibration plots was used to determine the TE of each NP species

every day an experiment was performed.

3.10.7 CyTOF Instrument Calibration Using Solutions of Eu3*

An ionic Eu** PlasmacCal calibration standard (QMX laboratories) was used to prepare a
100 ugL? stock solution, diluted with ultrapure water. From the stock solution, calibration
standards of 0, 0.1, 0.25, 0.5, 1.0, 2.5 and 5.0 ugL® were made and mixed thoroughly.

Preparation and acquisition was the same as described above.

3.10.8 Preparation of Cells for ICP-MS Experiments

HelLa cells were treated with TbhS-AuNPs and EuQuin,S-AuNPs at a concentration of

0.3 nM for 16 hours and prepared for CyTOF analysis as described in 3.10.1. Half of the
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cells from each sample were analysed by CyTOF and the other half were prepared for
ICP-MS analysis. Cells were redispersed in PBS (200 uL) and transferred to glass vials.
Ultrapure aqua regia (500 pL) was added and the vials were left in a fume cupboard for
three days. After three days all solid material had visibly dissolved and the samples were
made up to a total volume of 5 mL, transferred to polypropylene tubes (Agilent) for ICP-MS

and taken for analysis at the University of Warwick.

3.10.9 Preparation of Cells for TEM

HelLa cells were treated with RPMI containing EuQuinS-AuNPs (1 nM) for 16 hours. After
differentiation from THP-1 monocytes, M1 macrophages were treated with RPMI containing
EuQuinzS-AuNPs (1 nM) for 16 hours. Each type of cell was then washed 3 times by
centrifugation to remove any nanoparticles remaining in solution, then fixed in 2.5 %
glutaraldehyde solution for 90 min at 4 °C, then taken for processing at the Centre for
Electron Microscopy at the University of Birmingham. Ultrathin sections of approximately
100 um were mounted onto Formvar-coated 200 mesh copper grids. Samples were
analysed on a JEOL 1200 EX transmission electron microscope operated at 80kV in

imaging mode, acquiring images using Digital Micrograph Version 1.83.842.

3.10.10 Assessment of EuQuinz2S-AuNP Content in HeLa Cells Over

Multiple Proliferation Cycles

3.10.10.1 CFSE/Anti-FITC Staining

The experimental was adapted from previously published protocols for CFSE and Anti-FITC
staining by Quah et al. (Quah 2010) and Good et al. (Good 2019). HeLa cells were cultured
as normal in DMEM (10% FBS, 1% P/S)). Cells were detached using TrypLE express,
washed once with PBS, and thoroughly resuspended in 1 mL of warm DMEM at a
concentration of 4 x 10° cells/mL in a 15 mL Corning® Centrifuge Tube. The tube was then

laid horizontally and 110 pL of PBS was added to the non-wetted part of the top of the tube,
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ensuring no contact was made with the cell solution. 17.6 pL of CFDA-SE (5 mM, DMSO,
Stratech Scientific Ltd.) was added to the 110 L drop of PBS and mixed by pipetting. The
tube was then capped, inverted and immediately vortexed to achieve quick uniform mixing
of the solution. The cells were incubated for 5 min at room temperature, then 10 mL of PBS
was added and the cells were centrifuged (5 min x 300 g). The cells were then washed
once more in PBS (10 mL), once in serum-free DMEM (10 mL) and resuspended in 300 pL
of serum-free DMEM. 300 uL of serum-free DMEM containing cisplatin (10 uM) was then
added, mixed well and incubated at room temperature for 5 minutes, DMEM (2.4 mL) was
then added, the cells were then centrifuged (5 min x 300 g), then washed with Cell Staining
Buffer (Fluidigm). Cells were then fixed 1 mL of BD CellFix™ (BD Biosciences), incubated
for 20 min at 4 °C, and washed once with Cell Staining buffer. Cells were then transferred
to 3 x 5 mL Falcon™ Round-Bottom Polystyrene Tubes and permeabilised by one of three
methods: 4 °C methanol (1 mL) for 10 min on ice, in 0.2% saponin (1 mL) for 20 min at
room temperature, or Maxpar Fix and Perm Buffer (1 mL) for 20 min at room temperature.
Cells were then centrifuged and washed with Cell Staining Buffer. Cells were then
resuspended in 50 pL of Cell staining buffer. 50 pL of Cell Staining Buffer containing *°Gd-
Anti-FITC (Clone: FIT 22, Fluidigm) was then added to each tube to obtain a final *¢°Gd-
Anti-FITC concentration of 1:100. Each tube was gently vortexed and incubated at room
temperature for 30 min, then washed twice with cell staining buffer. Cells were then
incubated with a Iridium DNA intercalator (0.125 pM, Fluidigm) in Maxpar Fix and Perm
Buffer overnight at 4 °C. Cells were then washed once with cell staining buffer and

resuspended in 300 pL water ready for sample acquisition.

3.10.10.2 Assessment of EuQuin2S-AuNP Content in HelLa Cells Over
Multiple Proliferation Cycles

5 x 10° cells were seeded in a T175 flask and left to adhere overnight. The following day,

the cell media was removed, cells were washed twice with PBS and treated with EuQuin,S-
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AuUNP containing DMEM (0.3 nM) for 4 hours. After 4 hours, the media was removed, cells
were washed three times with PBS and TrypLE Express Enzyme was added to detach the
adherent cells. After centrifugation, the cells were washed a further two times with PBS, the
supernatant was removed and cells were suspended in pre-warmed DMEM and transferred
to a 15 mL Corning® Centrifuge Tube. Cells were then stained with CFSE as described
above in 3.10.10.1. After cells were stained with CFSE, 2 x 10° cells were collected in a 5
mL Falcon™ Round-Bottom Polystyrene Test Tube for the analysis of the initial uptake of
EuQuin2S-AuNPs. These cells were resuspended in in 300 pL of serum-free DMEM. 300
puL of serum-free DMEM containing cisplatin (10 uM) was then added, mixed well and
incubated at room temperature for 5 minutes, DMEM (2.4 mL) was then added, the cells
were then centrifuged (5 min x 300 g), then washed with Cell Staining Buffer (Fluidigm).
Cells were then fixed 1 mL of BD CellFix™ (BD Biosciences), incubated for 20 min at 4 °C,
and washed once with Cell Staining buffer. After the supernatant was removed, 0.2%
saponin (1 mL) was added and the cells were incubated for 20 min at room temperature.
Cells were then centrifuged and washed with Cell Staining Buffer. Cells were then
resuspended in 50 pL of Cell staining buffer. 50 pL of Cell Staining Buffer containing %°Gd-
Anti-FITC (Clone: FIT 22, Fluidigm) was then added to each tube to obtain a final 1%°Gd-
Anti-FITC concentration of 1:100. Each tube was gently vortexed and incubated at room
temperature for 30 min, then washed twice with cell staining buffer. Cells were then
incubated with a Iridium DNA intercalator (0.125 pM, Fluidigm) in Maxpar Fix and Perm
Buffer for 30 min and then then frozen in cryovials until the day of the experiment, which
has been shown to have no effect on CyTOF data acquisition in previous studies.®® The
remaining cells were seeded in four 100 mm dishes and remained in culture under standard
culture conditions for 24, 48, 72 and 96 hours. The cell media was replaced with fresh media
once every 24 hours. Once the duration of the timepoint had passed, the cells were
harvested and 2 x 10° cells from each sample were prepared as previously described and

frozen in cryovials until the day of the experiment. On the day of the experiment, the cells
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were thawed by the addition of cell staining buffer and transferred to 5 mL Falcon™ Round-

Bottom Polystyrene Tubes. The cells were then centrifuged, the supernatant was removed

and washed twice with Maxpar Cell staining buffer and once more with water just before

acquisition. The cells were then resuspended in water to achieve a concentration of

500,000 cells/mL before acquisition on the Helios CyTOF instrument. For control samples,

the preparation of cells was identical except no CFDA-SE staining step or Anti-FITC

staining was performed.
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3.12 Appendix

3.12.1 PEG-AUNP Characterisation

Absorbance / A.U.

200 300 400 500 600 700 800

Al nm
Appendix Figure 3.1 UV-Vis spectrum of 13-nm PEG-AuNPs after purification by
centrifugation.

Appendix Table 3.1 Average hydrodynamic diameter of PEG-AuNPs measured by DLS, -
potential measurements and the Aspr measured by UV-Vis Spectroscopy.

Number / nm Intensity / nm PDI C-potential / mV Aspr
16 27 0.13 -50 518

3.12.2 Determining the Optimal Tube Type For Washing Nanoparticle Treated

HelLa Cells

PBS containing 1 x 10° cells/mL was added to each type of tube (10 mL, 3 mL and 1.5 mL
total volume for each 15, 5 and 1.5 mL tube respectively) and the cells were centrifuged at
300 g for 5 min. The volume of supernatant removed was calculated by determining the
difference in mass before and after inversion or aspiration. It was found that using 5 mL
Falcon™ Round-Bottom Polystyrene Test Tubes and removing the supernatant by inverting
the tube were the most suitable, with 97 £ 1% of the supernatant removed (Appendix table
3.2). The 15 mL Corning® Centrifuge Tubes and 1.5 mL Fisherbrand™ Polypropylene

Microcentrifuge Tubes both led to 92 + 2% of supernatant removed by tipping, and
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aspiration led to less supernatant removed with a higher range for each type of tube. We
hypothesise the suitability of 5 mL Falcon™ Round-Bottom Polystyrene Test Tubes is due
to the round-bottomed shape of the tube withholding less supernatant during inversion.
Although the difference between the percentage of supernatant removed by each type of
tube is small, it may have a significant impact when considering the total number of washes
during cell preparation, particularly for the preparation of suspension cells where it is not

possible to remove any solution NPs before centrifugation steps.

Appendix Table 3.2 The % (x range from 3 independent repeat measurements) of
supernatant removed with each type of tube and supernatant removal method. Total
supernatant volumes were 10 mL, 3 mL and 1.5 mL for 15 mL Corning® Centrifuge Tubes,
5 mL Falcon™ Round-Bottom Polystyrene Test Tubes and 1.5 mL Fisherbrand™
Polypropylene Microcentrifuge Tubes respectively.

Supernatant removed by Supernatant removed by pipette

inverting / % aspiration / %
B :
15 mL Corning® Centrifuge 92 42 91 + 3
Tubes
5 mL Falcon™ Round-
Bottom Polystyrene Test 97 1 95+3
Tubes
1.5 mL Fisherbrand™
Polypropylene 92+2 92+3

Microcentrifuge Tubes
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3.12.3 Calculation the Number of Au Atoms per NP

This calculation assumes that each AuNPs are perfectly spherical and contain gold atoms
arranged in an FCC lattice with a density of 19.32 gcm™. A full derivation of the equation

can be found in an article by Carney et al.*°

p X D? 19.32 x 102 g nm™® x nD? R
N = ety N = e 19697 gmor T < 0022 x 107 mol
~N=309D3

3.12.4 Conversion of Molar Nanoparticle concentration to Mass Concentration

Example: converting a 13 nm AuNP species with a molar concentration of 1.6 nM into a

mass concentration
Using the equation above, there are approximately 67,900 Au atoms per 13 nm AuNP.
The mass of a single Au atom = 3.27 x 107%7g

Mass of 113 nm AuNP = 3.27 X 10727 g x 67,900 = 2.22 X 107%7g
Molar concentration of 13 nm AuNP species = 1.6 nM = 1.6 X 10~ ?mol
NPs per litre = 1.6 X 10™mol X 6.022 X 10?3mol™! = 9.64 x 10*NP L1

Concentrationin gL™* =9.64 x 10NP L™1 x 2.22 x 107%7g

=0.0214 gL™* = 0.021 gL~ (2s.f.)
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3.12.5 The Mean Number of EuQuin2S-AuNPs per Cell At Each Time Point
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Appendix Figure 3.2 Observed (black) mean EuQuin;S-AuNPs per cell at each time point
vs. theoretical (red) NPs per cell calculated from the number of cell divisions at each time
point
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Chapter 4: Investigative Studies into the Use of
EuQuin2S-AuNPs as Multimodal Cellular Labels
4.1 Introduction

This chapter contains our work concerning the use of EuQuin.S-AuNPs as multimodal
cellular labels; detecting EuQuin.S-AuNPs in monocytes and monocytes that have
differentiated into macrophages and dendritic cells with CyTOF, TEM and luminescence
microscopy. In the introduction, monocytes — the cell type we are primarily interested in —
are briefly discussed, followed by the concept and purpose of cellular labelling, including a
brief summary of currently available cellular labels. The topic of multimodal cellular labels
and how functionalised AuNPs are ideal candidates is then introduced, setting the basis for

our work.

4.1.1 Monocytes: Multi-functional, Yet Not Fully Understood Cells

Monocytes are the largest type of leukocyte (white blood cell) and are part of the innate (or
non-specific) immune system.! Monocytes are produced in the bone marrow and then enter
blood circulation before they are recruited into tissues throughout the body, where they play
distinct roles. Monocytes can differentiate into tissue macrophages, which for half a century
was thought their only role,? but it is now known that monocytes also have the ability to
function as effector cells and differentiate into both macrophages and dendritic cells,
forming the mononuclear phagocyte system.® Alongside their diverse role in protective
immunity and homeostasis, monocytes also contribute to many pathological processes. For
example, monocytes infiltrate almost all solid tumours and their differentiation into tumour-
associated macrophages results in poor prognosis.* There is also much interest in their use
for therapeutic benefits;> however our incomplete understanding of monocyte function,

migration and differentiation has limited their potential in clinical settings.

