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Abstract
Development of Gold Nanoparticles for Photodynamic Therapy
Matthew Broadbent

The mechanistic properties determining whether gold nanoparticle mediated light
therapy in human fibroblast cells (Hela) takes place via a photothermal or
photodynamic mechanism are investigated and discussed. The effect of cell size on
AuNP uptake is shown, with smaller cells taking up less gold nanoparticles, this leads
to a smaller photodynamic dose and lower efficacy of treatment. A new protocol for
the investigation of photodynamic efficiency had to be developed for investigating
isogenic cell lines UM-SCC-1, UM-SCC-1 pBABE and UM-SCC-1 p53 WT, which have
high motility. This protocol was first tested against Hela cells using citrate-gold

nanoparticles, and similar results were obtained as with the original protocol.

Due to the extremely low quantum yield for singlet oxygen photogeneration of
citrate-gold nanoparticles they are difficult to apply in realistic conditions. Therefore,
Gold nanoparticles were loaded with Rose Bengal via a polyelectrolyte layer-by-layer
coating. These nanoparticles were characterised and applied as a photodynamic
agent. Irradiation of Hela cells containing these nanoparticles showed increased
efficacy compared to citrate-gold nanoparticles, and the effect was successfully
modelled to account for beam inhomogeneity, the heterogenous uptake of AuNPs

and the photobleaching of Rose Bengal.

Rose Bengal loaded gold nanoparticles showed killing in a realistic cell model UM-
SCC-1, directly derived from Head-and-Neck cancer cells. When used against isogenic
cells lines UM-SCC-1, UM-SCC-1 pBABE (both of which lack the p53 gene, an
important regulator of cell metabolism and UM-SCC-1 p53 WT (where the p53 gene
has been restored), cells with p53 function were significantly more affected by 0,.
This is consistent with expectations and with dye-mediated photodynamic therapy
results reported in literature and confirms the importance of considering the loss of
the p53 function which is often encountered in cancerous cells. However, it was also
shown that the loss of the p53 function increases gold nanoparticle uptake,

counterbalancing the detrimental effect on PDT efficiency.



1 Introduction

Cancer is a leading cause of mortality worldwide, with nearly 20 million cases
diagnosed worldwide in 2020 and despite extensive research of new treatments
there were over 10 million cancer related deaths across the world. While absolute
incidence numbers are important, it is significant that from this data 20% of people
will be diagnosed with cancer before the age of 75 and 10% of people will die from
cancer.! Cancer rates continue to increase worldwide, partly due to the aging of the
world population and the adoption of cancer causing behaviours in economically
developing countries.? Due to the widespread incidence of cancer a key goal in
improving worldwide health is developing effective anti-cancer treatments that not
only reduce the likelihood of death but also improve treatments to increase the
quality of life of patients following treatment. Despite significant investment in
developing new cancer treatments and diagnostic techniques, the most used

therapeutic strategies are still surgery, chemotherapy and radiotherapy.?

Due to the diverse nature of cancer it is important to develop various therapeutic
techniques that can be used against specific cancers, as unlike for many other

diseases there is no miracle treatment that can treat every cancer.

1.1  Photodynamic therapy

While light therapy has been utilised for thousands of years, photodynamic therapy
(PDT) is a treatment strategy that relies on 3 main components: light, oxygen and a
photosensitiser (PS).* A PS is able to absorb light and excite oxygen to generate
reactive oxygen species (ROS) such as singlet oxygen (*0;) which have a high

reactivity and can damage cellular components leading to cell death.”

In use against tumours, typically a PS is administered to the patient and allowed to
localise to the tumour. The tumour is then illuminated with light leading to the

generation of ROS and the subsequent destruction of the tumour.®
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Drug Irradiation of Destruction of
administration tumour tumour

Figure 1.1 — Simplified scheme of the treatment of a tumour using photodynamic

therapy. Following drug administration, it is allowed to accumulate in the tumour

and is then illuminated. The combination of drug and light leads to the generation
of ROS and destroys the tumour.

Cell death during PDT can occur through two major pathways: apoptosis and
necrosis. Apoptosis is a programmed route of cell death that occurs following the
activation of death receptors or cytochrome C. It takes advantage of pre-
programmed cascades which involve the release of “executioner caspases” which
lead to DNA and cell fragmentation, this genetic process is highly regulated and is a
process that happens during the regular replacement of our cells.® Alternatively,
necrosis can occur when PDT generates large amounts of ROS and significantly
damages the cell. This is a violent and quick form of cell death that can be described
as accidental.” Apoptosis is the preferred route for therapeutic cell death, since

necrosis can lead to inflammation and other side effects.
1.1.1 Advantages of Photodynamic Therapy

PDT offers several advantages over conventional cancer therapies, for example, the
treatment can significantly reduce long-term side effects, which can present
significant improvements to the patient’s quality of life after the tumour has been
eliminated. In patients with lip cancer, Foscan mediated PDT treatment resulted in
effective elimination of their cancer, with exceptional preservation of function and

only very few side effects.?

Chemotherapeutic drugs intravenously delivered are unable to distinguish healthy
cells other than by their replication speed, leading to extensive side effects including

hair loss. In contrast, photosensitisers are not typically toxic in the absence of light,



resulting in PDT offering dual selectivity which enables treatment with minimal
damage to healthy tissue. This effect arises as cell death occurs only when light and
the PS are combined, either alone presents little toxicity. This allows the area of
toxicity to be controlled by both the localisation of the PS and the specific application
of light. PDT offers specific advantages over other treatments; it is less invasive than

surgery and multiple doses can be used unlike radiotherapy.®°®
1.1.2 Generation of Reactive Oxygen Species

Upon illumination of the PS at an appropriate wavelength, it can be electronically
excited, generating 'PS* without changing the spin before undergoing vibrational
relaxation leading to a vibrationally equilibrated electronically excited state, figure
1.2. 'PS* may return to its ground state through internal conversion or fluorescence,
however it may also undergo intersystem crossing leading to a triplet state 3PS* if it
is kinetically and thermodynamically favourable. 3PS* may phosphoresce or release

thermal energy to return to the ground state.

Type I: 3PS, * + biomolecule 2 'PS, + ROS

O S

fge s S—— — Type Il : 3PS, * + 30, 1PS, + 10,
b
(IC

i % ) L}

PSl — e
& i . Quenching via
- {Fluorescence - Type | & Il reactions
iand non radiative decay| 5
1PSO Y v ¥ 4

Figure 1.2 - Jablonski diagram of a typical photosensitiser PS. Upon absorption of
energy, electrons are promoted to electronically excited states (remaining as
singlet states), from here they can undergo internal conversion (IC) to *PS1*. From
here the PS may return to the ground state via fluorescence or non-radiative
decay or may undergo intersystem crossing (ISC) to a triplet state 3PS;*. From this
they may return to the ground state through phosphorescence, ISC or quenching
via reaction with biomolecules or 30, to generate ROS photodynamically.

However, as the lifetime of 3PS* typically has a ps lifespan it may be quenched by
biomolecules in a type | reaction which can then react with 30, to generate ROS such
as H20,, HO* and O2*. 3PS* can also react directly with 30, via the Dexter mechanism

to generate '0;, a potent ROS which can interact with biological substrates and

3



induce extensive oxidative damage and subsequently cell death (type 11).>51%-12 Both
type | and Il reactions occur simultaneously, the exact ratio depends on the PS and
the abundance of cellular components and 30,; however type Il is the dominant

process for PDT and 102 is the most important intermediate.!3

o= -
HOMO +

Ipge 0, ps 0,

Figure 1.3 — Representative Dexter electron transfer between electronically
excited PS (3PS*) and molecular oxygen (30).

The quenching of 3PS* by 30, occurs via the Dexter electron exchange mechanism
where an excited electron is transferred from a donor (3PS*) to an acceptor (302),
figure 1.3. It is a simultaneous transfer of an electron from one 2rt* molecular orbital
from 303 to an unoccupied hole in 3PS* and an electron with opposite spin from the
excited energy level of 3PS* to the other 2ri* molecular orbital in 302 as shown in
figure 1.3. This returns the PS to its ground state and generates 10, but requires

overlap of wavefunctions between the donor and acceptor.11:*2
1.1.3 Properties of 102

The electronic structure of 30, can be seen in figure 1.4 A and the structure of 0,
(*Ag)can be seen in B. While there are two singlet states of oxygen (1Ag and *3g*) that
may be involved here, %" is extremely short lived and relaxes to the lower energy

singlet state 'Ag which is commonly known as *0,.
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Figure 1.4 — The molecular orbital diagrams of A) Molecular oxygen 30; (3Z¢’) and
B) in the singlet state 10, (14;).

In contrast to 305, 10, is highly reactive and can react with nucleic acids and proteins
in cells to cause cell death.'* Its lifetime in cells is short due to the presence of
biomolecules that it can react with and of H.0 which readily quenches '0; via non-
radiative electronic-vibration energy transfer due to the high frequency O-H
vibrational modes. Monitoring the 1270 nm phosphorescence band presents the
most useful and direct technique for determining the lifetime of 'Oz in cells.’ Studies
using this measurement give a lifetime in cells of between 1-3 us, however the actual
value depends on the surrounding cellular environment.#'617 The diffusion distance
of 102 before quenching in cells is estimated to be 155 nm if the lifetime is 2 ps. This
has significant implications for PDT as it means that 'O can only affect its immediate

cellular surroundings.
1.1.4 Conventional Photosensitisers

The ideal PS should have the following properties: tumour localisation, chemical
purity, no dark toxicity, rapid removal from the body, absorb between 630-950 nm
(biological window for maximum tissue penetration), desirable subcellular
localisation and a high quantum yield for ROS generation.'®' These requirements
are well defined, however the pharmaceutical sector struggled to meet them, as
combining all of these properties in an organic drug leads to significant compromises.