Fate mapping can be used to track the developmental lineage of monocytes in an organism

and over recent years, these techniques have provided important insight into the roles of
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monocytes in the immune response and the development of various diseases.® Once cells
have been labelled with markers, techniques such as flow cytometry can be used to
determine where monocytes migrate to, how they differentiate and what their specific
functions are in different tissues.” For example, tracking of monocytes circulating in the
blood has revealed their migration into tissues such as lymph nodes,® the arteries,® lungs?®®
and liver.** The cellular labelling of monocytes also allows the tracking of their effectiveness
in treating diseases, which has also led to recent advances in the use of monocytes for cell
based therapies.'? Herein, this introduction discusses the concept of cellular labelling for
understanding the function of cells such as monocytes and the importance of recently

emerging multimodal cellular labels.

Functions

/ Phagocytosis

Macrophages Innate and adaptive immune
responses
Inflammation
Immunotherapies
Disease progression

N

Monocytes
Effector cells and Precursors to
macrophages and dendritic cells

Dendritic Cells

Figure 4.1 - The mononuclear phagocyte system. Monocytes are a type of leukocyte that both act
as effector cells and differentiate into macrophages and dendritic cells. Together, the three cell
types make up the mononuclear phagocyte system. These cells have diverse roles in immunity,

homeostasis and contribute to many pathological diseases.
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4.1.2 Cellular Labelling and Detection of Cells to Understand Their Function

In order to track and identify cells in a body or tissue/animal model, they require labelling
with a marker that allows for their detection. There are many existing tools for labelling cells
such as proteins, small molecules, metal complexes and nanopatrticles that have intrinsic
properties such as fluorescence. These cellular labels allow the study of cells like
monocytes with many techniques including genomic/epigenomic approaches that can map
the fate of monocyte-derived cells;***> phenotyping assays of collected cells analysed by
flow cytometry;!® 7 microscopy-based approaches for in vivo and in vitro live cell
visualisation such as intravital microscopy,® multiphoton and confocal laser scanning
microscopy;*® 2° magnetic resonance (MRI)?* and computed tomography (CT).?? Cellular
labelling is widely used in various fields of research such as cell biology,* immunology?

and regenerative medicine.?*

Cellular labelling can be done directly, by isolating the cell type of interest and labelling with
the agent ex vivo, or indirectly where specific antigens from the cell of interest are targeted
in vivo. Indirect labelling may simply involve labelling with fluorescent monoclonal
antibodies, but expression of a target antigen on other cell types and uptake by other major
organs are a major limitation of this method.?®> Genetic engineering of cells to express
fluorescent proteins such as green fluorescent protein (GFP) is the most commonly used
indirect labelling technique. These reporter genes are transfected into the cells of interest
under the control of a given promoter and for in vivo imaging with techniques such as
bioluminescence imaging, which is particularly useful in pre-clinical animal studies.?® 2" As
daughter cells inherit and express the reporter gene, there is no depletion from proliferation
and thus it allows long-term tracking. However transfection efficiency can be low, GFP
expression can vary considerably,? there is conflicting views on toxicity?® % and it is difficult

to translate into human studies due to safety and regulatory issues surrounding the
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involvement of genetic manipulation.?® Increased risk of random insertional mutagenesis

from reporter genes has been observed in previous clinical trials.3% 32

Direct labelling of cells is an alternative approach commonly used in pre-clinical and clinical
studies as there is no requirement to genetically modify cells. It is particularly useful for
tracking cell-based immunotherapies, where the patients cells are isolated and expanded
ex vivo to increase the cell population, then reintroduced into the patient for their required

action.3?

Optical imaging techniques are useful for detection of cells in both in vitro and in vivo
studies. In theory, any protein, molecule or nanoparticle with intrinsic fluorescence or
luminescence could be suitable for labelling cells for detection by optical imaging. For in
Vivo imaging, techniques such as confocal laser scanning microscopy are limited to a few
tens of micrometres owing to scattering.®* Two photon laser scanning microscopy allows
greater imaging depth, owing to the reduced scattering of long wavelength light. Two photon
excitation involves the absorption of two photons by a fluorophore, each of which
contributes half of the total energy required for excitation. For example, Miller et al.
demonstrated the use of two-photon microscopy to image T cells labelled with CFSE to

allow for live in vivo cell tracking in mice.3®

216



Sum

Figure 4.2 - Two-photon imaging of living T and B lymphocytes within an intact lymph
node in mice. Green shows CFSE-labelled T cells.

Cytometric methods such as flow cytometry and CyTOF are useful quantitative techniques
for detecting labelled cells at specific stages of development and identifying their
descendants as the organism develops.3® They can be used to determine the proportion of
descendant cells that derived from the originally labelled cells as well as allowing
simultaneous phenotypical analysis to identify the type of cell it has become (e.g.
differentiation of a labelled monocyte to a macrophage or dendritic cell). Cytometric
techniques allow in vivo studies of the development and fate of specific cell populations,
which can provide valuable information about how different cell types form and contribute
to the formation of different tissues and organs, as well as disease pathology.3” Flow
cytometry has been a central technique for furthering our understanding of monocyte
migration and function. Saban and co-workers used fate mapping to reveal that monocyte-
derived macrophages are definitively distinguishable to microglia in the retina. In mice, they
labelled both microglia and monocytes with different fluorescent reporters (GFP and red

fluorescent protein respectively) and isolated the retina for analysis. Alongside a flow
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cytometry panel with 12 phenotypical markers, they were able to distinguish different
cellular phenotypes for microglia and monocytes that had differentiated into
macrophages.® In mice, Yona et al. used a reporter gene for fate mapping to reveal the
origins and dynamics of monocytes and tissue macrophages under homeostasis. After
isolating cells from the bone marrow and blood of mice, they found that monocytes are
essential steady-state precursors of a monocyte subset that initiate alternatively activated

(M2) macrophages.**

There are several types of direct cellular labels available for flow cytometry, including
fluorescent dyes such as CFSE which can also track proliferative state,*® and fluorescent
nanomaterials such as quantum dots.*% %! There are however cellular labels that have been
specifically designed and tested for their use in CyTOF. CyTOF can measure more cellular
parameters simultaneously than flow cytometry, allowing for deeper phenotypical studies
that could provide more insight into cell differentiation and function. We hypothesise that
our EuQuinzS-AuNPs may be suitable candidates to address this shortfall, which is

discussed later.

Non-invasive clinical imaging techniques such as MRI, CT, positron emission tomography
(PET) and single photon emission CT (SPECT) are also useful for detecting labelled cells
in vivo owing to their great penetration depth through tissue to allow imaging of whole
animals. Gadolinium complexes, superparamagnetic iron oxide nanoparticles (SPIONS)
and molecules containing '°F are all useful contrast agents for MRI. Geng et al. located
mesenchymal stem cells within the brains of rats after their labelling with a Gd-DTPA
complex.*? *F-based MRI contrast agents have been used to label and detect natural killer
cells 8 days after injection,*® and macrophages in murine tumours.* SPIONS have been
studied intensively in recent years, including for stem cell*® and immune cell*® tracking, but

questions remain about their toxicity.*’
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Indium-111 is a radioactive isotope of Indium with a short half-life of 2.8 days and
complexes containing In-111 are used as imaging contrast agents in single photon emission
CT (SPECT).*® For example, Potts et al. labelled neutrophils with In-111 to show neutrophil
migration in severe alcoholic hepatitis.*® However, the short half-life and significant efflux

of In-111 complexes means that they are not suitable to longer term labelling.°

PET is a commonly used technique for cell tracking as it is superior in image quality,
sensitivity, spatial resolution, and quantification to SPECT.5! Labelled cells can be tracked
using PET when labelled with appropriate radioisotopes, such as 8°Zr, a positron (B)-
emitting radioisotope that has a relatively long half-life of 3.3 days.®> Man et al. recently
demonstrated that [8Zr]Zr-oxine is a highly suitable labelling agent for tracking white blood

cells for 1 week in an in vitro study.>®

In summary, there are many techniques that can be used to track labelled cells in order to
further understand their fate and function. However, each of these modalities has its
limitations: bioluminescence imaging and confocal microscopy are highly informative
techniques for in vitro studies, but even with two-photon excitation they suffer from limited
penetration depth in tissue. Cytometric techniques like flow cytometry allow immunological
phenotyping to reveal characteristics on proliferation, function and population
heterogeneity, but biopsy or blood samples from the region of interest are required for
analysis. Clinical techniques such as MRI and CT allow the imaging of whole organs and
animals, but their relatively lower resolution means only large clusters of cells can be
imaged.>* % Furthermore, these techniques are generally only effective for days due to
signal depletion from proliferation, or short half-life of radioactive labels. Although there are
many labelling agents available for detection of cells by each of these techniques, there is
lack of labelling agents detectable by more than one of these techniques, i.e., multimodal

labels, which will be discussed in the next section.

219



4.1.3 Multimodal Probes for Cell Labelling and Tracking

Multimodal probes are detectable by multiple modalities and are therefore more versatile
cellular labels. This allows for the combination of techniques in studies in order to maximise
their strengths and provide complimentary information. For example, a multimodal probe
could be detectable by confocal microscopy, flow cytometry and CT. Confocal microscopy
would allow single cell resolution for in vitro studies and may also be useful for high
resolution pre-clinical studies. CT would allow for whole organ/body imaging in the
subsequent clinical studies where confocal microscopy struggles with deep tissue
penetration. Flow cytometry may allow for deep immunophenotyping to reveal functional

characteristics throughout all studies.

Inorganic nanoparticles are particularly attractive agents for multimodal detection. Their
dense metal centres are often detectable by clinical imaging techniques (e.g. AuNPs for
CT, SPIONS for MRI) and their surface or core can be functionalised with moieties that
offer a secondary method of recognition. Furthermore, this concentrates any moiety
around/within the NP for dense contrast, compared to molecular probes that may be evenly
spread within a single cell. Several studies have used SPIONS as multimodal cellular

labels.®® 5" For example, Misri et al. conjugated *!In complexes and targeting antibodies to
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Figure 4.3 - MRI for tumours of mice injected with SPIONS conjugated with '1In complexes and
targeting antibodies pre injection (A), 24 (B) and 72 hours (C) post-injection. (D) shows the
intensity at the region of interest, with suppression of signal intensity most apparent at 24 hours
indicating the presence of SPIONS in tumours. Image reproduced from Misri et al.
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SPIONS and were able to show localisation of the probes in mesothelin-expressing tumours
in mice using MRI and SPECT.%8 Silica nanopatrticles have also attracted attention;*® Huang
et al. embedded a near-infrared dye, Gd-DTTA complex and Cu into mesoporous silica
nanoparticles for long-term imaging of tumour draining lymph nodes for up to 3 weeks,
using MRI, positron emission tomography (PET) and near-infrared fluorescence imaging.®°

AUNPs are also attractive candidates and will be discussed in the next section.

Multimodal imaging has also been achieved by using more than one cellular label, with
most research combining the use of reporter genes with a second clinical imaging modality.
For example, Niers et al. demonstrated that brain tumours expressing a biotinylated,
membrane-bound form of Gaussia luciferase allowed binding of SPIONS and '!In-DTPA
complexes, allowing imaging in mice by fluorescence tomographic imaging, MRI and
SPECT.*? Comenge et al. used bioluminescence and multispectral optoacoustic
tomography to detect reporter gene expression and silica-coated gold nanorods, allowing
imaging from systemic administration to tumour growth in mice.®? Jackson et al. labelled
stem cells with iron oxide and a radioligand [*'C]raclopride PET tracer to image stem cell
transplantation in rats by MRI and PET.%3 Vocht et al. used bioluminescence imaging and
MRI to image stem cells labelled with GFP and iron oxide, revealing different stem
cell’lenvironment-associated characteristics following grafting in the central nervous system
of mice.%* Kelly et al. developed a reporter gene that was capable of multimodal imaging by
engineering cells to express a td-tomato gene for fluorescence, a firefly luciferase gene for
bioluminescence, and a clinically used MRI reporter, Oatplal, that enabled the binding of
a clinically approved Gd-EOB-DTPA complex.®® This allowed the localisation and tracking

of cells in tumours.

4.1.4 Gold Nanoparticles as Multimodal Labels

Gold nanoparticles are promising candidates for multimodal imaging. As described above,

their dense gold core makes them detectable by CT. Furthermore, their surfaces can be
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24 hr

functionalised with metal complexes for detection by luminescence. As previously
described, our group has established the attachment of lanthanide and transition metal
complexes to spherical 13 and 25 nm AuNPs and applied these probes to imaging cells in

vitro.66-69

A recent study by Gunnlaugsson and co-workers demonstrated the use of europium-coated
AuNPs to image bone with two-photon excitation.”” The authors designed a tetra-
substituted macrocycle; three arms of the macrocycle were functionalised with diethyl
iminodiacetate pendant arms in order to yield a heptadentate coordination environment and
one arm was functionalised with a Ci1 thiol-terminated alkyl chain for attachment to 4 nm
AuNPs and to minimise quenching from the gold surface. Base hydrolysis of the ligand
would also afford the corresponding disodium iminodiacetate which is able to bind Ca (ll)
ions found in high concentrations in microdamaged regions of bone. The authors were able
to image microdamaged bovine bone with 3D two-photon excitation (Aexe = 750 nm)
microscopy, demonstrating for the first time two-photon excitation of lanthanide

functionalised AuNPs.