The chemical structure of the first PS “photofrin” can be seen in figure 1.5 and was



approved for clinical use in 1999. It is a purified mixture of hematoporphyrin
derivatives (HpD) and contains up to 60 porphyrin derivatives, oligomers and
polymers, the exact composition is highly batch dependent. It leads to short term
skin sensitivity due to poor tumour localisation, has an absorbance at 630 nm which

is not ideal for tissue penetration and a low molar extinction coefficient (g).2°

0
Me $ Me

ey
Me R

Me Me

Na0,C {‘O'E-

Figure 1.5 — The structure of Photofrin.

Second generation PSs are defined by their goals to reduce skin sensitivity, eliminate
the mixutures found in HpDs and tailor the absorption band for better tissue
penetration. Typical candidates include porphyrins (Lutex), chlorins (Foscan),
pheophorbides and bacteriopheophorbides (Tookad); many of these reached clinical
trials or are approved for specific cancers.?! They have a red-shifted absorption, a
larger € and reduced biological retention times compared to Photofrin. A typical
candidate developed is shown in figure 1.6, WST11 (Tookad) which has an absorption
peak between 760-780 nm, a higher € (~10* M* cm™) and showed quick elimination
from mice.?? Despite these advantages it was not approved for clinical use, with poor

selectivity towards tumours which is a typical drawback of second generation PSs.



Figure 1.6 — The structure of WST11.

Third generation PSs are yet to reach fruition; however, the main goal of their
development is to deliver more selective targeting of tumours to reduce side effects.
Typically this involves conjugation to antibodies or encapsulation in carriers than can
be delivered to target tissue.?? Clinically used PSs have failed to take advantage of
the dual selectivity due to their poor tumour localisation and suffer from critical
issues including poor water-solubility, photobleaching and degradation within

tumours.

Figure 1.7 — The structure of Rose Bengal (RB).

The combined requirements of a PS preclude the use of many efficient ROS
generators, a prime example of this is Rose Bengal (RB), which is used in this project.
While having an excellent quantum yield of 10 (0.75) and strong absorption between
500-600 nm (£ 80,000 M* cm™), its negative charge prevents its effective uptake in
cancerous cells and therefore its use as a PS. 2472 |t is a xanthene, its structure can
be seen in figure 1.7; as well as 0 it also photogenerates superoxide radical (02™*),

7



which is another effective ROS, with a quantum yield of 0.2.2722 While its absorption
is not in the desirable region for maximum tissue penetration, in selected
applications, such as tumour bed treatment during surgery, this may be a desirable

characteristic as only a thin layer of tumour cells remain above healthy tissue.?’
1.1.5 Tumorigenesis and its Potential Impact on PDT

While many genetic changes typically occur during tumorigenesis, the loss of the p53
gene is the most common.3° The loss of this gene means that cells shift to a Warburg
metabolism, which can be defined as an increased uptake of glucose by cancerous

cells which then undergoes aerobic glycolysis.3!

There are several proposed reasons for this shift, the first was suggested by Warburg
and suggests that inhibited mitochondrial function limits normal energy generation
by respiration, however many tumours exhibiting the Warburg metabolism retain a
substantial respiration and unaffected mitochondrial production.3?33 Another
proposal is that while aerobic glycolysis is less efficient at producing adenosine 5'-
triphosphate (ATP) it is produced at a faster rate. This would give tumour cells a
selective advantage when competing for shared and limited resources, and the
metabolism provides rapid control of ATP production which would be beneficial for
tumours.343> The biosynthetic requirements of uncontrolled proliferation provides
another explanation: i) increased glucose consumption may be used as a carbon
source for proliferation, ii) proliferating cells are in greater need of reducing
equivalents and this pathway allows their increased synthesis.3® The effect of p53 on
cell signalling may also explain the shift in glucose metabolism, this includes the
generation and modulation of ROS within cells.3 Whereas normal respiration
generates ROS as by-products, glycolysis increases the production of ROS modulators
such as nicotinamide adenine dinucleotide phosphate and glycolosis. This can help

to regulate and offset the high levels of ROS typically found in cancerous cells.?’

As well as playing a role in the shift to a Warburg metabolism, p53 is also a part of
the mechanism of apoptosis.3® As the induction of apoptosis is a key target of PDT,
the loss of p53 in cancerous cells may reduce the efficacy of this treatment. However,

despite the key role it plays in apoptosis there are several p53 independent routes of



apoptosis.3®**! Indeed, literature reports show that p53-independent apoptosis can
be induced when lysosome permeabilization is present. The release of lysosomal
cathepsins into the cytosol is believed to play a key role in this.*? The use of quercitin
which targets lysosome permeabilization and releases cathepsins has been shown to
trigger p53-independent apoptosis.** While these treatments do not utilise ROS or

PDT, they target lysosomes which can be a key target of PDT.

The impact of p53 status on the efficacy of PDT was first reported by Fisher in 1997,
with photofrin mediated PDT showing significantly more effect in HL60 cells with WT
p53 compared to HL60 cells with abrogated p53 function.** Further work by this
group utilised two colon carcinoma cell lines that were exposed to PDT. LS513 with
normal p53 function showed an increased reduction in survival upon treatment with
photofrin when compared to L51034 which has significantly reduced p53 function.*
Other work has showed a similar effect in HT29 and human fibroblasts.*®4” These
studies used PSs that localised either in the mitochondria or endoplasmic reticulum.
The survival of HEK293 treated with PDT (using 1,9-dimethyl methylene blue
localised primarily in mitochondria) was reduced when p53 function was reduced,
this was ascribed to reduced apoptic activity, however cell death was still observed.*®

A review of the effects of p53 on PDT was published in 2008 by Zawacka-Pankau.3®

In head and neck cancers, over 80% of HPV negative squamous cell carcinomas of the
head and neck were associated with loss of p53 function and it is the most frequent
genetic event in this disease.*® As radiation therapy is typically used to treat these
cancers the effect of this mutation was studied on UM-SCC-1 and its isogenic cell
lines. % The creation of isogenic cell lines involves changing only selected genes which
allows the effect of the gene to be studied in essentially identical cell populations. In
this case, p53 WT was reintroduced into UM-SCC-1 cells which do not express the
p53 protein. UM-SCC-1 cells have no p53 function and show a Warburg metabolism
with an increased dependence on glycolysis and reduced respiratory capacity, when
p53 WT is introduced (UM-SCC-1 p53 WT) cells show reduced dependence on
glycolysis and increased respiration. Radiation treatment is also mediated by ROS and
so their findings could have a direct relation to the efficacy of PDT on p53 mutants.

Interestingly, no significant difference was observed upon radiation alone between
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UM-SCC-1 and UM-SCC-1 p53 WT, in contrast to the reports on the impact of p53 on
PDT, though this may arise from the different action of radiation compared to PDT.
The results show that when glycolysis is inhibited in cells containing p53 (UM-SCC-1
p53 WT), the effect of radiation does not change. However, when UM-SCC-1 cells
were treated with a glycolysis inhibitor the efficacy of radiation increases. This is

ascribed to the reduced capacity of cells to tolerate ROS when glycolysis is inhibited.

1.2 Gold Nanoparticles

Gold is one of the most inert chemical materials, it does not burn or oxidise in air
even upon heating, and it is impervious to nearly all acids and alkalis except for
selenic acid and aqua regia.>® However, in its colloidal form it presents several
desirable properties that may overcome some of the limitations associated with
conventional photosensitiser both by acting alone as a PS or providing a scaffold for
functionalisation. Controlled synthesis of spherical AuNPs was first reported by

Turkevich et al. in 1951, which was then improved by Frens et al.>%>3

This synthesis proceeds via the reduction of tetrachloroauric acid (HAuCLs) by
trisodium citrate. It allows the synthesis of AuNPs at a range of diameters between
5-120 nm depending on the ratio between HAuCls and trisodium citrate and the
reaction time. The citrate ions not only reduce the gold, but also provide stability
through electrostatic binding on the surface of the AuNP providing a negatively

charged layer and preventing aggregation in aqueous solution.
1.2.1 Optical Properties of AUNPs

AuNPs have a strong characteristic absorption of radiation in the visible and near-IR
region of the spectrum. This arises due to the interaction of radiation with the
electrons of the AuNP which causes collective oscillations of the electron cloud which
is resonant with certain frequencies of light which is visually described in figure 1.8.
This property is known as localised surface plasmon resonance (LSPR) which can be
seen in figure 1.9, and the wavelength of radiation absorbed shifts as the size or

shape of the AuNP is changed.>*
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Figure 1.8 — Graphical representation of the LSPR in AuNPs when they interact
with light waves.

The effects present in LSPR can be explained by the etymology; a surface plasmon is
the collective oscillation of conduction electrons at the surface of metals, and the
coherent oscillation is defined as surface plasmon resonance. This is quantitatively
described by Mie theory and the spectra of AuNPs can be estimated if the dielectric
constants of the particle and the environment are known. When the AuNP is small
compared to the resonant wavelength, the external electric field is uniform.
However, in larger particles the coherence of the electric field decreases, leading to
multipolar plasmon oscillations and the subsequent broadened, red-shifted LSPR

absorption peak. *°
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Figure 1.9 — UV-vis spectra of 13 nm AuNP@cit, the absorbance between 450-600
represents the plasmon band. In this case the peak is at 520 nm.