150 pm 150 ym

Figure 4.4 - Two photon excitation fluorescence microscopy of microdamaged bovine structure after

immersion with an aqueous solution of 4 nm europium-coated AuNPs for 24 hours. Image
reproduced from Gunnlaugsson et al.

As shown in Chapter 3, AuNPs are also detectable by CyTOF, which can not only allow
guantification of AUNP uptake at the single cell level, but also reveal cellular characteristics

from high parameter immunophenotyping.’ 72
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The dense gold core of AuNPs attenuate x-rays strongly and they have been utilised as

contrast agents for CT. Chhour et al. labelled monocytes with 15 nm, 11-

V:--',,:l - , _ ..
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Figure 4.5 -CT images of a mouse A) Pre-injection, B) 24 hours post injection, C) 48 hours
post injection, and D) 72 hours post injection. Melanoma-specific T cells loaded with AUNPs
accumulate at the tumour site. Image reproduced from Popovtzer et al.

mercaptoundecanoic acid coated AuNPs to track their recruitment in atherosclerosis in
mice, with monocytes found within plagues up to 5 days after treatment.?? Popovtzer and
co-workers used 20 nm, glucose coated AuNPs to label and track cancer-specific T cells
used for immunotherapy, using CT to show localisation within the tumour of mice for up to

3 days post injection.”™

4.2 Chapter Outline

Herein, | present our work concerning EuQuin,S-AuNPs as labels for mononuclear
phagocytes and we will explore their detection by CyTOF and two-photon confocal
microscopy. Unlike flow cytometry, there are currently no agents specifically designed as
intracellular labels for CyTOF experiments. It was hypothesised that the high sensitivity of
CyTOF will allow the detection of EuQuin.S-AuNPs in monocytes despite depletion of NP
content from multiple proliferation cycles, allowing the identification of labelled cells days to
weeks after their original labelling. We will also investigate the detection of EuQuin,S-
AuNPs in macrophages with TEM and two-photon confocal microscopy; the latter would

hypothetically allow for deeper tissue penetration depth in subsequent pre-clinical studies.

First | show the differentiation of THP-1 monocytes into macrophages and dendritic cells
and investigate whether pre-treatment with EuQuin,S-AuNPs has any effect on

differentiation. With THP-1 monocytes, we use ratiometric detection to validate
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guantification at high intracellular content. | then show internalisation of EuQuin,S-AuNPs
in macrophages by TEM. | then explore the cellular uptake of EuQuin,S-AuNPs in THP-1
monocytes, macrophages and dendritic cells with CyTOF at a range of concentrations. This
will not only reveal an optimal concentration dose for subsequent CyTOF experiments, but
also allow novel studies of NP uptake in these three cell types at the single cell level. We
then investigate the suitability of EuQuin,S-AuNPs as cellular labels for detecting THP-1
monocytes, some of which have been differentiated to macrophages and dendritic cells, in
CyTOF experiments. Lastly, | show the detection of EuQuin,S-AuNPs in macrophages and

HelLa cells using two-photon confocal microscopy in preliminary studies.

4.3 Results and Discussion

4.3.1 The Effect of EuQuin2S-AuNP Treatment on THP-1 Monocyte

Differentiation into Macrophages and Dendritic Cells

We have chosen to study monocytes and their differentiation into macrophages and
dendritic cells due to their interesting characteristics and because of our incomplete
understanding of their function in certain disease progression, which has led to a
subsequent lack of their use in cellular-based therapies. Furthermore, their ability to
differentiate into non-dividing macrophages and dendritic cells meant that we could study
EuQuinzS-AuNP content in more detail. Originally, we had intended to use monocytes from
patient samples but this was not possible due to a lack of availability during the COVID-19
pandemic. Instead, we have used a THP-1 monocyte cell line that has been shown as a
valuable cell line for investigating monocyte structure and function in both health and
disease.”* In this section, we show the differentiation of THP-1 monocytes into

macrophages and dendritic cells as well as the effect of EuQuin.S-AuNPs on differentiation.
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4.3.1.1 Differentiation of THP-1 Monocytes into Macrophages and Dendritic
Cells
THP-1 monocytes were differentiated into macrophages and dendritic cells following
protocols outlined by Chanput et al.” and Deng et al.”® respectively. The reagents used for
differentiation were phorbol myristate acetate (PMA), interleukin-4 (IL-4) and
lipopolysaccharide (LPS), all of which play important roles in regulating numerous
physiological functions.”” Differentiation involved 2 days of treatment with 100 ngmL? of
PMA and 2 days resting to form resting stage (MO) macrophages, followed by 2 days
stimulation with LPS to form classically activated M1 macrophages. To form mature

dendritic cells (mDC), THP-1 monocytes were treated with 20 ngmL™* PMA and IL-4 (Figure

4.6).
__PMA Macrophage LPS . Macrophage
2 days followed by 2 days resting H 2 days
THP-1 (MO, resting stage) y (M1)
Monocytes Mature
PMﬁ; :SL'4 » Immature Dendritic ;—dpai Dendritic cell
Cell (iDC) (mDC)

Figure 4.6 - Schematic to show the differentiation of THP-1 monocytes into classically activated M1
macrophages and mature dendritic cells (mDC).

In this section, we show morphological changes as evidence for THP-1 monocyte
differentiation to macrophages and dendritic cells, followed by phenotypical evidence and

the effects of EuQuin;S-AuNP on phenotype and cell death.

4.3.1.2 Morphological Changes Observed from Light Microscopy Images

Phase gradient contrast images were acquired of THP-1 monocytes before differentiation,
resting stage MO and classically activated M1 macrophages, immature (iDC) and mature
dendritic cells (mDC) to assess any changes to their morphology from stimulation by PMA/
PMA and IL-4, followed by LPS treatment. As shown in Figure 4.7, THP-1 monocytes are
suspension cells that do not adhere to the surface of the culture vessel, therefore they

appear rounded and smaller than their relatively large size.
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Figure 4.7 - Reflectance Microscopy Images of THP-1 monocytes. THP-1 monocytes

that were not subject to any stimulation for differentiation. Images were acquired on a

Zeiss Celldiscoverer 7 with a magnification of 20x and a numerical aperture of 0.9 with
phase gradient contrast. Scale bar = 50 um.

After either 2 days of treatment with 100 ng/mL of PMA and 2 days resting or 4 days
treatment with 20 ng/mL of PMA and 20 ng/mL of IL-4, THP-1 monocytes had differentiated
into resting stage macrophages (MO, Figure 4.8) and immature dendritic-like cells (iDC,
Figure 4.8) respectively. Phase gradient contrast images revealed both cell types had
adhered to the culture plate surface, unlike their THP-1 precursors. The macrophage-like
cells had generally retained their globosity but appear larger in size due to their adherence
to the culture plate. The dendritic-like cells had elongated, displaying multiple cytoplasmic
projections, and had generally lost their globosity. After 2 days stimulation with LPS,
maturation to classical M1 macrophages (Figure 4.8) and mature dendritic-like cells (Figure
4.8) was observed. The M1 macrophages appeared similar in morphology to their MO
precursors, and the mature dendritic-like cells displayed an increased number of
cytoplasmic projections. Although these images were acquired with cells that were not

subject to EuQuin,S-AuNP treatment, EuQuin,S-AuNP treated THP-1 monocytes (2 nM, 4
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hours) were identical to the morphologies described when viewed under the microscope

during their culture.




Figure 4.8 - Reflectance microscopy reveals morphological changes of THP-1 to macrophage and

dendritic-like cells. THP-1 cells were subjected to differentiation conditions and reflectance images

were taken at each stage of the process. Images were acquired on a Zeiss Celldiscoverer 7 with a
magnification of 20x and a numerical aperture of 0.9 with phase gradient contrast. Scale bars = 50 um.
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4.3.1.3 The Effect of EuQuin2S-AuNP Treatment on Phenotypical Changes
During THP-1 Monocyte Differentiation

To further characterise the cells differentiated from THP-1 monocytes, cells treated with
RPMI media containing EuQuin2S-AuNPs (2 nM) for 4 hours prior to cell stimulation and
compared to a non-treated control to assess the impact of nanoparticle uptake on cell
differentiation and phenotype. Cells were then stained with fluorescent antibodies and their
cell surface marker expression was measured by flow cytometry. Flow cytometry was used
for this experiment rather than CyTOF due to the availability of antibodies for studying cell

surface marker expression.

Live, single cells were identified by a conventional gating strategy (see appendix 4.7.1).
The size and granularity of M1 macrophages and mDCs appeared to decrease with respect
to monocytes which was expected as monocytes are the largest type of leukocyte.! Low
cell death was observed in the undifferentiated THP-1 monocytes but differentiation of THP-
1 monocytes to M1 and mDCs caused cell death in 40% and 50% of each cell type
respectively. There was however no clear change in cell survival induced by

EuQuin,S-AuNP treatment.
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Figure 4.9 - EuQuinzS-AuNP treatment of THP-1 cells prior to differentiation does not increase
cell death. Cell survival assay of EuQuin2S-AuNP treated and non-treated control THP-1
monocytes, M1 macrophages and mature dendritic cells (mDC) measured by flow cytometry.
Each bar represents the mean number of live cells, error bars = range (N=2).
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In both EuQuin,S-AuNP treated and negative control samples, an increase in expression
of CD14 associated with macrophages and dendritic cells was observed for M1 and mDC
cells (Figure 4.10), as shown in previous studies.”® The expression of CD11c, a marker
commonly used to define dendritic cells,” increased in both mDCs and M1 cells (Figure
4.10). CD68 expression increased greatly in M1 — in agreement with a study by Ramprasad
et al. — and an even further increase in mDC was observed (Figure 4.10).8° CD80, a cell
surface marker present specifically on macrophages, DCs, T-cells and B-cells,®! increased
in expression greatly in both M1 and mDC (Figure 4.10). CD11lc, CD14 and CD80
expression agree with Wichers study on THP-1 maturation to M1 and mDCs.”® Lastly, the
expression of HLA-DR, a major histocompatibility complex (MHC) class |l receptor found
on antigen presenting cells (APCs) increased by around two-fold in both M1 and mDC
(Figure 4.10). Histogram plots of each cell surface marker for each population reveal a
distinct increase in expression of each marker studied for both M1 and mDCs in the majority
of the cell population (Figure 4.10), with the exception of HLA-DR, where expression is

increased to a lesser extent.

In general, treatment with EuQuin,S-AuNPs led to comparable increases in cell surface
marker expression but some minor discrepancies were observed. CD11lc and CD14
expression appears to be suppressed in EuQuin,S-AuNP treated THP-1 monocytes,
highlighted further in the contour plot (Figure 4.11). EuQuin.S-AuNPs appeared to elevate
CD14, CD68 and CD80 expression in M1 macrophages, as well as CD68 and CD80 in
mDCs. However, as this experiment was only carried out with 2 independent tests for each
sample type, it is not possible to carry out statistical analysis to evaluate whether these

differences are significant.

In summary, there is clear morphological and phenotypical evidence that stimulation of
THP-1 monocytes to M1 macrophages and mature dendritic cells has been successfully

achieved through stimulation with PMA, IL-4 and LPS under the conditions noted.
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Treatment of THP-1 monocytes with 2 nM EuQuin.S-AuNPs prior to the differentiation
process does not appear to have a significant impact, and causes no increase in cell death,
though more independent repeat experiments would be needed to confirm whether any

small effects on cell surface marker expression are statistically significant.
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Figure 4.10 - Flow cytometry reveals macrophage and dendritic-like phenotypical changes in
NP treated and non-treated THP-1 cells. Cell surface marker expression of EuQuin,S-AuNP
treated and non-treated control THP-1, M1 macrophages and mature dendritic cells (mDC).
Samples were stained with fluorescent antibodies and the median fluorescence intensity
(MFI) was measured by flow cytometry. The results represent the mean MFI  range from 2
independent experiments. Blue = treated with 2 nM EuQuin2S-AuNPs for 4 hours prior to
treatment, grey-dashed = no EuQuin,S-AuNP treatment (non-treated control).
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Figure 4.11 - Contour plots of CD11c vs CD14 cell surface marker expression of
THP-1 monocytes, M1 macrophages and mature denritic cells (mDC) treated with
EuQuinzS-AuNPs for 4 h [2 nM] vs. untreated control. Samples were stained with
fluorescent antibodies and the fluorescence intensity was measured by flow cytometry.
One representative contour plot from each sample type shown. Treated = treated with
2 nM EuQuin2S-AuNPs for 4 hours prior to treatment, non-treated control = no
EuQuin2S-AuNP treatment.
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4.3.2 Studying EuQuin2S-AuNP uptake by TEM in M1 Macrophages

To confirm that NPs were internalised by cells, transmission electron microscopy images
of M1 macrophages were acquired after EuQuin.S-AuNP treatment. After differentiation of
THP-1 monocytes to classically activated M1 macrophages, cells were treated with
EuQuin2S-AuNPs at a final concentration of 1 nM for 16 hours. It is worth noting that this is
a longer incubation time than used in CyTOF experiments. Cells were then washed and
prepared for TEM analysis as described in 3.10.9. Small clusters of EuQuin,S-AuNPs were
found within ultra-thin sections of multiple M1 macrophages. Higher magnification images
suggest that these agglomerates of NPs are within vesicle-like structures in the cytoplasm.
Previous studies by the group have shown that metal-complex coated nanoparticles are
taken up by endocytosis pathways.® The discovery of these NPs exclusively in vesicle like
structures suggests that EuQuin,S-AuNPs are taken up by endosomal mechanisms. From
the images taken, there was no evidence of any NPs inside the nucleus, cytoplasm, or any
other organelles such as mitochondria at a timepoint of 16 hours. No EuQuin,S-AuNPs
were found externally bound to the surfaces of any cells imaged. An average diameter of
13.8 nm was determined from size analysis; consistent with measurements determined
from TEM images of EuQuin,S-AuNPs in solution. More images of EuQuin,S-AuNPs

contained within M1 macrophages can be found in the appendix (4.7.2).
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Figure 4.12 - Transmission electron microscopy images reveal endocytotic uptake
pathway and intracellular localisation of EuQuin,S-AuNPs in vesicles. TEM images of
sections of M1 macrophages treated with EuQuin,S-AuNPs for 16 hours at a

concentration of 1 nM.
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4.3.3 Uptake of EuQuin2S-AuNPs in Mononuclear Phagocytes

In this section, data concerning the cellular uptake of EuQuin,S-AuNPs in THP-1
Monocytes, M1 Macrophages and Mature Dendritic Cells measured with CyTOF is
reported. We treated each cell type with EuQuin.S-AuNPs for 4 hours at different
concentrations in order to study uptake and also determine an optimal concentration for
CyTOF cell labelling experiments later in this chapter. Different treatment concentrations
were used for each cell type because pilot experiments revealed different uptake kinetics
in each case. However, after the data from each cell type is shown, EuQuin,S-AuNP uptake
is compared at 0.3 nM in each cell type. Like in chapter 3, we generally use median

averages due to the non-normally distributed nature of the data.
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Figure 4.13 - Schematic representation of analysing the cellular uptake of EuQuin2S-AuNPs with CyTOF,
the results of which are discussed in this section.
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4.3.3.1 THP-1 Monocytes

THP-1 monocytes were treated with EuQuin.S-AuNPs for 4 hours at NP concentrations
ranging from 0.2-2 nM. Cells were then prepared for CyTOF analysis to study their cellular
uptake. A cisplatin viability assay was used to discriminate between live and dead cells;
92% of cells were live in a non-treated control sample and between 88-93% of cells were
live in EuQuIin2S-AuNP treated samples (Figure 4.14). We concluded from this data that NP

treatment had no effect on cell death during the experiment.
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Figure 4.14 - The number of live THP-1 Monocytes at each
EuQuin2S-AuNP treatment concentration.

After single cell gating and determining the number of EuQuin,S-AuNPs per cell by
conversion of the mean dual counts with data from instrument calibration, the median
number of NPs per cell was used to analyse the average uptake at each treatment
concentration. It was found the median number of NPs per cell increased proportionally (R?
= 0.999) with increasing concentration from 22 EuQuin,S-AuNPs per cell at 0.2 nM to 241
at 2 nM (Figure 4.15). This low uptake may be explained by a study by Chhour et al., where
they studied the uptake of PEG coated AuNPs with a terminal carboxylic acid group in a

RAW 264.7 monocyte cell line.®? They found that the cellular uptake of smaller, 15 and 25
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nm PEG-COOH AuNPs in monocytes was very low compared to larger 50 and 75 nm

AuNPs.
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Figure 4.15 - Median uptake of EuQuin2S-AuNPs in THP-1 Monocytes after
incubation for 4 hours at concentrations ranging from 0.2-2 nM.

Median NPs per cell

To show the heterogeneity in uptake across THP-1 monocytes at each incubation
concentration, first the °”Au mean dual counts determined from CyTOF analysis of
EuQuin2S-AuNP uptake were plotted as an overlayed logarithmic histogram on FlowJo
(Figure 4.16). Unlike the analysis shown in Chapter 3 regarding EuQuin.S-AuNP uptake in
HeLa cells where uptake across the cell population was log-normally distributed, a small
subset of THP-1 Monocytes, ranging from 7-10% of the overall population in each sample,
had a much higher uptake than the larger population. The data was then transformed to the
number of EuQuin,S-AuNPs per cell and the main larger population and the small subset
population were plotted as linear histograms (Figure 4.16). The large population of cells did
not closely match a log-normal distribution fitted to the data like HelLa cells (data shown in

the appendix (4.7.3).
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Figure 4.16 - Logarithmic histogram overlay of the 1°”Au mean dual counts associated with THP-1
Monocyte populations treated with EuQuin2S-AuNPs at concentrations ranging from 0.2-2 nM for 4
hours. Darker colour represents increase in incubation concentration. Horizontal gate lines
represent minor (7-10% of overall population) and major population with lower and higher uptake
respectively (top). After converting the mean dual counts signal to number of EuQuin2S-AuNPs, the
number of NPs per cell was plotted in histograms on a linear scale at each incubation
concentration, bottom left panel shows the main cell population uptake and bottom right panel
shows the small subset with higher NP uptake. Count (y axis) refers the number of cells in each bin
corresponding to its NP content.
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The median number of EuQuin2S-AuNPs per cell in the main population increased linearly
(R? 0.995) from 16 to 247 with increasing concentration from 0.2-2 nM. Interestingly, in the
small subset population, the median number of EuQuin,S-AuNPs per THP-1 monocyte

ranged from 1501 to 1724 and did not increase as concentration increased (Figure 4.17).
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Figure 4.17 - The median number of EuQuin,S-AuNPs per THP-1 monocyte after
treatment for 4 hours at 0.2-2 nM in (a) the main population and (b) the subset
population outlined in Figure 4.16.

Although the signal in the ®’Au channel is within the limits of detection of the CyTOF
instrument, the *3Eu signal from EuQuin,S-AuNPs was also analysed for comparison.
From analysis of the number of EuQuin.SH complexes per AuNP calculated from the
calibration, a *’Au:*>3Eu of 89:1 was calculated. After accounting for the °’Au:'**Eu ratio,
the number of EuQuin,S-AuNPs per cell determined from the >*Eu channel ranged from
1072 to 1634, but also did not increase linearly with concentration, although the population
with a 2 nM treatment had the highest uptake (Figure 4.18). Although there is a greater
variation between each concentration, these values are in broad agreement with the
magnitude calculated from the °’Au signal. Further studies are required to understand why

EuQuin,S-AuNP uptake does not increase in this small subset population.
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Figure 4.18 - The median number of EuQuin2S-AuNPs per THP-1
monocyte calculated using signal from the 153Eu channel after treatment for
4 hours at 0.2-2 nM ] the subset population outlined in Figure 4.16.

In order to gain some understanding into the heterogeneity of EuQuin,S-AuNP uptake, the
phenotype of EuQuin,S-AuNP treated THP-1 monocytes was analysed by flow cytometry.
Analysis revealed that 5% of THP-1 cells were CD80+ and 9% were CD68+, as well as

13% HLA-DR+ (Figure 4.19).
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Figure 4.19 - Expression of macrophage cell surface markers in subset THP-1 monocyte population
may explain high NP uptake in small subset of population. SSC-A vs. CD68, CD80 and HLA-DR
contour plots of a THP-1 monocyte population. Cells were stained with fluorescent antibodies and
analysed by flow cytometry.
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These cell surface markers are characteristic of macrophages that are known to have a
higher phagocytic rate than monocytes,®® 8 suggesting that more nanoparticles may be
taken up by endocytosis in this population subset during EuQuin.S-AuNP treatment. The
prevalence of high expression of CD80 (5%), CD68 (9%) and HLA-DR (13%) are similar to
the size of the subset of population with high uptake (7-10%). This could suggest that this
subset of cells are more macrophage-like, which may explain their higher uptake. Future
studies could incorporate cell surface markers for CD80, CD68 and HLA-DR into the same
CyTOF experiment to directly study their phenotype, however the development of a larger

CyTOF panel was not possible within the timeframe of this work.

4.3.3.2 M1 Macrophages

After treatment of M1 macrophages with EuQuin2S-AuNPs for 4 hours at NP concentrations
ranging from 0.05-0.6 nM, nanoparticle uptake was analysed by CyTOF. 78-84% of cells
studied were live, a higher relative percentage with respect to viability studies in 4.3.1.3. No
correlation between cell death and NP treatment concentration were observed (Figure

4.20).
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Figure 4.20 - The number of live M1 macrophages at
each EuQuinzS-AuNP treatment concentration.
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The median number of NPs per cell increased proportionally with NP treatment
concentration from 176 to 1670 (R? = 0.990), much higher than observed with THP-1
monocytes. This agrees with a previous uptake study with macrophage and monocyte
precursors with AuNPs.% At 0.05 and 0.1 nM treatments, 3% and 1.7% of cells contained
no EuQuin2S-AuNPs (Figure 4.21).
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Figure 4.21 - Median uptake of EuQuin2S-AuNPs in M1 macrophages after
incubation for 4 hours at concentrations ranging from 0.2-2 nM.

The number of EuQuin.S-AuNPs per cell was then plotted as a linear histogram, revealing
that there were two distinct populations — a population with high NP content that
represented 54-66% of the total number of cells, and a population with lower NP content
making up 34-46% of cells (Figure 4.22). The median number of EuQuin.S-AuNPs per cell
increase linearly from 24 to 189 (R? = 0.995) and from 771 to 2442 (R? = 0.961) in each
respective high and low uptake population at each concentration (Figure 4.23). This is unlike
the observation in the THP-1 monocyte high uptake subset, where uptake did not increase
with concentration. Phenotyping by FACS indicated that around 70% of the population was
CD68+, which could suggest that not the whole cell population is behaving like

macrophages, explaining their lower uptake. This is discussed further in section 4.3.3.4.
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Figure 4.22 - Linear histograms of the number of EuQuin2S-AuNPs per M1 macrophage after
treatment for 4 hours at concentrations ranging from 0.05-0.6 nM. Percentage indicates the
number of cells that had a much higher uptake at each concentration. Count (y axis) refers the
number of cells in each bin corresponding to its NP content.
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Figure 4.23 - The median number of EuQuin2S-AuNPs per M1 macrophage in the population with low (left) and
high (right) uptake at each treatment concentration.
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4.3.3.3 Mature Dendritic Cells (mDCs)

After treatment of mDCs with EuQuin,S-AuNPs for 4 hours at NP concentrations ranging
from 0.017-0.4 nM, nanoparticle uptake was analysed by CyTOF. Only 52-63% of cells
were alive (Figure 4.24), but no increase in cell death was observed from EuQuin,S-AuNP
treatment at any of the concentrations tested. The high amount of cell death is likely due to
the stress of the differentiation process during cell culture and is similar to the observed
fraction of dead cells found from FACS experiments in 4.3.1.2.
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Figure 4.24 - The number of live mDCs at each EuQuin2S-AuNP after
4 hours treatment at concentrations ranging from 0.017-0.4 nM.

In live, single cells, EuQuin,S-AuNP uptake increased proportionally with increasing
concentration (R? = 0.995) from 7 at 0.017 nM to 265 at 0.4 nM (R? = 0.995, Figure 4.25).
At 0.017 and 0.033 nM treatments, 56% and 34% of mDCs contained no EuQuin,S-AuNPs
(Figure 4.25). At 0.067 nM treatment concentration, 95% of mDCs contained EuQuin,S-

AuNPs and 100% of mDCs contained EuQuin,S-AuNPs at 0.2 and 0.4 nM.
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Figure 4.25 - The percentage of mDCs containing EuQuin2S-AuNPs (left) and the median number of
EuQuinzS-AuNPs per mDC after 4 hours treatment at concentrations ranging from 0.017-0.4 nM.

Linear histograms of the number of EuQuin,S-AuNPs per mDC were then plotted to show
the distribution of NPs within the population (Figure 4.26). Although there was a large
variation in NP uptake, there was no apparent 2" population of cells with a much larger
uptake as was observed in THP-1 monocytes and M1 macrophages. As one distinct
population was observed, a log-normal distribution was fitted to the histograms. This
distribution fitted well, demonstrating that EuQuin.S-AuNP uptake in an mDC population
differentiated from THP-1 monocytes is best described by a log-normal distribution, similar

to HelLa cells.
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Figure 4.26 - Linear histograms of the number of EuQuin2S-AuNPs per mDC at each treatment
concentration. NOTE: varying x-axis scale to highlight uptake at low concentration. Count (y axis)
refers the number of cells in each bin corresponding to its NP content.
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4.3.3.4 Comparing EuQuin2S-AuNP uptake in THP-1 Monocytes, M1
Macrophages and Mature Dendritic Cells

So far in this section, we have shown the distribution of EuQuin.S-AuNPs in three types of

mononuclear phagocytic cells at the single cell level. After a 4-hour treatment with

EuQuin2S-AuNPs at a range of concentrations, THP-1 monocytes, M1 macrophages and

mDCs each showed distinctly different uptake dynamics. Here, we compare the cellular

uptake of EuQuin.S-AuNPs in each cell type at a EuQuin,S-AuNP concentration of 0.4 nM.