Another factor that can change the properties of the LSPR peak is the immediate
surroundings of the nanoparticle, which is known as chemical interface damping. This
effect occurs as adsorbates provide new relaxation pathways for the excited

electrons, leading to broadening and redshift of the LSPR peak when AuNPs are

coated.>?
1.2.2 Generation of 'O, by AuNPs

Citrate coated gold nanoparticles (AuUNP@cit) have been shown to generate singlet
oxygen when illuminated with light overlapping their LSPR band.>®=>° Unlike organic
dye molecules, AuNPs do not have discrete energy states rather they have an
extending band of states due to the overlap of atomic orbitals of gold atoms
constituting the AuNP. It is believed that this takes place through Dexter exchange

energy transfer during collisions between 30, and AuNPs leading to 10,.>7>8
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Figure 1.10 — Absorbance of radiation and its dissipation as heat and potential

interaction with 30, to form 10,, adapted from Hartland et al. and Chadwick et
a|.55,57

The processes of energy absorption and dissipation from an AuNP are shown in figure
1.10, it has been reported that the generation of 'O, takes place in either the primary
hot electron phase or hot electron phase. The short lifetime (~100 fs and ~1 ps,
respectively) of these phases and the short range of the Dexter mechanism leads to
the exceptionally small quantum vyield of singlet oxygen production (10”) reported
by Entradas and Chadwick.>”>° Despite this being significantly lower than the
guantum yield of conventional PS such as Photofrin (0.89), 13 nm AuNP®@cit have an

€ of 108 Mt cm™ which is significantly higher than that of Photofrin (3 x 10> M cm-

1),21,60

1.2.3  Surface Chemistry of AuNPs

AuNPs require stabilisation to overcome Van der Waals forces that attract
nanoparticles to each other and cause aggregation. Stabilisation of nanoparticles is
provided by application of capping agents to the gold surface which can be divided
into three categories; steric, electrostatic and a combination of both steric and
electrostatic effects.?-62 The stabilisation of AUNP@cit is provided by citrate anions

on the surface of the AuNP, this provides negative charge which creates a neutral
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double layer where cations associate with the negatively charged surface. This type
of stabilisation can be characterised through the measurement of the zeta-potential
which measures the potential at the slipping plane.®® Steric stabilisation arises from
the association of bulky, non-ionic compounds on the surface of the nanoparticle,
preventing the free association of nanoparticles. An example of this is the
stabilisation of AuNPs using sulfonated polyethylene glycol (PEG), where a covalent
bond is formed between the gold surface and the sulphur and the polymer chain then
extrudes away from the gold core providing a dense monolayer.®* These approaches
are combined in electrosteric stabilisation, where a charged polymer known as a
polyelectrolyte is added to the nanoparticle. In this case electrostatic repulsion
provides long range protection, while when nanoparticles come closer there is a high
local concentration of polyelectrolyte which provides steric protection.®?
Polyelectrolytes can be used to coat AuNPs in a layer-by-layer method, where
oppositely charged polyelectrolytes are sequentially added to the AuNP allowing the
formation of up to 20 layers. Polyallyamine (PAH) and polystyrene sulfonate (PSS)
have been used in this context, with transmission electron microscopy (TEM)
showing an approximate thickness of 1 nm per layer and UV-vis showing a gradual

red-shift of the LSPR band as the capping layer thickness is increased.®®

As these stabilisation strategies allow the addition of many types of compounds onto
the surface of the nanoparticle, they allow the addition of desirable compounds to
improve the AuNPs performance in specific applications. These include the addition
of glucose and antibodies to improve the selectivity of AuNPs to tumours or the
addition of therapeutic drugs or diagnostic markers utilising the AuNP as a delivery

system.®7-72
1.2.4 Uptake of AuNPs by Cells

Unlike dye molecules, AuNPs cannot cross the cell membrane directly. Instead,
AuNPs are taken up via endocytosis, remain localised in endosomes and cannot enter
the cytosol.”® Briefly, this process involves the association of AuNPs to the cell
membrane, a vesicle forming due to cell membrane bending, scission proteins such
as clarithin cutting the membrane and loss of endocytic protein coating to leave a
AuNP containing endosome, as shown in figure 1.11. This mechanism is consistent
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for all nanoparticles, so other nanoparticle systems can provide useful insight to the

uptake of AuNPs by cells.
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Figure 1.11 — Uptake of AuNPs via clarithin mediated endocytosis.

Upon exposure to cell culture medium (CCM) nanoparticles become coated in a
protein corona, with both a “hard” chemisorbed layer and a “soft” physisorbed
layer.”* These proteins can be found in fetal bovine serum (FBS) supplemented CCM
and play a key role in the uptake of nanoparticles by cells. However, the exact
composition of the coronas formed by FBS remain relatively poorly characterised.
Bovine serum albumin forms a chemisorbed corona through sulphur-gold bonds
when incubated with AuNPs.”* Despite it being the most abundant protein in FBS
when AuNPs are exposed to CCM supplemented with FBS, it has only a partial
interaction with the cell surface.”” This result suggests that AuNPs act as
concentrators of less abundant proteins through competition between high affinity
proteins and suggests that the exact composition of the protein corona will change
over time. The composition also depends the properties of AuNPs including: charge,

hydrophobicity, shape and the presence of ligands.”®

To study the influence of NP charge on the corona, the surface charge of silica
nanoparticles was changed from positive to negative, and these NPs then were
exposed to CCM containing FBS. While this changed the composition of the corona,
proteins absorbed to the surface in all cases. The uptake characteristics of these

nanoparticles changed significantly when non-supplemented CCM was used.
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Whereas the uptake of positively charged nanoparticles was reduced by the presence
of FBS, the uptake of negatively charged nanoparticles was increased significantly by
the presence of FBS.”” Due to the negative charge of cell membranes, unless a protein
corona is present the association and subsequent uptake of negatively charged
nanoparticles is unfavoured. For positively charged nanoparticles, the neutral corona
now inhibits the association of naked nanoparticles and reduces uptake. For 10 nm
AuNP@cit, the presence of the protein corona reduces the uptake compared to
AuNP@cit not exposed to FBS.”® Carnovale et al. showed similar results with serum
coated AuNP@cit showing a reduced uptake compared to uncoated AuNP@cit in
non-supplemented media.”® Interestingly, when used in serum supplemented media
their uptake was further reduced, suggesting that free serum proteins may compete
with those on the surface of the AuNP@cit for cellular binding sites. However, for all
biological applications CCM containing serum is the best model for cellular
interactions, as these serum interactions mimic the interactions that nanoparticles

have when used in vivo through their interaction with blood.

The primarily reported method of determining AuNP uptake is using inductively
coupled plasma optical emission spectroscopy (ICP-OES). In this technique cells are
exposed to AuNPs, washed, counted and then dissolved in aqua regia and the gold
concentration is determined using ICP-OES.”8% This provides an excellent way of
determining the average gold content of cells, however it is limited as it provides an
average value and does not determine the sub-cellular localisation of AuNPs. The
uptake of AuUNP®@cit in Hela cells (human cervical cancer cells) has been shown to be
size and shape dependent, with 50 nm AuNPs having the most uptake which then
reduces as the size changes around this point. Between 10 nm and 100 nm there is
still a substantial uptake of AUNP@cit, with uptake increasing as concentration and
time are increased.®? This paper also showed reduced uptake of gold nanorods

(AuNR) as the aspect ratio was increased.

To see uptake mechanisms and sub-cellular localisation electron microscopy can be
used. This has shown that AuNPs aggregate on the surface of the cell membrane and
are then taken into intracellular vesicles including lysosomes and endosomes.8!

Unless AuNPs are functionalised with specific “cell-penetrating peptides” they are
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limited to these intracellular vesicles. 3 nm AuNPs functionalised with the peptide
Tat showed nuclear penetration, however as well as the correct functionalisation this
delivery requires an appropriately small AuNP so that it can pass through pores in the
nucleus.®? Cell uptake can be eliminated if an appropriate PEG layer is added, such as
one bearing alcohol moieties, it is likely that this layer prevents formation of a protein
corona and therefore cellular association.?! The use of the peptide CALNN, which is
a good stabiliser of AuUNPs, showed similar uptake to AUNP@cit.8! Alternatively, laser
scanning confocal microscopy can be used to determine the localisation of AuNPs,
and polyelectrolyte coated AuNPs were shown to be taken up into cells and to remain
localised within intracellular vesicles.®3 AuNRs with an exterior shell made of PAH and
PSS showed uptake into cells via endocytosis and were localised in intracellular

vesicles.84

As previously mentioned, when uptake is determined using ICP-OES only the average
value of uptake is found. However, recent work using X-ray fluorescence microscopy
and radiation treatment suggests that there is a high intercellular variability of gold
content.®> While the previous technique determined intercellular gold content using
therapeutic effects, single-cell resolution can now be achieved directly using ICP (SC-
ICP), results obtained by this technique suggests that there is a heterogeneity of
AuNP uptake by cells in culture.®5% Wang et al. used a micropatterned growth
surface to change the surface area of cells, and showed significantly increased uptake
in larger cells, this provides an important consideration for the application of AuNPs
as a PS.% This increased uptake agrees with work showing that population factors
such as cell size impact the rate of endocytosis of viruses and may explain the

heterogeneity of AuUNP uptake.%!
1.2.5 Biomedical Applications of AuNPs: Toxicity, Localisation, Drug Delivery