CyTOF analysis revealed, over the whole population for each cell type, there was a stark
difference in cellular uptake between each type of mononuclear phagocyte. THP-1
monocytes had the lowest average uptake with a median of 36 EuQuin.S-AuNPs per cell.
mDCs had a median uptake 265 and M1s had a much higher median uptake of 1200

EuQuinzS-AuNPs per cell (Figure 4.27).
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Figure 4.27 - Comparison of the median number of EuQuin2S-AuNPs per cell in THP-1 monocytes, M1
macrophages and mature dendritic cells (mDCs) after NP treatment at a concentration of 0.4 nM for 4 hours.
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Next, the histogram outline of each cell type was overlayed (Figure 4.28). Note that this
histogram is plotted on a logarithmic scale with logarithmic binning in order to more easily
visualise the wide dynamic range in uptake, so the size of each population appears different
to those presented earlier in this section due to the logarithmic binning used.® As NP uptake
within each cell population was highly heterogeneous, there is a large overlap in their
respective NPs per cell histograms. In particular, the small subset of THP-1 monocytes with
high uptake has a similar uptake to the M1 macrophage population with high uptake, which
is mirrored in their subset median values of 1724 and 1931 EuQuin2S-AuNPs per cell
respectively (Figure 4.29). This supports the hypothesis that this subset of THP-1

monocytes has macrophage like behaviour and phenotype, as discussed in 4.3.3.1.

Additionally, the subset of M1 macrophages with lower uptake had a similar median uptake
(235) of EuQuin2S-AuNPs to mDCs (265). This may suggest that this population of M1
macrophages behave more like mDCs, which may also be supported by the microscopy
images of M1 macrophages in 4.3.1.2 that revealed dendritic cell-like elongation and
cytoplasmic projections in some M1 macrophages. This is further supported by some high
level of CD11c expression shown in 4.3.1.3, a marker commonly used to define dendritic

cells.”

We have already discussed in 4.3.3.1 that the low uptake in THP-1 monocytes may be due
to the small size of our EuQuin.S-AuNPs, given Chhour et al.’s size dependent study.®? A
study by Oh et al. also showed higher uptake of 10, 20 and 40 AuNPs in U937 cells
differentiated into macrophages than in their undifferentiated monocyte counterparts, in
agreement with our work.® Studies by Lutsiak et al. and Yang et al. have both previously
shown similar levels of NP uptake in both macrophages and dendritic cells with 500 nm
polymeric NPs and 3 nm amphiphilic NPs respectively.”* 8 However, other studies have
shown that uptake in macrophages is highly dependent on protein corona and NP surface

charge, so these studied may not be useful for comparison.®® & Furthermore, both of these
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studies used leukocytes directly isolated from mice rather than human cell lines used in our

work.
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Figure 4.28 - Logarithmic histogram overlay of the number of EuQuin.S-AuNPs per cell in
THP-1 monocyte, M1 macrophage and mDC populations after NP treatment for 4 hours at a
concentration of 0.4 nM. Count (y axis) refers the number of cells in each bin corresponding
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In summary, we have here shown the uptake of EuQuin.S-AuNPs in THP-1 monocytes and
M1 macrophages and mDCs. Cellular uptake followed the trend: M1 macrophages > mDCs
> THP-1 monocytes. This is the first study of its kind where a human monocytic cell line
has been used to produce differentiated macrophages and dendritic cells. Furthermore,
single cell analysis revealed the high heterogeneity in uptake and similarities in uptake
between subsets of each cell population. This was attributed to morphological and
phenotypical heterogeneity in each population. However, a full CyTOF phenotyping panel

is needed within these experiments to confirm correlations between phenotype and uptake.

4.3.4 EuQuin2S-AuNPs as Cellular Labels for Detecting THP-1 Monocytes
and their Differentiation into M1 Macrophages and Dendritic Cells with

CyTOF

There is a requirement for multimodal, long-term cell tracking agents to understand
monocyte migration and their differentiation into cells such as macrophages and dendritic
cells. We hypothesise that our luminescent EuQuin.S-AuNPs, detectable by CyTOF — a
highly sensitive technique — will be detectable within cells after multiple proliferation cycles.
In this section, we assess the use of EuQuin.S-AuNPs as cellular labels for detecting THP-1
monocytes over extended time periods. We first treat THP-1 monocytes with
EuQuin,S-AuNPs and assess their initial uptake. We then investigate the depletion of
EuQuin2S-AuNP content in THP-1 monocytes that were allowed to proliferate for 276 hours
after initial EuQuin.S-AuNP treatment. We also differentiate some EuQuin,S-AuNP treated
THP-1 monocytes into M1 macrophages and mDCs and assess their EuQuin,S-AuNP
content over time. This is because we are interested in the ability of EuQuin,S-AuNPs to
label monocytes and detect them in sites of interest, were they to be used as multimodal

labels in pre-clinical studies to help understanding of monocyte migration, fate and function.
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The results from these experiments are shown before a general discussion of their

implications.

B
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Figure 4.30 - Here, we use CyTOF to assess the content of EuQuin2S-AuNP treated THP-1 monocytes

Differentiation

under two conditions: as proliferative THP-1 monocytes not subject to differentiation, or THP-1 monocytes

that have been differentiated into M1 macrophages and dendritic cells. This will test our hypotheses

regarding the suitability of EuQuin2S-AuNPs as cellular labels in CyTOF experiments for applications such

as cell tracking.
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4.3.4.1 Initial uptake of EuQuin2S-AuNPs

THP-1 monocytes were treated with EuQuin>S-AuNPs for 4 hours and their NP content was
analysed by CyTOF. Due to the relatively low uptake observed in THP-1 monocytes in
4.3.3.1, the highest treatment concentration of 2 nM was chosen for this work. From CyTOF
analysis, the median number of EuQuin,S-AuNPs per cell was 226, in very close agreement
with 241 NPs per cell determined from our previous study. 12% of the overall population
had significantly higher uptake (median NPs per cell = 2986) than the major population
(median NPs per cell = 193). As discussed previously, an independent flow cytometry
experiment revealed that this could be due to a small subset of the THP-1 population

expressing macrophage phenotype.
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Figure 4.31 - EuQuin2S-AuNP distribution in a THP-1 cell population. Logarithmic histogram of 1%’Au counts
from EuQuinzS-AuNPs treated THP-1 cells (4h incubation, 2 nM) analysed by CyTOF, with gates denoting
minor and major populations (left), the number of nanoparticles per cell of major (top right) and minor (bottom
right) populations. Count (y axis) refers the number of cells in each bin corresponding to its NP content.

After this initial incubation, cells were cultured under standard cell culture conditions
described in 4.5.1 for a further 276 hours and analysed for their EuQuin>S-AuNP content

every 48 to 72 hours.
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4.3.4.2 The Detection of EuQuin2S-AuNPs in Non-Differentiated THP-1
Monocytes Over Multiple Proliferation Cycles
After the original 4-hour incubation, THP-1 cells were cultured for a further 276 hours under
standard cell culture conditions. At 48, 120, 168, 216 and 276 h timepoints their NP content
was analysed. Cell death did not increase during the experiment — the number of live cells
was 91-96% at each time point compared to 96% in a non-treated control sample. This is
further evidence that labelling THP-1 monocytes with EuQuin.S-AuNPs does not cause cell
death, as also shown previously in 4.3.1.3. Plotting an overlayed histogram revealed that
the number of EuQuin;S-AuNPs per THP-1 monocyte population decreased over time in
the major population (Figure 4.32). A logarithmic scale was chosen for this for clearer
visualisation of the wide dynamic range of EuQuin.S-AuNP content; however, the minor
population retained a high NP content over all time points tested. We studied the number
of EuQuin,S-AuNPs per THP-1 monocyte in this minor population, calculated from °’Au
and 3Eu signal from the NPs. From the '°’Au signal, the number of EuQuin,S-AuNPs per
cell decreased from 2987 + 674 to 2669 + 754 NPs per cell at 0 and 276 hours respectively
(x SD). From the *3Eu signal, the number of EuQuin,S-AuNPs per cell decreased from
3415 + 1274 to 2658 + 1290 at 0 and 276 hours respectively (£ SD), but there is no obvious
correlation between time and decrease of EuQuin,S-AuNP content in this minor population
over the time points. *”Au and **3Eu CV did not increase over time in the minor population
(Figure 4.32), indicating that this subset of the population is not proliferative.®® This theory
is further supported by the decreasing proportion of total cells this subset represents as the
overall cell count increased from the main monocyte-like THP-1 cells divide over this time
(Figure 4.32). Additionally, macrophages derived from THP-1 cells have been shown to
have minimal proliferative activity,®® which may explain why this subset population (that
likely has macrophage phenotype) does not appear to proliferate. Due to the evidence that

this population of cells with high uptake is not proliferative and our interest in assessing
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EuQuin.S-AuNP detection in proliferating THP-1 monocytes, the population was discarded

from the rest of analysis in this experiment.
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Figure 4.32 - Logarithmic histogram overlay of the number of NPs in THP-1 cell populations analysed by CyTOF at 0, 48, 120, 168, 216 and
276h timepoints (top); the percentage of the overall number of THP-1 cells in each sample that had high uptake (minor population) (middle left);
median number of EuQuin,S-AuNPs per cell of the minor population at each time point tested determined from analysis of *>3Eu (red squares)
and ¥7Au (black dots) signal (middle right). Error bars represent SD; 1’Au and 53Eu CV values at each timepoint of the experiment (bottom).

256



The number of EuQuin.S-AuNPs per cell in the main THP-1 monocyte population
decreased across the whole population at each time point as shown in the logarithmic
histogram (Figure 4.33). After 276 hours, the median humber of EuQuin,S-AuNPs was 2.5
in cells that still contained NPs and O across the whole THP-1 monocyte population,
demonstrating the high amount of NP depletion. The CV increased significantly during the
experiment from 91% at O hours to 481% at 276 hours (Figure 4.33), suggesting that

EuQuinS-AuNP inheritance between daughter cells is highly asymmetric.*®
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Figure 4.33 - Histogram overlay of the number of EuQuin2S-AuNPs per THP-
1 monocytes in the dividing population analysed by CyTOF at 0, 48, 120,
168, 216 and 276h timepoints. Data plotted as a logarithmic histogram.
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Figure 4.34 - The coefficient of variation (CV, %) of EuQuin2S-
AuNPs per THP-1 monocyte at each timepoint in the experiment.
Increase in CV suggests asymmetric inheritance of NPs between

daughter cells after cell division.

Next, the number of THP-1 monocytes containing EuQuin,S-AuNPs was studied. The
number of THP-1 monocytes containing EuQuinS-AuNPs dropped from 100% at O hours

to just 29% after 276 hours (Figure 4.35).
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Figure 4.35 - The number of cells containing EuQuin2S-AuNPs at
each timepoint in the experiment.

We then analysed the median number of EuQuin,S-AuNPs per THP-1 monocyte at each

time point, finding that the median decreased over time from 193 at Oh to 0 at 276h (Figure
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4.37). To determine whether the reduction in NP content was due to predominantly cell
division or exocytosis, we compared EuQuin2S-AuNP content to the number of cell divisions
that occurred during the experiment, as shown in 3.8.2.4. Due to time restraints, the
CFSE/Anti-FITC proliferation dye used in chapter 3 could not be incorporated into the
experiment. Instead, we manually counted cells at each timepoint of the experiment. It is
worth noting that although in Chapter 3 we suggested that manual cell counting with have
a high amount of associated error, we hypothesise that in this experiment will be a much
lower associated error. This is because all cells were cultured in a single flask so there is
no discrepancy between the original number of cells in each sample like in 3.8. Figure 4.36
shows the average number of cell divisions that had occurred at each time point of the
experiment. A total number of 4.6 cell divisions occurred over the 276-time period and there
is no apparent change in the rate of cell division. This is likely because the cells were
maintained at the optimal concentrations for cell division for the duration of the experiment,

preventing a saturation phase commonly observed in growth curves of cells in culture.
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Figure 4.36 - The average number of cell divisions determined
from manual cell counting during culture of EuQuin2S-AuNP
treated THP-1 monocytes for 276 hours.

ofe

An overlay of the number of EuQuin.S-AuNPs per cell observed in CyTOF experiments
compared to the number of EuQuin,S-AuNPs that would theoretically be expected if

depletion was solely due to cell division is shown in Figure 4.37. After 48 hours, 104
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EuQuin,S-AuNPs per cell were found by CyTOF, 86% of the theoretical value of 121. At
120 hours, 26 EuQuin>S-AuNPs per cell were found, just 46% of the theoretical value. By
168 and 216 hours, 14% and 12% of the theoretical value remained, respectively. At 276
hours, 71% of THP-1 monocytes contained no EuQuin,S-AuNPs, so the median was 0 and
can’t be plotted on a logarithmic axis. This suggests that exocytosis is also playing a major

role in depletion of EuQuin.S-AuNPs from THP-1 monocytes.
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Figure 4.37 - The observed (black squares) median number of EuQuin2S-AuNPs per THP-1
monocyte compared to the theoretical (red dots) values calculated from determination of the
number of cell divisions, assuming that NP depletion is exclusively due to cell division. Plotted
on a logarithmic scale due to the exponential nature of cell division.

So far we have primarily chosen to use median averages as they are less skewed by
outliers (or in our case cells that contain high numbers of NPs) so better represent the non-
normal distribution of NPs within cell populations.®? However, due to the high number of
cells containing no EuQuin,S-AuNPs at late timepoints in this experiment, the mean
number of EuQuin,S-AuNPs is also examined. The mean number of EuQuin,S-AuNPs per

THP-1 monocyte after initial treatment was 288. This dropped to 153 after 48 hours (85%
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of theoretical value), 45 at 120 hours (54% of theoretical value), 19 at 168 hours (44% of
theoretical value), 11 at 216 hours (44% of theoretical value) and 6 after 276 hours (40%

of theoretical value) (Figure 4.38).
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Figure 4.38 - The observed (black squares) mean number of EuQuin2S-AuNPs per
THP-1 monocyte compared to the theoretical (red dots) values calculated from
determination of the number of cell divisions, assuming that NP depletion is
exclusively due to cell division. Plotted on a logarithmic scale due to the exponential
nature of cell division.

Figure 4.39 shows the proportion of EuQuin2S-AuNP depletion from cell division and
exocytosis from the median and mean averages. Cell division is responsible for 86% and
85% of NP depletion after 48 hours and 46% and 54% at 120 hours, according to median
and mean values respectively. At 168 and 216 hours, the median and mean values deviate
slightly; median values suggest exocytosis is responsible for 86% and 88% of NP depletion,
but the mean values suggest that exocytosis is responsible for 56-60% of NP depletion.
The median value for 276 hours was discarded as the value was 0 when in fact 29% of

cells still contained EuQuin.S-AuNPs. This data suggests that in THP-1 monocytes over
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this time period, exocytosis is playing a significant role in the depletion of EuQuin.S-AuNPs,

unlike the experimental data for HeLa cells seen in 3.8.
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Figure 4.39 - Method of EuQuin2S-AuNP depletion (exocytosis or cell division) at each time point using median
(left) and mean (right) averages. The median value for 276 hours was discarded as the value was 0 when in fact
29% of cells still contained EuQuin2S-AuNPs.

4.3.4.3 The Detection of EuQuin2S-AuNPs in THP-1 Monocytes Differentiated
into M1 Macrophages and Mature Dendritic Cells
We next assessed the capability of detecting THP-1 monocytes labelled with
EuQuin2S-AuNPs after their differentiation to M1 macrophages and mDCs. After initial
treatment with EuQuin.S-AuNPs (4h, 2 nM) as described above, THP-1 cells were cultured
for a further 30 hours before undergoing differentiation to M1s (N=2) and mDCs (N=2) under
conditions previously described (4.5.2). After the 6-day process, the NP content and viability
of the cell populations were analysed by CyTOF, 168 hours (or 7 days) after their initial NP
treatment. After 168 hours, an average of 84% and 71% of M1 macrophages and mDCs
were found to be alive, higher than previously observed from previous analyses in 4.3.1.3

and 4.3.3, again supporting the theory that EuQuin,S-AuNPs are not increasing cell death

262



in this time period. The distribution of EuQuin,S-AuNPs after initial treatment and in M1

macrophages and mDCs after 168 hours is shown in linear histograms below (Figure 4.40).

2000
. [ 1THP-1]
1500 - ML
"g ]
3 1000 -
o 4
500 -
01
0 200 400 600
2500
2000 M1
€ 1500
3
S 1000-
500
o- , :
400 600
3000 - I mDC
S 2000 -
8 )
1000 -
0 - - -
400 600
NPs per cell

Figure 4.40 - Linear histograms representing the number of EuQuin2S-
AuNPs per THP-1 monocyte (orange) after initial treatment and after their
differentiation to M1 macrophages (red) and mDCs (purple). Count (y axis)

refers the number of cells in each bin corresponding to its NP content.

EuQuin.S-AuNPs could still be detected in 99% of M1 macrophages and 98% of mDCs,
and the median number of NPs per cell decreased from 193 after the initial incubation
period to 89 + 25 in M1 macrophages and 63 + 2 (+ range of 2 measurements) in mDCs,
representing 46% and 35% of the initial median uptake respectively. This compares to a
median value of 4 EuQuin,S-AuNPs per cell in non-differentiated THP-1 monocytes when

73% of cells contained NPs (Figure 4.41).
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Figure 4.41 - The median number of EuQuin2S-AuNPs per THP-1 monocyte (non-
differentiated) and those differentiated to M1 macrophages and mDCs, 168 hours after
initial treatment. Brackets denote the percentage of cells that contained EuQuin2S-
AuNPs in each cell population. Error bars represent the range in values determined from
2 repeat measurements for M1 macrophages and mDCs.

In M1 macrophages and mDCs, the median number of EuQuin,S-AuNPs per cell was 54%
and 65% lower than it was initially in THP-1 monocytes, after 168 hours. However, this
reduction is much smaller than the 98% of the signal lost in non-differentiated THP-1
monocytes over this time period. This smaller reduction was expected because once the
cell differentiation process has started, M1 macrophages and mDCs are not proliferative.®
The cells were cultured for 30 hours after NP treatment before the differentiation process
was initiated, which will have allowed for some cell division, so it is likely a combination of
cell division and exocytosis that led to the decrease in EuQuinS-AuNP content. From this
data, it is not possible to accurately quantify the proportion of signal loss that was from cell

division and exocytosis. However, if the rate of cell division was equivalent to previous
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experiments in 4.3.4.2, an average of 0.5 cell divisions can be predicted. From this
prediction, it can be estimated that 45% of EuQuin.S-AuNP content was lost from cell
division (and 55% from exocytosis) for M1 macrophages and 35% from cell division (and

65% from exocytosis) for mDCs.

4.3.4.4 Discussion

We have shown detection of EuQuin.S-AuNP labelled non-differentiated THP-1 monocytes
with CyTOF up to 276 hours after their initial treatment, as well as those differentiated into
M1 macrophages and mDCs 168 hours after initial treatment. After 276 hours, only 29% of
EuQuin.S-AuNP labelled, non-differentiated THP-1 monocytes could be detected with
CyTOF. This is likely explained by asymmetric inheritance between daughter cells revealed
by the CV values from our single cell analysis. Our results show that depletion of
EuQuin2S-AuNPs in cells was likely a result of both cell division and exocytosis. An average
of 4.6 cell divisions took place during the experimental timeframe and by interpreting the
NP content from mean values, it was estimated that cell division accounted for 40% of
EuQuin2S-AuNP depletion and 60% due to exocytosis. This is in contrast to our results from
Chapter 3 that indicated EuQuin,S-AuNP depletion was predominantly due to cell division.
However, cell type has been shown to significantly effect exocytosis rates®® and we studied
THP-1 monocytes for 276 hours compared to 96 hours for HeLa cells. Independent repeat
measurements of this experiment are required to validate our findings. Furthermore, the
uncertainty of the number of cell divisions determined during the experiment is not known,
therefore the accuracy of quantifying the method of EuQuin,S-AuNP depletion is also

unknown.

99% and 98% of THP-1 monocytes differentiated into M1 macrophages and mDCs still
contained EuQuin,S-AuNPs after 168 hours, with a median of 89 + 25 and 63 = 2
EuQuin.S-AuNPs in each respective cell type, demonstrating excellent detectability with

CyTOF. Cell division was responsible for 45% and 35% of EuQuin,S-AuNP depletion in M1
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macrophages and mDCs respectively, although this is only considered a rough estimation
as the number of cell divisions during the experiment was not confirmed. The much lower
depletion of EuQuin2S-AuNPs is likely due to the lack of proliferation once the differentiation

process was initiated.

Our main hypothesis was to investigate the suitability of EuQuin,S-AuNPs as cellular labels
for detecting differentiated monocytes with CyTOF. We have demonstrated excellent
detectability in 298% of differentiated cells when THP-1 monocytes were allowed to rest for
30 hours, similar to the half-life time of circulating monocytes in humans.®* Current cellular
labels such as CFSE for comparable flow cytometry experiments require high intracellular
concentrations for detection, and CFSE has been shown to kill dividing cells and modulate
expression of activation markers.®®* More parameters can be simultaneously studied with
CyTOF when compared to flow cytometry®® but no cellular label currently exists, with the
exception of CFSE staining that also required subsequent Anti-FITC staining. We show that
EuQuin2S-AuNPs are detectable in differentiated cells with CyTOF without subsequent
labelling with the added advantage that an extremely low initial internalised dose is
required. However, some of our findings question the suitability of EuQuin,S-AuNPs as
suitable labels for CyTOF experiments. Some EuQuin.S-AuNP depletion appears to be a
result of exocytosis. Mononuclear phagocytes, particularly macrophages, can ingest
circulating NPs® and in 4.3.3.2 we showed that they have high uptake rates of
EuQuin.S-AuNPs. In theory, macrophage containing EuQuin.S-AuNPs that have not
originated from originally labelled cells could be mistakenly identified as false positives.
Furthermore, asymmetric inheritance of NPs between daughter cells leads to some THP-1
monocytes no longer containing EuQuinS-AuNPs, which in turn means that it is difficult to
estimate the number of proliferation cycles from their content. CFSE labelling techniques
can allow detection after 8 to 10 proliferation cycles,®® but we were only able to detect 29%

of cells with EuQuin.S-AuNPs after 4.6 proliferation cycles. However, as we are interested
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in detecting differentiated monocytes, with their 1 to 3-day half-life before differentiation, it
is not anticipated that they would divide as many times as this. Furthermore, a higher initial

dose of EuQuin>S-AuNPs could however increase the length of detection.

4.3.5 Two-photon Excitation Confocal Microscopy Images of

EuQuin2S-AuNP Treated Macrophages and HelLa Cells

Next, we sought to image cells treated with EuQuin,S-AuNPs using two-photon confocal
microscopy. In this work, an Olympus FVMPE-RS multiphoton laser scanning microscope
was used. We first attempted two-photon excitation of EuQuin,S-AuNPs suspended in MQ
water in a 12-well plate at a concentration of 1 nM . When subject to light of wavelength
940 nm, signal was observed in the 575-645 nm wavelength channel (Figure 4.42). As no
signal was observed in a MQ water control sample, we attributed this signal to emission
from the Eu(lll) °Do = “Fo-; transition bands of EuQuin.S-AuNPs at 580, 595 and 615 nm,
as illustrated in the emission spectrum of EuQuin,S-AuNPs recorded on an Edinburgh

Instruments photospectrometer using a Xe excitation lamp in Figure 4.46.

Figure 4.42 - Imaging EuQuinzS-AuNPs in solution with an Olympus FVMPE-RS multiphoton laser
scanning microscope. MQ water control (left) and EuQuin2S-AuNPs suspended in MQ water at a
concentration of 1 nM (right) (Aexc = 940 nm, Aexc = 575-645 nm). Scale bars = 50 um.
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M1 Macrophages were treated with HelLa cells for 20 hours at a concentration of 5 nM.
Cells were then washed, suspended in RPMI media and live cell imaging was acquired on
a EuQuin;S-AuNPs were on an Olympus FVMPE-RS multiphoton laser scanning
microscope. When subject to light of 940 nm wavelength, emission was observed in the
575-645 nm channel (Figure 4.43), appearing as bright spots clustered closely together in
the image. We attributed this emission to the Eu(lll) °Do = ’Fo transition bands of
EuQuin,S-AuNPs. Emission was also observed in the 400-470 nm which we attributed to
emission directly from the quinoline, as shown in the EuQuin.S-AuNP emission spectrum

(Figure 4.44).

-
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Figure 4.43 - Live cell imaging of EuQuin,SH-AuNP uptake in M1 macrophages,
treated with a concentration of 5 nM for 20 hours. Aexe= 940 Nnm, Aem = 575-645 nm.
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Figure 4.44 - Live cell imaging of EuQuin2SH-AuNP uptake in M1 macrophages,
treated with a concentration of 5 nM for 20 hours. Overlay of emission from the
blue and red (shown in purple in this image) channels, suggesting that emission is
seen directly from the quinoline and also Eu(lll). Aexc= 940 nm, Aem= 400-470,
575-645 nm.

Next, we treated cells with Hoechst 33258, a fluorescent molecule that stains the nuclei of
cells.®® Colocalisation of emission from the 400-470 nm channel (containing Hoechst 33258
and quinoline emission) and the 575-645 nm channel, suggesting that EuQuin,S-AuNP
signal is coming from within M1 macrophages (Figure 4.45). We also observed emission
from HelLa cells under the same conditions and these images can be found in the appendix

(4.7.4).
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Figure 4.45 - Live cell imaging of EuQuinSH-Aul13 NP uptake in M1 macrophages,
treated with a concentration of 5 nM for 20 hours and then incubated with a Hoechst
33258 nuclear staining dye for 10 min. Overlay of emission from the blue (Hoechst
33258 and quinoline) and red (Eu(lll)) channels. Aexc= 940 nm, Aem = 400-470, 575-
645 nm.