For biomedical applications it is important to establish that AuNPs show low toxicity,
however current literature is conflicting. There have been reports showing no toxicity
in vitro: with cysteine and citrate capped 4 nm AuNPs; glucose capped 12 nm AuNPs;
citrate and cetyltrimethylammonium bromide (CTAB) capped 18 nm AuNPs showing
no signs of cytotoxicity.®> 2 nm anionic AuNPs were shown to be non-toxic in Cos-1
cells, however increasing concentrations of these AuNPs or using cationic AuNPs
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showed some effect on cell viability.?® On the other hand, CTAB coated AuNR showed
limited toxicity, however it is likely that this arises from free CTAB rather than the
AuNR themselves.” This paper also reports the toxicity of 20 nm AuNP@cit in PC-3
cells (human prostate cancer cells), interestingly when used in FBS supplemented
CCM no toxicity was observed. However, at high concentrations (100 uM gold
concentration) in non-supplemented CCM a small cytotoxic effect was observed. This
toxicity may arise from the increased AuNP@cit uptake in these conditions. The
addition of PAH and PSS coatings on CTAB coated AuNR showed a significant
reduction in cytotoxicity.®* AUNP@cit have been shown to reduce viability in Hela
cells in culture, these results varied time and AuNP concentration and showed
increasing an effect as these were increased.”” Similar results were obtained by Khan
et al., however it was observed that there was no increase in stress response
pathways within the cells.?* Wang et al. observed no apoptosis in Hela cells exposed
to AuNP@cit, however observed a reduced splitting rate so this may explain the
reduced viability previously reported.®> AuNP toxicity is dependent on the surface
properties of the nanoparticles, their size and their shape. These properties also
determine cellular uptake, and there is evidence to suggest that observed toxicity

can be estimated by AuNP uptake.®>°®

The toxicity of AuNPs in vivo has received increasing focus in recent years as the
applications of AuNPs shifts closer to the clinic. 20 and 50 nm AuNPs were
administered to mice and showed no toxicity, however showed an increase in the
amount of endocytic vesicles present in endothelial tissue.®” AuNP@cit showed high
toxicity in mice when sized between 8-37 nm, however outside of this size range
AuNP@cit showed no toxicity.”® AuNPs coated in PEG showed no toxicity in mice,
with 20 nm AuNP@PEG showing higher tumour uptake and slowest clearance from
the body.?® Polyelectrolyte coated AuNR (outer layer PAH) showed no toxicity in mice
and were mostly localised in the liver, spleen and lungs.? This localisation is
consistent with other AuNPs, typically accumulating in the liver and spleen.'® For
intravenous delivery surface functionalisation plays a key role in toxicity, with PEG
AuNPs showing the least interaction, longest blood circulation, and least toxicity;

these AuNPs are currently undergoing trials for photothermal therapy.20!
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Targeting of specific receptors that are overexpressed in tumour cell can provide
active targeting and preferential uptake in the tumour when AuNPs are injected
intravenously. Functionalising AuUNPs with antibodies provides a promising route to
maximise the benefits of dual selectivity, with several reports showing enhanced

tumour uptake in AuNPs bearing overexpressed antibodies.?0271%

A more direct method of delivery to tumours involves either intratumoral injection
or topical application to the surface of the tumour. These strategies result in less
exposure of healthy tissues and organs (liver and spleen) compared to intravenous
injection and show reduced system toxicity.'% Intratumoral inject showed a
reasonable distribution of AuNPs throughout the tumour after injection and typically
AuNPs were retained in the tumour.1%® AuNPs have been applied against canine and
feline models as a photothermal agent, the AuNPs were injected intratumorally and

showed no long term toxicity after 1 year.0’

The topical application of AuNPs showed that they could penetrate the epidermis
and this may present a minimally invasive delivery method.'% The size of AuNPs plays
a key role in the skin penetration, with smaller AuNPs showing superior
penetration.'® Topically applied 50 nm AuNPs functionalised with polypyrrole and
rose Bengal were used topically against plantar warts, this suggests that uptake is
achieved and low toxicity was observed.'1? Polyelectrolyte coated AuNPs were found
to deliver imatinib mesylate through the skin, which shows that AuNPs are a
promising delivery technique for delivery of anticancer agents to melanomas.!!
Fluorouracil-loaded AuNPs in creams and gels showed exceptional drug delivery
using a topical application in mice and improved outcomes compared to the
application of Fluorouracil alone.'? While there are varied ways to apply AuNPs to
tumours, intratumoral injections and topical application present excellent ways to
minimise the toxicity and system-wide side effects of AuNPs in the body.

Nevertheless, these must be assessed in more detail for specific AuNPs as their

physical properties play a key role in determining toxicity.
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1.2.6  AuNPs in Phototherapy

As AuNPs convert the majority of the radiation they absorb into heat, the primary
focus for AuNPs in light therapy has been their use as photothermal agents.68113.114
These have taken advantage of the localisation of AuNPs discussed above, and the
use of AuNPs for photothermal therapy has reached clinical trials.1°* As discussed in
section 1.2.2 the generation of 10, by AuNPs is relatively well established and AuNPs
may function as a PS for PDT. Despite the generation of 0, there is considerable
confusion on whether cells are killed thermally or via PDT and it is widely assumed
without further discussion that photothermal therapy is the main mechanism, even

when light absorption is insignificant, or when elevated ROS levels are reported.!>-

117

It was reported by Krpetic et al. that subcellular damage to endosomes and cell death
occurred following irradiation of Hela cells containing 34,000 15 nm AuNP@cit per
cell. In this experiment, cell killing could not be mediated by thermal routes as the
temperature surrounding the AuNP was only raised by a fraction of a degree and the
overall temperature of the cells was only raised by a few degrees over room
temperature.’'® This heat independent route requires lower AuNP concentrations
and/or lower light powers, more importantly, it could potentially act locally against
individual cancerous cells, whereas photothermal therapy acts on larger volumes due

to the fast diffusion of heat.

AuNPs have been functionalised with PSs over the last 20 years, and many strategies
have been used; a review of this work was published by Calavia et al.*'® Self-
assembled monolayers of mercaptoalkyl-PS were formed on the surface of the
nanoparticle via the formation of Au-S bonds. This technique was first used by Russell
et al. to add a Zn-phthalocyanine to AuNPs, however this AuNP was typically
dissolved in ethanol and while it was effective against cells in culture, the
requirement of a Cremophor emulsion prevented effective dosage in vivo.*2%122 The
use of PEG by this group allowed water solubilisation and longer circulation time in
blood. Increased fluorescence was observed when a shorter tether was used and
increased generation of 10, by the phthalocyanine PS which can be explained by
metal-enhanced absorption.'?3 This group has also shown that the addition of a EGFR
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targeting peptide to these AuNPs shows active targeting of cancer cells that
overexpress EGFR.2* Other strategies involving S-Au bonds include functionalisation
of AuNPs with thiolated PEGs which can then be linked to the photosensitiser, for
example the attachment of Chlorin e6 to PEG-NH, via EDC chemistry.'?> This showed
an increased uptake of Chlorin e6 when using AuNPs, and approximately 5800 PS
molecules were attached to each AuNP. Interestingly this report combined the use

of thermal and PDT based effects.

Polyelectrolyte coated AuNPs have been functionalised with PS, however these have
mostly focussed on using electrostatic attraction, this includes the attachment of
indocyanine green to 13 nm polyethyleamine coated AuNPs which suggested that
22,300 PS molecules were attached; however, much of the killing was ascribed to a
photothermal method.®® This also includes the use of the negatively charged PS
AIPcSs or mTHPP which has been added to the outer layer of polyelectrolyte coatings
or incorporated within the negative layers.'?6712° Rose Bengal has been coated on
nanoparticles, however again these were attached electrostatically but showed PDT

mediated killing in Cal-27 cells.?>130

1.3 Scope of this Work

This thesis covers primarily the application of AuNPs against cancerous cell lines in
PDT. AuNP@cit were primarily used initially as a continuation of the work by S.
Chadwick on Hela cells; however, the use of UM-SCC-1 cells, which constitute a more
realistic cancer model, required a significant change in experimental procedure and
the use of lower irradiation intensities. This meant that the AuNP@cit was no longer
suitable for use, so novel AuNP-polyelectrolyte-PS (AuUNP@PAH-RB@PSS) were
synthesised and characterised before being applied against both HeLa and UM-SCC1

cells.

Chapter 2 describes the synthesis of AuNP@cit and novel polyelectrolyte-Rose
Bengal AuNPs (AuNP@PAH-RB@PSS) and their characterisation to allow

determination of the loading of Rose Bengal in these AuNPs.

Chapter 3 continues the work performed by S. Chadwick, in which Hela cells are

exposed to AuNP@cit and AUNP@CALNN and subsequently irradiated with 532 cw
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laser light. A new method of assessing irradiated cells was developed and the
experimental data set was significantly expanded, allowing a more realistic
assessment of AUNP mediated PDT and more detailed conclusions. The effect of cell
area on the uptake of AuNPs was investigated, which allowed a more detailed
interpretation of the experimental results. The different mechanisms of cell death
(photothermal and photodynamic) are analysed; and the benefits and limitations of

PS-free AUNPs discussed.

Chapter 4 presents the application of AUNP@cit and AUNP@PAH-RB@PSS to Hela
cells, using a more widely used viability assay. Instead of irradiating a small area of a
large cell population, the entire population in a much smaller well was irradiated, in
preparation for experiments on the much more mobile UM-SCC-1 cancer cells. This
required lower intensities of light due to the increased area of irradiation, due to the
low 'O, quantum yield of AuNP@cit, this necessitated the use of AUNP@PAH-
RB@PSS. The uptake of AUNP@PAH-RB was determined and their photodynamic

efficacy is reported.

Chapter 5 discusses the application of AuUNP@cit and AUNP@PAH-RB@PSS against
isogenic UM-SCC-1, UM-SCC-1 p53 WT and UM-SCC-1 pBABE cells. UM-SCC-1 is a p53
null cell line with no p53 protein expression, UM-SCC-1 p53 WT is genetically identical
to UM-SCC-1 except for the reintroduction of p53 WT and UM-SC-1 pBABE is a vector
control cell line. As the p53 gene is the most common mutation in cancer cells its role
in determining the outcome of treatments is significant. These cell lines allow the

effect of p53 status on on AuNP mediated PDT to be determined.
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2 Synthesis and Characterisation of AuNPs
2.1 Introduction

AuNPs can be characterised using a wide variety of techniques. Differential
centrifugal sedimentation (DCS) provides an established method determining the
size of the gold core and of any capping layer.! The LSPR can be characterised using
UV-vis spectroscopy, and the surface charge of AuNPs can be determined using -

potential.?3

PAH/PAH-RB PSS Au core
—_— — B PAH/PAH-RB
. PSS

Figure 2.1 — Layer-by-layer coating of AUNP@cit using PAH or PAH/RB to create
AuNP@PAH-RB/AuNP@PAH and PSS to create AuUNP@PAH-RB@PSS or
AuNP@PAH@PSS.

While AuNP@cit can be used as standalone PSs, they have an extremely low
quantum yield of 10, production. In order to increase the quantum yield, a PS can be
attached to the surface of the AuNP. In this chapter, we attach Rose Bengal to
poly(allylamine hydrochloride) using EDC chemistry as originally reported by
Serrano.* While used in hollow microcapsules following a layer by layer synthesis,
this loading technique could also be applied to AuNPs as shown in figure 2.1, and we
attempt to synthesis novel AuNP@poly(allylamine)-Rose
Bengal@poly(styrenesulfonate) (AuUNP@PAH-RB@PSS). Layer by layer coatings of
AuNPs is widely used to provide electrosteric stabilisation of AuNPs and allows the

sequential loading of oppositely charged polymers known as polyelectrolytes.

2.2 Experimental
2.2.1 Materials

Gold (lll) chloride trihydrate, trisodium citrate, poly(allylamine hydrochloride)
(Mw~15,000), N-(-3-Dimethylaminopropyl)-N’-ethylcarbodiimide  hydrochloride
(EDC), sucrose, hydrochloric acid (HCl), 2-Morpholinoethanesulfonic acid

monohydrate (MES), Rose Bengal (RB) and nitric acid (HNOs) were purchased from
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Sigma-Aldrich (Merck). 10,000 molecular weight cut-off dialysis tubing was
purchased from Thermofisher. Poly(sodium-4-styrenesulfonate) (M\~15,000) was

purchased from Kromatek.
2.2.2 Gold Nanoparticle Preparation

Milli-Q water (>18.2 MQ cm™) was freshly prepared using a Barnstead Smart2Pure

water purification system (Thermofisher).
2.2.2.1 Citrate-coated Gold Nanoparticles (AuNP@cit)

12-15 nm AuNP@cit were synthesised by citrate mediated reduction of HAuCls using

the Turkevich-Frens method.>

150 mL of 0.32 mM HAuCls solution was refluxed in a round-bottom flask with
vigorous stirring for 5 minutes. 4.5 mL of 39 mM aqueous trisodium citrate was added
rapidly. The colour changed from pale yellow to colourless, to deep purple and finally
to ruby red. The mixture was refluxed for a further 25 minutes and allowed to cool
overnight under stirring. The solution was then filtered through fluted filter paper,
stored in a fridge and characterised using UV-Vis spectroscopy and differential

centrifugal sedimentation.
2.2.2.2 Poly(allylamine)-coated Gold Nanoparticles (AuNP@PAH)

45.96 mg of poly(allylamine hydrochloride) (mw. 15k) (PAH) was dissolved in 14.967
mL of MQ-H,0 and sonicated for 5 minutes. 20 mL AuNP@cit as prepared in 2.2.2.1
were centrifuged (9000 RCF, 30 minutes, 8 °C), the supernatant was removed,
AuNP@cit were resuspended in fresh MQ-H,0 and transferred to a 50 mL round
bottom flask. Under stirring the PAH solution was added dropwise to the AuNP@cit
solution at room temperature and left for 24 hours. Other incubation conditions
were used, including changing the reaction time to 1 and 2 hours, and changing the
concentration of PAH used (1 mg mL?, 2 mg mL1). The solution was then cleaned
using 3 cycles of centrifugation (9000 RCF, 30 minutes, 8 °C) and resuspension and
finally resuspended in 20 mL of MQ-H,O to give poly(allylamine)-coated Gold
Nanoparticles (AUNP@PAH)
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2.2.2.3 Poly(styrene sulfonate)@poly(allylamine)-coated Gold Nanoparticles
(AUNP@PAH®@PSS)

45.96 mg of poly(sodium styrene sulfonate) (mw. 15k) (PSS) was dissolved in 14.967
mL of MQ-H,0 and sonicated for 5 minutes. 20 mL of AUNP@PAH as prepared in
2.2.2.2 was transferred to a 50 mL round bottom flask. Under stirring the PSS solution
was added dropwise to the AUNP@PAH solution at room temperature and left to stir
for 24 hours. The solution was then cleaned using 3 cycles of centrifugation (9000
RCF, 30 minutes, 8 °C), resuspension and finally resuspended in 20mL of MQ-H.0 to
give poly(styrene-sulfonate)@poly(allylamine)-coated Gold Nanoparticles

(AUNP@PAH@PSS).
2.2.3 Preparation of Rose Bengal Loaded Gold Nanoparticles

Due to the light sensitive nature of Rose Bengal, these experiments were carried out

in the dark and any products were protected from light.

2.2.3.1 Poly(allylamine) Loaded with Rose Bengal (PAH-RB)

PAH (1) Rose Bengal (2) PAH-RB (3)

Scheme 1 - Reaction scheme for EDC based coupling of PAH (1) and Rose Bengal
(3) to form PAH-RB (3).

0.22 g of 2-(4-morpholino)-ethane sulfonic acid monohydrate (MES) was added to
100 mL MQ-H,0 resulting in a MES concentration of 10 mM and adjusted to pH 5.1
using NaOH. A stock solution of Rose Bengal (7.51 x 103 M) was prepared as follows;
31 mg of Rose Bengal was dissolved in 10 mL MES (10 mM, pH 5.1) and stored in the
dark.
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A 10 mL solution of MES buffered Rose Bengal (3 x 10 M) was added to a 50 mL
round-bottom flask. To this 2.97 x 10-> moles of EDC (1 mL, MQ-H,0) were added and
left to stir for 30 minutes. 0.15 g of PAH (mw. 15000) were dissolved in 20 mL of MES
(10 mM, pH 5.1), the solution was sonicated for 5 minutes, added to the EDC and RB
solution and left for 24 hours. The solution was then transferred to 10,000 mw cut-
off dialysis tubing and dialysed against 1 L of MQ-H.0 for 4 days. The water was

changed after 2 hours and then every subsequent 24 hours.

2.2.3.2 Poly(allylamine)-Rose Bengal-poly(styrene sulfonate)-coated Gold
Nanoparticles (AuNP(@PAH-RB@PSS)n)

20 mL AuNP@cit as prepared in 2.2.2.1 were centrifuged (9000 RCF, 30 minutes), the
supernatant removed, resuspended in MQ-H;0 and transferred to a 50 mL round-
bottom flask. Under stirring, 15.32 mL PAH-RB solution (PAH: 3 mg mL? (based on
the original weight used in section 2.2.3.1), NaCl: 23 mM) were added dropwise to
the AUNP@cit solution at room temperature and left to stir for 24 hours. This mixture
was then cleaned using 3 cycles of centrifugation (9000 RCF, 30 minutes, 8 °C) and
resuspension and finally resuspended in 0.8 mL of MQ-H,0 to give AUNP@PAH-RB.
NaCl free synthesis was also performed, which was identical except for addition of

NaCl. Additionally, the PAH-RB conditions were varied.