When considering the single-photon excitation spectrum of EuQuin,S-AuNPs (Figure 4.46),
no intensity is observed after approximately 390 nm, suggesting that two-photon excitation
of the quinoline sensitiser directly is not possible when using 940 nm wavelength light
(corresponding to a single photon wavelength of 470 nm.). The one-photon excitation
spectrum of Hoechst 33258 also tails off by around 405 nm, but has been reported to have
two-photon excitation up to 880 nm.%° Two-photon excitation spectra are often broader and
different in profile to one-photon excitation spectra due to different quantum mechanical

backgrounds?®? and powerful excitation lasers relative to the xenon excitation source used
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Intensity

in the single-photon excitation spectra were used for the imaging. Furthermore, plasmonic
enhancement of two-photon excited luminescence from quantum dots and fluorophores
such as Hoechst 33258 by gold nanorods and nanospheres has been previously
observed.102 103 We are pursuing collaborations for power-dependent studies to provide

further evidence of two-photon excitation in these preliminary findings.
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Figure 4.46 - Single-photon excitation (left) and emission spectra of EuQuin2S-AuNPs in MQ water at a
concentration of 2.5 nM. (Aexc = 350 nm for emission spectrum, Aem = 615 nm for the excitation spectrum).

4.4 Concluding Remarks

In this chapter, EuQuin.S-AuNPs were assessed as multimodal cellular labels for the
detection of THP-1 monocytes and their differentiation into M1 macrophages and mature
dendritic cells. First, the differentiation of THP-1 monocytes into M1 macrophages and
mature dendritic cells after 6 days was demonstrated, evidenced by morphological changes
observed with light microscopy and the presence of macrophage- and dendritic cell-like cell
surface markers shown with flow cytometry. Treatment of THP-1 monocytes prior to
differentiation appeared to have no effect on the differentiation process or cell death, shown
with both flow cytometry and CyTOF. Internalisation of EuQuin,S-AuNPs was confirmed in
M1 macrophages by TEM analysis where all NPs were confined within endosomes,

suggesting that uptake occurred via endocytosis pathways. CyTOF was used to quantify
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the cellular uptake of EuQuin,S-AuNPs in THP-1 monocytes, M1 macrophages and mDCs,
observing much higher uptake in M1 macrophages, followed by mDCs and THP-1
monocytes had low uptake. This agrees with pervious literature and it was hypothesised
that this could be due to the higher phagocytic activity of M1 macrophages. Single cell
analysis revealed differences in uptake heterogeneity in each cell type. The majority of
THP-1 monocytes had low uptake and a log-normal distribution did not fit this population
well, but a small subset of cells had a much higher uptake that did not increase with
concentration. Phenotypical analysis indicated that this small subset of cells may have had
a similar phenotype to M1 macrophages, which their EuQuin.S-AuNP also suggested. Most
M1 macrophages had high uptake but 34-46% of cells had a lower uptake more similar to
that observed in mDCs. The uptake in mDCs was log-normally distributed across the

population.

Next, the detection of EuQuin,S-AuNPs with CyTOF in THP-1 monocytes, M1
macrophages and mDCs was demonstrated. EuQuin,S-AuNPs were detectable in 29% of
THP-1 monocytes after 268 hours; after this time the mean NP content per cell was only 6
due to multiple proliferation cycles alongside suspected exocytosis depleting the signal.
However, in THP-1 monocytes that had differentiated to M1 macrophages and mDCs,
EuQuin.S-AuNPs were still detectable in 98-99% of cells and their median content was
higher due to less cell division occurring. This demonstrates suitability of EuQuin,S-AuNPs
as cellular labels for identifying and monitoring monocyte differentiation, migration and
function in CyTOF studies. However, the expulsion of EuQuin,S-AuNPs by suspected
exocytosis could be an issue if these NPs were to be taken up by other cells and mistaken
for the originally labelled cell lineage of interest. Finally, preliminary results show the
detection and localisation of EuQuin>S-AuNPs in M1 macrophages with multiphoton laser
scanning confocal microscopy, though further studies are needed to confirm two-photon

excitation.
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Future work should incorporate a large cell surface maker panel into CyTOF experiments
to simultaneously measure the phenotype of single cells to correlate this to their EuQuin,S-
AuUNP content; this would allow more solid conclusions into the relationship between
mononuclear phagocyte phenotype and NP uptake. The suitability of CyTOF to measure
the depletion of NPs over extended time periods has been demonstrated and further
experiments into the extent of EuQuin.S-AuNP exocytosis would further assess their
suitability as labels for CyTOF. TEM images throughout these long-term experiments to
show the intracellular localisation of EuQuin.S-AuNPs, providing more insight into the
nature of NP depletion over time. Furthermore, TEM images of THP-1 monocytes and
mDCs directly after EuQuin2S-AuNP treatment would also confirm our claims of intracellular
uptake in these cell types. Finally, given the promise of EuQuin.S-AuNPs as multimodal
cellular labels with CyTOF detection and luminescence imaging already shown, their

detectability in cells with CT could also be explored, providing a third modality of detection.

4.5 Experimental

45.1 Cell Culture of THP-1 Monocytes, M1 Macrophages and Mature

Dendritic Cells

Cells from the human monocytic leukemia cell line THP-1 in T75 flasks using Roswell Park
Memorial Institute 1640 (RPMI-1640, Sigma-Merck; R0883) media supplemented with
heat-inactivated sterile-filtered FBS (10% by volume), L-glutamine (50 uM), penicillin (100
U/mL), streptomycin (0.2 pg/mL). The cells were kept at 37 °C in a humidified atmosphere
with 5% CO, concentration. Cells were kept at a concentration of 0.5-1 x 10° cells/mL for a
maximum of 12 weeks before a new passage was started. M1 macrophages or matured
dendritic cells were cultured under the same conditions after their differentiation from THP-1

monocytes.
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4.5.2 Differentiation of THP-1 Monocytes to M1 Macrophages and Mature

Dendritic Cells

THP-1 monocytes were differentiated into resting macrophages (M0O) as described by
Chanput et al. (Chanput 2013). THP-1 monocytes were added to a well/flask in RPMI media
containing 100 ng/mL PMA at a concentration of 0.5 x 108 cells/mL. After 2 days, the media
was removed, cells were washed twice with PBS, and cultured with RPMI media for a
further 2 days. To stimulate MO cells to classical M1 macrophages, the media was removed
and cells were cultured for a further 2 days in RPMI media containing 500 ng/mL LPS. THP-
1 monocytes were differentiated into immature dendritic cells (iDC) as described by Deng
et al. (Deng 2020/2021). THP-1 monocytes (0.25 x 108 cells/mL) were cultured in RPMI
media containing IL-4 and PMA at a concentration of 20 ng/mL. After 4 days, cells were
washed twice with PBS and cultured for a further 2 days in RPMI media containing LPS (1

Mg/mL) to stimulate iDCs to mature dendritic cells (mDC).

4.5.3 Studying Changes to Cell Morphology During Cell Differentiation with

Light Microscopy

THP-1 monocytes were added to a 24-well plate and left untreated or differentiated to MO,
M1, iDC and mDCs under the conditions described in 4.5.2. Phase gradient contrast images
of live cells were then acquired automatically in 9 randomly selected positions in each well

by a Zeiss CellDiscover 7 using a 40 x objective lens.

4.5.4 Studying the Effect of EuQuin2S-AuNP Treatment on Phenotypical

Changes During THP-1 Monocyte Differentiation by Flow Cytometry

All reagents were diluted in FACS buffer unless specified otherwise. THP-1 monocytes
were treated with RPMI cell media containing EuQuin,S-AuNPs (2 nM) in T75 flasks at a
concentration of 0.8 x 108 cells/mL and incubated at 37 °C (5% CO,) for 4 hours. The cells

were washed 4 times by centrifugation (300 x g, 5 min) to remove free EuQuin.S-AuNPs.
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Cells were then stimulated to differentiate THP-1 monoctyes to M1 macrophages and
mDCs. After the differentiation process, adherent cells were detached by incubation with
TrypLE™ Express Enzyme for 20 min, filtered (100 um pore size), washed 2 times by
centrifugation and resuspended in 100 pL of Fc block (BioLegend, 422302) at 1:100 dilution
and incubated on ice for 20 min. Samples were washed once and incubated for 30 min at
room temperature in 100 pL of FACS buffer containing surface marker antibody cocktail
and Fixable Viability dye ef780. Samples were washed twice in FACS buffer and then fixed
in 4% PFA for 20 min at 4°C. Finally, samples were washed twice, resuspended in 300 yL

FACS buffer and stored at 4 °C for 24 hours before acquisition.

Target Fluorophore Clone Dilution Manufacturer
CD11c PeCy7 3.9 1:200 BioLegend
CD14 Bv421 HCD14 1:200 BioLegend
CD68 BV785 Y1/82A 1:200 BioLegend
CD80 BV711 2D10 1:200 BioLegend
HLA-DR PerCP L243 1:200 BioLegend
Nuclear stain | APCCy7 N/A 1:1000 ThermoFisher
(Live/Dead

assay)

4.5.5 Transmission Electron Microscopy Images of EuQuin2S-AuNP treated

M1 Macrophages

After differentiation from THP-1 monocytes, M1 macrophages were treated with RPMI
containing EuQuin,S-AuNPs (0.6 nM) for 4 hours. Cells were then washed 3 times by

centrifugation to remove any nanoparticles remaining in solution, then fixed in 2.5 %
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glutaraldehyde solution for 90 min at 4 °C, then taken for processing at the Centre for
Electron Microscopy (University of Birmingham). Ultrathin sections of approximately 100
pm were mounted onto Formvar-coated 200 mesh copper grids. Samples were analysed
on a JEOL 1200 EX transmission electron microscope operated at 80kV in imaging mode,

acquiring images using Digital Micrograph Version 1.83.842.
4.5.6 Uptake of EuQuin2S-AuNPs in Mononuclear Phagocytes

4.5.6.1 THP-1 Monocytes

THP-1 monocytes were suspended in pre-warmed, supplemented RPMI media at a
concentration of 0.8 x 10° cells/mL. EuQuin.S-AuNPs were added and mixed thoroughly to
produce a 9:1 RPMI:EuQuinS-AuNP mixture at final NP concentrations ranging from 0.2 —
2 nM. The media:NP mixture was added to a 100 mm dish, ensuring that cells were spread
out as a monolayer within the dish. After 4 hours incubation, the cells were harvested and
washed four times with PBS. The cells were then prepared for CyTOF experiments as

previously described.

4.5.6.2 M1 Macrophages and Mature Dendritic Cells

After differentiation from THP-1 monocytes, M1 macrophages and Mature Dendritic cells
were treated with pre-mixed, pre-warmed supplemented RPMI containing
EuQuin.S-AuNPs (9:1) at concentrations ranging from 0.05 — 0.6 nM and 0.017 — 0.4 nM
for M1 macrophages and Mature Dendritic Cells respectively. After 4 hours, cells were
washed three times with PBS and TrypLE Express Enzyme was added to detach the
adherent cells. The cells were transferred to 5 mL Falcon™ Round-Bottom Polystyrene

Test Tubes and prepared for CyTOF experiments as previously described.
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4.5.7 EuQuin2S-AuNPs as Cellular Labels for Detecting THP-1 Monocytes
and their Differentiation into M1 Macrophages and Mature Dendritic

Cells

4.5.7.1 The Detection of EuQuin2S-AuNPs in Non-Differentiated THP-1
Monocytes Over Multiple Proliferation Cycles
5 x 10® THP-1 monocytes were suspended in pre-warmed, supplemented RPMI media at
a concentration of 0.8 x 10° cells/mL. EuQuin,S-AuNPs were added and mixed thoroughly
to produce a 9:1 RPMI:EuQuin2S-AuNP mixture at a final NP concentration of 2 nM and
cells were seeded in a T75 flask and cells were kept under standard cell culture conditions.
After 4 hours, cells were washed four times with PBS and 2 x 10° cells were transferred to
a 5 mL Falcon™ Round-Bottom Polystyrene Test Tube and prepared for CyTOF analysis
as previously described. After 30 min incubation with Iridium DNA intercalator (0.125 puM,
Fluidigm) in Maxpar Fix and Perm Buffer at 4 °C, the sample was frozen in a cryovial until
the day of the experiment. The remaining cells were cultured under standard cell culture
conditions, with replacement of the cell media with fresh media every 24 hours. At 48 to 72
hour intervals, 1.5 x 10° cells were removed from the culture flask, prepared for CyTOF
experiments and frozen until the day of the experiment. On the day of the experiment, the
cells were thawed by the addition of cell staining buffer and transferred to 5 mL Falcon™
Round-Bottom Polystyrene Tubes. The cells were then centrifuged, the supernatant was
removed and washed twice with Maxpar Cell staining buffer and once more with water just
before acquisition. The cells were then resuspended in water to achieve a concentration of

500,000 cells/mL before acquisition on the Helios CyTOF instrument.
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4.5.7.2 The Detection of EuQuin2S-AuNPs in THP-1 Monocytes Differentiated
into M1 Macrophages and Mature Dendritic Cells
1.2 x 10" THP-1 Monocytes were suspended in pre-warmed, supplemented RPMI media
at a concentration of 0.8 x 10° cells/mL. EuQuin,S-AuNPs were added and mixed
thoroughly to produce a 9:1 RPMI:EuQuin.S-AuNP mixture at a final NP concentration of 2
nM and cells were seeded in a 100 mm dish and cells were kept under standard cell culture
conditions for 4 hours. Cells were then washed four times with PBS and allowed to culture
for a further 30 hours. Cells were then differentiated into M1 Macrophages and Mature
Dendritic cells under the conditions previously described. After the differentiation process,
cells were then washed three times with PBS and TrypLE Express Enzyme was added to
detach the adherent cells. The cells were transferred to 5 mL Falcon™ Round-Bottom