45.96 g of PSS (mw. 15k) was dissolved in 14.97 mL of MQ-H;0, 0.353 mL 1 M Nacl
and sonicated for 5 minutes. 20 mL of AuNP@PAH-RB were transferred to a 50 mL
round bottom flask. Under stirring the PSS solution was added dropwise to the
AuNP@PAH solution at room temperature and left to stir for 24 hours. The solution
was then cleaned using 3 cycles of centrifugation (9000 RCF, 30 minutes, 8 °C) and
resuspension and finally resuspended in 20 mL of MQ-H,0 to give poly(styrene-
sulfonate)@poly(allylamine)-coated Gold Nanoparticles (AUNP@PAH-RB@PSS). An
NaCl free synthesis was also performed, which was identical except for addition of
NaCl. The method described in this section could then be repeated to yield additional
layers of PAH-RB@PSS.
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2.2.4 Characterisation Methods
2.2.4.1 UV-vis spectroscopy

Spectra were recorded on a spectrophotometer (Thermofisher Scientific Genesys

10S, Agilent Cary 8454) using a quartz cuvette with a path length of 1 cm.
2.2.4.2 Differential centrifugation sedimentation (DCS) — experimental setup

AuNP size distributions were measured by DCS using a DCS disc centrifuge (CPS
instruments Inc. DC24000). The rotating disc was loaded with fresh 8 wt. % sucrose
in MQ-H;0, increasing to 24 wt. % over 9 successive additions while spinning at
24,000 rpm. The gradient was then left for at least 1 hour to equilibrate. The machine
was calibrated before each measurement with 0.1 mL of 0.226 um poly(vinyl
chloride) particles (Analytik Ltd.), before 0.1 mL of sample was injected into the disc.

Each sample was analysed at least three times to verify reproducibility.
2.2.4.3 Differential centrifugation sedimentation (DCS) — analysis of particle size

A nanoparticle that consists of a core of diameter dcore With a density of peore and a
capping layer with thickness s and density pshell has a total diameter of deore + 2s. The

average density of this nanoparticle is shown in equation 2.1.

_ dcore3pcore + ((dcore + 25)3 B dcores)pshell
peffective - (dcore + 25)3

Equation 2.1

The measured sedimentation time of the nanoparticle described in equation 2.1, t,
can be calculated from equation 2.2 according to Stokes’ law. In this equation, psuid
is the average density of the sucrose solution in which the AuNP is sedimented. C is
a constant that depends on viscosity, spin speed and cell geometry, however this is

determined for each experiment using a calibration with 226 nm PVC nanoparticles.

C
Bl (peffective - pfluid)(dcore + 25)2

t

Equation 2.2
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However, the DCS instrument reports dpcs which represents the diameter of a
nanoparticle with a homogeneous density that sediments and reaches the detector
at time t. In this case, it is assumed that the density of this nanoparticle is 19.3 g cm~
3 (the density of the gold core, pcore), leading to the simplification of the denominator

of equation 2.2 seen in equation 2.3, this leads to equation 2.4.

_ C
(pcore - pfluid) dDCSZ

t

Equation 2.3
(peffective - pfluid)(dcore + 25)2 = (pcore - pfluid) dDCSZ

Equation 2.4

The position of the maxima in these distributions were averaged, in order to provide
an average dpcs calculated by the machine according to equation 2.4 assuming a pcore
density of 19.3 g cm™3. This means that dDCS is actually not the correct diameter of
the NP, since it ignores the contributions made by the less dense shell to equation
2.2. A combination of equations 2.1 and 2.4 allows us to relate apparent diameter

docs to shell thickness (s), core size (dcore )as shown in equation 2.5.

((dcore3pcore) + ((dcare + 25)3 - dcore3)pshell) - ((dcore + 25)3) - pfluid
Pcore — Priluid

dpcs = (deore + 25)\/

Equation 2.5

For a AuNP analysis, it is known from literature that the citrate capping layer has a
thickness of 1 nm which allows determination of dcre.r This then allows the
elucidation of capping layer thickness s, when pshel is assumed to be 1.4 g cm3, from
equation 2.5. While this is an approximation for a dense organic capping layer, the
effect of changing pshen between 1.1 g cm™ (porous protein capping layer) and 1.5 g
cm on determined capping layer thickness is insignificant. The shell thickness
obtained for the conditions reported here does not change significantly when varying

the density over this range.
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2.2.4.4 Zeta-potential

Zeta-potential was measured on a Zetasizer Nano (Malvern Panalytical) using folded
capillary zeta cells (DTS1070, Malvern Panalytical). Before sample measurement, the
cell was flushed extensively with ethanol and MQ-H,0 (passed through a 0.22 um

filter).

2.3 Characterisation of AUNPs

2.3.1 Characterisation of AUNP@cit

A . B
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Figure 2.2 — Characterisation of AUNP@cit; A) UV-vis spectrum, B) a size
distribution obtained using DCS.In B). These correspond to maxima at; A) 520 nm,
B) 12.9 nm.

AuNP@cit were successfully synthesised according to the Turkevic-Frens reaction, a
characterisation of AUNP@cit can be seen in figure 2.2. The size of AUNP@cit in figure
1.1. was determined using DCS, via the analysis described in 1.2.4.2 to give Au dcore
size of 13.8 nm. The UV-vis spectrum is consistent with this sizing with a LSPR peak
at 520 nm.? Figure 2.2B shows the high monodispersity of AuNPs synthesised using
this method. The concentration of AuNPs can be determined using the absorbance
at 450 nm and calculated molar extinction coefficients for gold core sizes reported
by Haiss.? For this batch of AUNP@cit, the concentration of the AuNPs as prepared
was determined to be 3.68 nM. While the size of the AuUNP@cit used in each cell
experiment will be stated, and there is some variation in size between different

syntheses of AUNP@cit, typically the dcore size falls between 13-14 nm.
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2.3.2 AuNP@PAH and AuUNP@PAH@PSS

2.3.2.1 Characterisation of AuNP@PAH and AuNP@PAH@PSS
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Figure 2.3 — Characterisation of AuNP@cit, AUNP@PAH and AUNP@PAH@PSS. A)
Normalised UV-vis spectra, B) size distribution obtained using DCS. These
correspond to maxima at; A) 520.5, 522.0 and 524.5 nm; B) 12.3 and 11.9 nm,
respectively.

AuNP@PAH and AuNP@PAH@PSS were synthesised as described in section 2.2.2.3
and 2.2.2.4, and characterised using DCS and UV-vis spectroscopy. Characterisation
of these AuNPs is shown in figure 2.2, these were synthesised using polyelectrolyte
concentrations of 3 mg mL? and incubation times of 24 hours. The use of PAH and
PSS in a layer-by-layer coating regimen for AuNPs is well established, with literature
describing ideal coating conditions and characterisation of AUNP(@PAH®@PSS)n.? The
change in the plasmon peak determined by UV-vis is consistent with that described
in literature, with a 2 nm shift per layer of polyelectrolyte added. For AuNP@PAH,
DCS characterisation showed a shift in the apparent diameter from AuNP@cit (12.3
nm) to AUNP@PAH (11.9 nm). This is indicative of the formation of a thicker shell
compared to AUNP@cit. This corresponds to a layer thickness of 1.5 nm (result can
be seen in table 2-1), which is similar to the accepted thickness of 1 nm per
polyelectrolyte shell, which were reported using incubations with 2.7 mg mL™* of PAH

for 18 hours.’

The presence of dimers can be confirmed by the size distribution, with the peak at
15 nm corresponding to a AUNP@PAH dimer. This can also be seen in the UV-vis with
the broadening of the spectra between 600-800, which increases after the addition

of the PSS layer.
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2.3.2.2 Effect of Changing Polyelectrolyte Incubation Conditions

The effect of incubation conditions on the polyelectrolyte shell was investigated.

Through increasing the initial concentration of PAH from 1 mg mL* to 3 mg mL! we

can increase the thickness of the polyelectrolyte capping layer from 0.84 to 1.23 nm

for a 1 hour incubation. Increasing the incubation time also increases the thickness

of the polyelectrolyte capping layer. This increased capping layer also prevents some

of the aggregation that can be seen via UV-vis between 600-800 nm. Despite the

higher concentration of PAH and longer incubation time, AUNP@PAH (incubation

conditions:3 mg mL?, 24 hours) has a smaller dimer peak in the DCS (15 nm) when

compared to AUNP@PAH (incubation conditions: 1 mg mL, 1 hour).
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Figure 2.4 — Characterisation of AUNP@PAH where the incubation concentration
and time were changed; A) Normalised UV-vis spectra, B) size distribution
obtained using DCS.

Concentration Time d(DCS) Shell thickness
(mg mL?) (hours) (nm) (nm)
1 1 12.35 0.84
1 2 12.3 0.96
3 1 12.1 1.23
3 24 11.9 1.52

Table 2-1 — Shell thicknesses determined by DCS for different incubation
conditions during the synthesis of AUNP@PAH

These AuNPs are stable, and a capping layer is present in all cases, for AUNP@PAH

prepared with a PAH concentration of 1 mg mL%, the apparent diameter reported by
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DCS does not significantly shift between AUNP@cit and AUNP@PAH. The presence of
a PAH capping layer can be confirmed on these AuNPs as they do not aggregate
during the cleaning process. Typically, AUNP@cit will aggregate after several cycles
of washing as the citrate is only electrostatically bound to the surface. As such, when
the citrate concentration in the solvent is reduced, citrate desorbs from the surface
of the AuNP, leading to loss of stability and aggregation. The data presented suggest
that the citrate layer is almost entirely replaced by a PAH layer, and when this layer

is at its thinnest it provides a similar density and thickness as a AUNP@cit layer.

As the Au surface is positively charged, if bonding was dependent only on
electrostatic interactions it would be unlikely that PAH would bind to the Au surface,
however due to the excess of amine groups it is likely that these form a covalent bond
to the gold surface which overcomes the electrostatic coating to provide a basis for
the layer-by-layer coating. The ability of amines to covalently bind to gold
nanoparticles is well established, this includes the use of polyethylenimine as a

replacement for citrate during the synthesis of AuNPs.%°

There is a characteristic shift in the plasmon band as described in 2.3.2.1, however
changing the thickness of the PAH capping layer does not significantly change the

position of the plasmon peak.

For all further work we used incubation conditions of 3 mg mL, 24 hours as it gave

the thickest capping layer.
2.3.3 Characterisation of PAH-RB

The loading of Rose Bengal into PAH was considered successful, as despite extensive
dialysis very little free Rose Bengal was lost during the cleaning process. The UV-vis
spectra were consistent with literature, with an increase in scattering, increased
width of the absorbance band, and increased absorption at 520 nm compared to the
main peak at 555 nm.* We ascribe this to a different and more inhomogeneous
environment inside the polymer than in solution, leading to a different ratio of
conformer populations. However, throughout the project it became clear that upon
use of PAH-RB in AuNPs a large amount of free Rose Bengal leached out of PAH-RB

(see section 2.4.1), this means a large fraction of the Rose Bengal was not covalently
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bound using EDC chemistry as desired. Due to the negative charge of Rose Bengal
and the positive charge of PAH electrostatic binding is possible. Work in our group by
H. McNicholl estimated the efficiency of covalent binding as 40% using UV-vis

spectroscopy.'® The efficacy of the loading will be further discussed in 2.3.5and 2.4.1.

— Rose Bengal
——— FAH-Rose Bengal

0.5

Relative absorbance

0 T T -
400 GO0 800
Wavelength (nm)

Figure 2.5 — Normalised UV-vis spectra of RB (black) and PAH-RB (blue). The
absorbances have been normalised against the absorbance peak in each
spectrum. For RB the peaks are at 515 and 548.5 nm, with relative absorbance of
0.33 and 1, respectively. For PAH-RB the peaks are at 522.5 and 555 nm with
relative absorbances of 0.75 and 1 respectively.

2.3.4 Characterisation of AUNP@PAH-RB and AUNP@PAH-RB@PSS
2.3.4.1 Characterisation of AuUNP@PAH-RB

The characterisation of AUNP@PAH-RB can be seen in figure 2.6 and in table 2-2. The
thickness of the shell, when synthesised in the absence of NaCl, is similar to that
reported in 2.3.2 for NP@PAH, suggesting that the presence of Rose Bengal does not
significantly change the properties of the PAH layer. This is expected, since only a
small fraction PAH amine groups are expected to interact with a Rose Bengal, as

discussed in section 2.4.1.
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Figure 2.6 Characterisation of AUNP@PAH-RB when different NaCl conditions
were used during incubation. A) UV-vis spectra, B) size distribution obtained using

DCS.
Concentration Time NaCl d(DCS) Shell thickness
(mg mL?) (hours) (mM) (nm) (nm)
3 24 0 11.93 1.40
3 24 10 11.55 1.84

Table 2-2 - Calculated shell thicknesses calculated from DCS for AuUNP@PAH_RB
synthesised with or without 10 mM NacCl.

The use of salt to increase the thickness of polyelectrolyte layers is well established.®
and can be seen in table 2-2 when 10 mM NaCl was used. No similar attempt
(synthesis in presence of NaCl) had been made for AUNP@PAH. Upon analysis of the
shell thickness, this confirms that the layer thickness reported is 50% thicker than
when no salt is present. The spectra seem to show a shift in the position of the LSPR,
but it is impossible to directly compare these spectra due to due to the presence of
non-NP bound Rose Bengal (~*575 nm) which distorts the spectra. The presence of
this Rose Bengal is likely due to the self-agglomeration of PAH-RB into large (200 nm)
aggregates, which will be discussed further in 2.3.5. For all cell experiments using
AuNP@PAH-RB@PSS, the 10 mM NaCl protocol was used due to the slightly thicker
PAH-RB layer.

Despite the addition of NaCl to increase the capping layer thickness, AUNP@PAH-RB
were unstable, aggregating after around 2 weeks. This may be due to the presence

of free Rose Bengal, which due to its negative charge may compromise stabilisation.
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2.3.4.2 Characterisation of AUNP@PAH-RB@PSS

When a PSS layer is added to AUNP@PAH-RB, the increase in shell thickness is
significantly less pronounced than the initial addition of a PAH-RB layer. The 0.15 nm
increase in capping layer thickness is consistent between syntheses with or without
NaCl. While literature does report that subsequent layers are not as thick as the initial
PAH layer, the addition of a PSS layer assessed using TEM leads to an increase of 0.5
nm to the shell thickness.” When a second bilayer was added to form AUNP@PAH-
RB@PSS@PAH-RB@PSS, our data supports the reduction in increasing capping layer
thickness which only adds 1.5 nm compared to AUNP@PAH-RB@PSS, where the
initial bilayer resulted in a shell thickness of 1.97 nm. However, as the literature data
was collected using TEM, it is likely that our analysis using DCS provides a more
accurate determination of the thickness of the capping layer. It likely that the
addition of a PSS layer compresses the PAH-RB layer so the overall added shell
thickness is less. Another explanation is that a significant amount of the PSS layer
intercalates with the PAH layer, displacing water and chloride ions from the PAH

layer.

— AUNP il —— AuNP3cil
—— AUNPEPAH-REEPSES AuNPEPAH-RBEPSS

—— AUNPIEPAH-RBEPSS )
1 1
ﬁ.- 11.5 nm ?;
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Figure 2.7 — DCS characterisation of; A) AUNP@PAH-RB@PSS and AUNP@PAH-
RB@PSS@PAH-RB@PSS when 10 mM NaCl was used, B) AuUNP@PAH-RB@PSS
when 0 mM NaCl was used.during polymer incubation. Different batches of
AuNP@cit were used in A) and B), which can be seen by the variation of the
distribution of AUNP@cit.
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Number Shell

Concentration Time NaCl d(DCS)
of thickness

(mg mL?) (hours) (mM) (nm)

bilayers (nm)

1 3 24 0 11.80 1.37

1 3 24 10 12.30 1.97

2 3 24 10 11.50 3.48

Table 2-3 — Shell thicknesses calculated from DCS for AuNP@PAH-RB@PSS
synthesised with or without 10 mM NaCl and AUNP@PAH-RB@PSS@PAH-
RB@PSS synthesised with 10 mM NacCl.

The addition of PSS, and the subsequent 3 washes, significantly reduces the amount
of Rose Bengal distorting the UV-vis spectra discussed in 2.3.4.1, however it is likely

that a significant amount of Rose Bengal is still present in the form of PAH-RB@PSS

polyelectrolyte complexes, see section 2.3.6. There is a significant widening of the

LSPR band visible when NaCl is used, as seen in figure 2.8, suggesting increased

aggregation; however, this is unlikely to significantly affect the use of AUNP@PAH-

RB@PSS on cells as the AuNPs typically enter cells following aggregation on the cell

membrane. There is significantly more Rose Bengal present in AuNP@PAH-

RB@PSS@PAH-RB@PSS, as the addition of PAH-RB to AUNP@PAH-RB@PSS takes

place when there are still large PAH-RB@PSS aggregates leading to more

agglomeration and incorporation of new PAH-RB into these agglomerates.
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Figure 2.8 — UV-vis spectra of AuNP@PAH-RB@PSS synthesised with 0 mM NacCl

(black), 10 mM NaCl (red) and AuUNP@PAH-RB@PSS@PAH-RB@PSS with 10 mM
salt (blue).

While AUNP@PAH-RB@PSS@PAH-RB@PSS were not used in cell experiments, the
addition of further layers of PAH-RB would reduce the need for the thickest PAH-RB
shell which would allow the elimination of NaCl in the synthesis. Therefore, if further
layer-by-layer coatings were to be used, the elimination of NaCl from the synthesis

would be preferential, but for the current work has been used throughout.

2.3.4.3 Change in (-potential in sequential synthesis of AuNP@PAH-RB@PSS@ PAH-
RB@PSS (10 mM NaCl)

{-potential was monitored for a synthesis all intermediates during a synthesis of
AuNP@PAH-RB@PSS@PAH-RB@PSS, as can be seen in table 2-4, the characteristic
switching of the surface charge at each synthesis step can clearly be seen. The values
reported are consistent with literature, and the values for AUNP@..@PSS are
consistent through the synthesis.* However, the lack of stability of AuNPs with a PAH-
RB outer layer is evident from the values obtained. This is in line with experimental
observations that nanoparticles with PAH-RB outer layers show the lowest stability

of all AuNP synthesised.
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AuNP@PAH- | AuNP@PAH-
AuNP@PAH- | AuNP@PAH-
AuNP AuNP@cit RB@PSS@PAH | RB@PSS@P
RB RB@PSS
-RB AH-RB@PSS
{-potential
/ -42.610.9 +27.4£1.0 -37.311.4 15.63.2 -35.612.4
mV

Table 2-4 {-potential determined at each step in a synthesis of AuUNP@PAH-
RB@PSS@PAH-RB@PSS

Despite the variation in surface charge for AUNPs with PAH-RB as the outer layer, the

overall switching confirms the successful nature of the layer-by-layer synthesis.

2.3.5 Leaching of Rose Bengal

Final wash AuUNP@PAH-RB
Initial wash AUNP@PAH-RB@PSS
Final wash AUNP@PAH-RB@PSS

0.04

0.02 4

Absorbance

-0.02 +

S(I)U 800
Wavelength (nm)

Figure 2.9 — UV-vis spectra of the supernatant from washes of AUNP@PAH-RB and
AuNP@PAH-RB@PSS.