Polystyrene Test Tubes and prepared for CyTOF experiments as previously descrived

4.5.8 Two-Photon Confocal Micrscopy Imaging of EuQuin2S-AuNP treated

M1 Macrophages and HelLa Cells

HelLa cells were seeded in 6-well plates at a density of 6 x 10° cells per well and allowed to
adhere overnight. M1 macrophages were differentiated from THP-1 monocytes. Following
treatment with EuQuin,S-AuNPs for 20 hours at a concentration of 5 nM, cells in half of the
well plates of each cell type were washed three times with PBS then incubated with Hoechst
33258 (2.5 pg/mL) for 10 min. After a further 3 washes with PBS, cells were imaged live in
RPMI media and images were acquired using an Olympus FVMPE-RS multiphoton laser
scanning microscope. Fluorescence from Hoechst 33258 and EuQuin,S-AuNPs were
acquired with an excitation wavelength of 940 nm in the blue (400-470 nm) and red (575-

645 nm) channels respectively.
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4.7 Appendix

4.7.1 Gating Strategy for Live Single Cell Analysis with Flow Cytometry
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Appendix Figure 4.1 — Gating strategy to identify live single cells during flow cytometry
experiments. Firstly cells are identified and debris removed from analysis on a side scatter
area vs forward scatter area plot (left), before identifying single cells from doublets on a
forward scatter height vs forward scatter area plot (middle). Finally, dead cells are excluded
from analysis on a side scatter area vs. APC-Cy7 plot, where dead cells are identifiable

from nuclear staining with a viability dye (right).
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4.7.2 Studying EuQuin2S-AuNP uptake by TEM in M1 Macrophages -

Additional Images
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Appendix Figure 4.2 Additional images of EuQuin,S-AuNPs located within endosomes of
M1 macrophages after their treatment for 20 hours at a concentration of 1 nM.
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4.7.3 Log-normal Distribution Fitting of THP-1 Monocytes
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Appendix figure 4.3 Log-normal distribution fitted to the number of EuQuin,S-AuNPs per
THP-1 monocyte at each treatment concentration after 4 hours.

4.7.4 Two-Photon Confocal Micrscopy Imaging of EuQuin2S-AuNP treated

HeLa Cells
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Appendix Figure 4.4 Live cell imaging of EuQuinSH-Aul3 NP uptake in HelLa cells, treated
with a concentration of 5 nM for 20 hours. Overlay of emission from the blue (Quinoline)
and red Europium) channels. Aexe= 940 NnM, Aem = 420-470, 600-670 nm.
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Chapter 5. General Conclusions

5.1 General Conclusion and Future Work

In this work, the synthesis and characterisation of lanthanide coated gold nanopatrticles has
been shown, as well as their cellular uptake and long-term fate in cells with CyTOF, and
their suitability as multimodal cellular labels for monitoring monocyte differentiation into
macrophages and dendritic cells was assessed. With the use of STEM and EELS, we have
provided further evidence that europium complexes, EuQuin,SH and EuSH, are attached
to AuNP surfaces and held away from the surface by the distance of their organic ligands.
The organic ligand of lanthanide complexes also affects their cellular uptake, with shorter
chain TbS-AuNPs taken up in higher quantities than EuQuin.S-AuNPs. Further evidence
of a binding event at the AuNP surface has been demonstrated through ITC analysis and
determined association constants of EuQuin.SH and TbSH binding to AuNPs. The effect
of fluorinated surfactants Zonyl FSA and TFD, as well as a PEG polymer on the
photophysical properties of EuQuin,S-AuNPs was studied. These surfactants/polymers
only had minor effects on the loading and photophysical properties, however Zonyl FSA

and TFD both enhanced the cellular uptake in HelLa cells.

Using CyTOF, the detection of both europium/terbium and gold from EuQuin,S-AuNPs and
ThS-AuNPs was shown respectively. This ratiometric detection allowed the quantification
of the number of lanthanide complexes per NP, yielding similar results to ICP-MS analysis.
EuQuin.S-AuNP uptake was also quanitified by analysing the signal from both europium
and gold channels in THP-1 monocytes, which supported the findings that NP uptake did

not increase with concentration in the population with high uptake.

The heterogeneity of EuQuin.S-AuNP uptake in HelLa cells and mononuclear phagocytes

(monocytes, macrophages and dendritic cells) was studied. The uptake in HelLa cells and
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dendritic cells was best described by a log-normal distribution. Uptake in monocytes and
macrophages was bimodally distributed, likely due to phenotypical heterogeneity within the
cell populations. Using CyTOF’s high sensitivity, the depletion of EuQuin2S-AuNPs in
proliferating HeLa cells and monocytes was studied over multiple cell divisions. Inheritance
of EuQuin.S-AuNPs was asymmetric in both HeLa and monocytes but the extent of
exocytosis was cell-type dependent; EuQuin.S-AuNPs were exocytosed from monocytes
significantly, but not in HelLa cells. EuQuin,S-AuNPs were detected in macrophages and
dendritic cells that had differentiated from monocytes by CyTOF, demonstrating their
capabilities as cellular labels for fate mapping immune cells in cytometry experiments.
EuQuin2S-AuNPs were also detected in macrophages by TEM and confocal microscopy,

where we preliminarily showed two-photon excitation of EuQuin,S-AuNPs.

Future work should further study the capabilities of EuQuin.S-AuNPs as multimodal cellular
labels. As EuQuin;S-Zonyl-AuNPs had a 5-fold higher uptake in HelLa cells than
EuQuinzS-AuNPs, their interactions and uptake with monocytes should be explored. Higher
cellular uptake may increase the length of time they can be detected for in cells or allow
shorter incubation treatments or lower initial dosing. The ability of detection of
EuQuinzS-AuNPs in mononuclear phagocytes by CT should be explored to give more
applicability to whole animal imaging studies. We are actively engaged in collaborations to
further study two-photon excitation of EuQuin.S-AuNPs and hope to confirm their suitability
for deeper penetration luminescence imaging agents. We are also pursuing further studies
of EuQuin2S-AuNPs and EuS-AuNPs by STEM and EELS. Future work should focus on
attempting to quantify the number of europium atoms held at the surface of single AUNPs

to compare with data determined from ICP-MS and CyTOF experiments.

More generally, we hope that our demonstration of using CyTOF as a highly sensitive,
guantifiable technique for measuring cellular uptake helps to increase its use in studying

AuNP-cell interactions. Our longer-term studies into NP content within cells after initial
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treatment outline a framework, that with minor improvements, may aid the field with
longstanding questions regarding the fate of NPs in cells over time and the extent to which
exocytosis occurs under the selected conditions. These investigations may be particularly
useful in the study of cytotoxic AUNPs, where cell death, phenotype and cytokine profiling
alongside AuNP quantification over time could provide further understanding of NP-cell

interactions in terms of toxicity.
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Chapter 6: General Experimental
6.1 Materials

All chemicals and solvents were purchased from Sigma Aldrich or Fischer Scientific and
reactions were completed under inert atmosphere using a Schlenk line, with solvents dried

using 3A molecular sieves.

6.2 Techniques and Instrumentation
6.2.1 NMR and Mass Spectrometry

1H and *3C spectra were recorded on Bruker AVI11300 and AVII1400 instruments and spectra
were processed using MestreNova. A Waters Micromass LCT-TOF mass spectrometer
was used for all electrospray mass spectrometry, using a nitrogen laser in positive

electrospray mode.

6.2.2 UV-Vis spectroscopy

A Varian Cary 60 was used to conduct UV-Vis absorption spectroscopy with a rate of
300 nm min for a range of 200-800 nm at room temperature. The baseline was corrected
using a solvent that matched the sample being analysed. The samples were placed in
guartz cuvettes with a path length of 1 cm and extinction coefficients were determined using

the Beer-Lambert law.

6.2.3 Dynamic Light Scattering and Zeta potential

A Malvern Zetasizer nano ZSP was used to acquire all Dynamic Light Scattering (DLS) and
Zeta Potential Measurements. DTS0012 1 cm disposable cuvettes were used for size
analysis and folded capillary cells were used for Zeta Potential measurements. The
samples were analysed according to a standard operating procedure with the following
settings: Refractive index: 1.33, absorption: 1.00, dispersant: water, temperature: 25 °C.

The instrument was allowed to equilibrate at 25 °C for 180 seconds prior to the
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measurements. For DLS samples, 5 runs were recorded, each with 15 measurements and
the average was taken. For Zeta potential samples, 10 runs were recorded with between
10-100 measurements. Data was recorded and processed using the Malvern Zetasizer
software. Polydispersity index was calculated by dividing the standard deviation (o) of the

particle diameter by twice the mean particle diameter (a):
PDI = ( id )2
"~ a

6.2.4 Transmission Electron Microscopy

Samples were acquired at the centre for electron microscopy at the University of
Birmingham using a JEOL 1200 EX TEM fitted with a Gatan camera. Samples were
prepared on 200-mesh formvar-coated copper grids. Images were captured using Gatan

software before analysis using Image J.

6.2.5 Isotherm Titration Calorimetry

ITC was performed using a MicroCal PEAQ-ITC Malvern Panalytical instrument. The
instrument cell was equilibrated for 30 min at 25 °C and this temperature was maintained
throughout the experiment. The heat changes were recorded as the differential power
required to maintain a zero-temperature difference between the sample and reference cells.
The titration began with an initial injection of 0.4 pL followed by 19 consecutive 2 pL
injections at 150 second intervals at a rate of 0.5 pLs™® with a stirring speed of 750 rpm

maintained throughout the experiment.
6.2.6 SuperSTEM

Samples were prepared at the University of Birmingham and posted to the SuperSTEM
laboratory at the EPSRC National Research Facility for Advanced Electron Microscopy
(Daresbury, UK). Samples were dropcasted onto ultra-thin carbon/gold supports. STEM

imaging (HDAAF/BF) and EELS was acquired with a Nion UltraSTEM 100 instrument
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equipped with a Gatan Enfina Spectrometer and Metlin DED Quantum Detectors for EELS.
Images were acquired at 100 kV acceleration voltage, equipped with a probe aberration
corrector. The probe size was <0.9 A. The convergence semi-angle was 27 mrad for
HDAAF/BF and 36 mrad for EELS. During data processing, EELS was denoised with

principle component analysis.

6.2.7 Steady-State and Time-resolved Spectroscopy

Emission and excitation spectra were recorded on Edinburgh Instruments FLS920
fluorescence spectrometer with a 450 W xenon arc lamp illumination source and a R928
visible Hamamatsu photomultiplier tube. Appropriate cut-off filters and a cuvette with a 1
cm path length were used for all experiments. Data was recorded on Edinburgh F900
software. Luminescence lifetime experiments were carried out using an Edinburgh
Instruments microsecond flashlamp as the excitation source. A time-correlated single-
photon counting module was used to record data using a R928 visible Hamamatsu
photomultiplier tube. Lifetimes were fitted using Edinburgh Instruments FAST software and
fitted to single components unless stated otherwise with an error of £ 10%. Chi-squared
(x?) values of 1-1.4 were achieved for all luminescence lifetime fittings. When deuterated

solvents were used, samples were freshly prepared straight before analysis.

An integrated sphere attachment on an Edinburgh Instruments FLS920 fluorescence
spectrometer was used to perform quantum yield (¢) experiments. This method involved
comparing a reference standard to the sample, as outlined in the equation below. The

reference standard used was the same solvent the samples was dissolved in.

Where Es is emission from the sample, E; is emission from the reference, S;is scattering

from the sample and S; is scattering from the reference.
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6.2.8 ICP-MS

ICP-MS was carried out at the University of Warwick using an Agilent 7900 ICPMS
instrument equipped with an integrated auto-sampler. Calibration standards with
concentrations of 0, 1, 2.5, 5, 10, 25, 50, 100, 250, 500 and 1000 ppb were made up the
day before each experiment and acquired on the day of the experiment. Metal
concentrations were determined using PlasmaCal calibration standards (QMX laboratories)
with R? values > 0.999 from linear regression analysis of linear calibration plots. Samples

were run through the instrument in 4% HNOj; solution.

6.2.9 Mass Cytometry (CyTOF)

All samples were acquired on a Helios™ Mass Cytometer — CyTOF ® (Fluidigm). On each
day an experiment was ran, the instrument was calibrated with the internal calibration
solution followed by a nanopatrticle calibration described in 3.10.6. Each sample was mixed
with EQ Four Element Calibration Beads (PN 201078) then acquired with an injection speed

of 0.5 yLs. Data was analysed using FlowJo version 10.7 and Origin Pro.

6.2.10 Flow Cytometry

Flow cytometry analysis was conducted on a BD LSR Fortessa X-20 Cell analyser BD
FACSDiva v.9 software for data acquisition. Cells were labelled with the antibody panel
outlined in 4.5.4. Compensation controls were performed for each fluorophore. Data was

analysed using FlowJo version 10.7 and Origin Pro.

6.2.11 Centrifugation of Cells

During cell culture and before cell fixation, all cells were centrifuged at 300 g for 5 min. After

cell fixation, cells were centrifuged at 800 g for 5 min.
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