During the washing process, the supernatant was monitored using UV-vis
spectroscopy to see the amount of PAH-RB remaining in each wash. While after 3
washes, there was very little PAH-RB remaining following the cleaning process
associated with the synthesis of AuNP@PAH-RB, following the synthesis of
AuNP@PAH-RB@PSS there was a refreshed presence of Rose Bengal in the
supernatant, as due to the dilution between the final wash of AUNP@PAH-RB and
AuNP@PAH-RB@PSS we would expect significantly less Rose Bengal absorbance.
Importantly, this was distinct from PAH-RB spectra and was characteristic of free

Rose Bengal rather than PAH-RB. This suggests that upon PSS addition to the
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AuNP@PAH-RB solution, electrostatically bound Rose Bengal was displaced from
PAH-RB by PSS.

0.035 —
0.03 —
0.025 —
0.02 —

0.015 +

Absorbance

0.01 +

0.005

_0005 v T v T v T v 1
400 500 600 700 800
Wavelength (nm)

Figure 2.10 — UV-vis spectrum of the supernatant of AuUNP@PAH-RB@PSS upon
centrifugation 2 months after the synthesis and initial cleaning.

In addition to loss of Rose Bengal during the washing process, a solution of
AuNP@PAH-RB@PSS that was used for cell treatments over a 2 month period
showed a significant absorbance of Rose Bengal in the supernatant following
centrifugation with a magnitude of 0.035 which can be seen in figure 2.10. This
spectrum resembles the spectrum of free Rose Bengal, rather than PAH-RB, see
figure 2.5. This is over an order of magnitude greater than the absorbance for the
amount of Rose Bengal we would expect to be contained in the PAH-RB layer
surrounding the AuNP, see section 2.4.2. This suggests that it is coming primarily
from the polyelectrolyte complexes in the solution, confirming that a significant
amount of Rose Bengal was not covalently bound to the polymer as mentioned in

2.3.3.
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2.3.6 Presence of PAH-RB@PSS Aggregates

Recent results obtained in our group show that the addition of 1 M NaCl to PAH-RB
leads to aggregation and formation of larger PAH-RB complexes.' It is likely that a
small amount of these complexes are created during the synthesis of AUNP@PAH-RB
described here (NaCl:10 mM); due to their size cleaning via centrifugation also
sediments these complexes, preventing their removal. Upon addition of PSS, Rose
Bengal is gradually replaced by the polyelectrolyte in these complexes and
AuNP@PAH-RB@PSS leading to free Rose Bengal in the solution. The leaching
reported in section 2.3.5, is dominated by the leaching from PAH@PSS, however it
cannot be ruled out that this also happen for AUNP@PAH-RB@PSS. Negatively
charged azo-dyes contained in polyelectrolyte layers showed good stability over the
course of several months, suggesting that the strong electrostatic envelopment
should be sufficient to contain the Rose Bengal in the bilayer, however this is

speculation ™13

The presence of these aggregates prevented quantitative analysis of singlet oxygen
generation using molecular probes as the Rose Bengal present in these agglomerates

is significantly higher than contained in the PAH-RB layers surrounding the AuNP.

They are unlikely to play a role in cell experiments, as in order for these to be
removed by centrifugation at the same rate as the gold nanoparticles which have
much higher density, the minimum size of these complexes would be 100 nm. Due
to the excess of PSS present it is likely that these polymer complexes are negatively
charged, and are at a concentration of less than 8.5 x 10712 M. While the uptake of
polyelectrolyte complexes has been studied in literature, the only uptake studies
exist for positively charged complexes exclusively and there is no evidence that
negatively charged polyelectrolyte complexes are taken up by cells.1*1® Negatively
charged poly(L-glutatmate-co-N-3-L-glutamylsulfanilic acid)@insulin complexes
were found not to interact with epithelial cells even when supplemented with
media.l’” In addition to literature suggesting that such complexes are not taken up
significantly by cells, our own comparisons between toxicity between AUNP@cit and

AuNP@PAH-RB@PSS in Hela cells suggests that the toxicity occurs at similar levels
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of generated singlet oxygen. If these polyelectrolyte complexes had a significant

impact, the efficacy of the irradiation would be significantly larger.

While cells have been shown to take up positively charged polyelectrolyte
complexes, there is no evidence that negatively charged polyelectrolyte complexes
are significantly taken up into cells and therefore these complexes should have no
effect on cell experiments. Indeed, despite the leaching of Rose Bengal discussed in
section 2.3.5, no decline in photodynamic activity was observed throughout the 2
month period over which AUNP@PAH-RB@PSS were used on cells, suggesting that
any leaching from these polyelectrolyte complexes or AUNP@PAH-RB@PSS has no
effect upon killing and therefore they are insignificant in any cell killing. This also
suggests that the AUNP@PAH-RB@PSS retains electrostatically Rose Bengal, or more

likely, loses it during the synthesis due to intercalation of PSS in the PAH-RB layer.

2.4 Determination of Rose Bengal loading in PAH-RB and AuNP@PAH-
RB@PSS

2.4.1 Rose Bengal Loading

The loading of Rose Bengal into PAH using EDC chemistry was initially reported by
Serrano, though sulfo-NHS was used to increase reaction efficiency.* The shift in the
Rose Bengal absorbance band, and increased absorption of the shoulder was
reported as a sign that the bonding was successful. However, our results show that
dialysis does not successfully remove non-covalently bound Rose Bengal from the
reaction mixture due to electrostatic retention. Due to this, nearly all of the Rose
Bengal was retained in the reaction mixture, as verified by UV-vis spectroscopy on
dialysis solvents, and other than through gradual leaching it is impossible to
distinguish between covalently and electrostatically bound Rose Bengal. It has been
reported that upon mixing a polyelectrolyte and charged dye, large polyelectrolyte-
dye nanoparticles can be formed, however it seems that this does not occur in PAH-

RB mixtures with salt absent.®

However, for future applications of PAH-RB it is important to quantify the amount of
Rose Bengal loaded into the polyelectrolyte. Since virtually all Rose Bengal is loaded
into PAH, we can calculate the Rose Bengal loading by using the stoichiometric ratio
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between PAH and RB in the reaction solution. This results in a ratio of Rose Bengal to
amines 1.81:1000 amines. While this number is low, it is important that the modified

polyelectrolyte retains its charge for the subsequent layer-by-layer coating of AUNPs.
2.4.2 Rose Bengal Loading in AUNP@PAH-RB@PSS

As we know the thickness of the PAH-RB layer on an AUNP@PAH-RB and we know
the ratio of Rose Bengal to PAH monomers, we can calculate the number of Rose
Bengal molecules contained in each AuNP. The shell density was assumed to be 1.4
g cm3, this is expected to be an overestimate, since the PAH monolayer will contain
a significant amount of water and counterions which contribute to the shell volume

but are ignored in the analysis.

Upon adding PSS, it is likely that a significant fraction of those solvent molecules and
counterions are expelled, leading to a collapse of the first layer, this means that it is
realistic to assume that it has only half of the thickness of the total layer, which yields
a more realistic estimate of the PAH (and hence Rose Bengal) content. The results of
this are tabulated in table 2-5, with 2 different shell thicknesses, these correspond
to; an equal split of the polyelectrolyte shell between PAH-RB and PSS, and the layer
thickness determined in AUNP@PAH-RB

Layer thicknesss Shell volume Number of Rose
AuNP
(nm) (m3) Bengal (AuNP?)
AuNP@PAH-RB 1.84 1.262 x 10724 33.78
AuNP@PAH-
0.985 6.77 x 107%° 18.12
RB@PSS

Table 2-5 - Shell thickness and amount of Rose Bengal loaded in each AUNP@PAH-
RB or AuUNP@PAH-RB@PSS.

However, as mentioned in section 2.3.3, the efficiency of covalent binding was
determined in the group to be 40%. In light of the leaching observed 2.3.5, we
assume that this is displaced by PSS. This leads to a value, obtained of 7.2 Rose Bengal
molecules per AUNP@PAH-RB@PSS for the equal split of the polyelectrolyte shell
between PAH-RB and PSS. This value will be used for estimates of 'O, generation in

cells reported in chapter 4.
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2.5 Conclusion

Polyelectrolyte coated AuNPs (AuNP@PAH, AuNP@PAH-RB, AuNP@PAH@PSS,
AuNP@PAH-RB@PSS, AuNP@PAH-RB@PSS@PAH-RB@PSS) and AuNP@cit were
successfully synthesised. These were characterised using UV-vis and DCS to provide

accurate sizing of both the Au core and the thickness of the polyelectrolyte shell.

Rose Bengal was loaded into PAH to give PAH-RB, however 60% of loading was
mediated by electrostatic attraction rather than as a covalent bond. The use of NaCl
in the synthesis of AUNP@PAH-RB@PSS also led to PAH-RB@PSS polyelectrolyte
complexes that centrifugal cleaning of AUNPs could not remove. However, these are

unlikely to play a role in cell experiments.

The use of PAH-RB did not significantly alter the properties required for a successful
layer-by-layer coating of AuNPs, and the loading of Rose Bengal in AUNP@PAH-

RB@PSS was determined to be 7.2 Rose Bengal molecules per AuNP.
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3 AuNP@cit and AUNP@CALNN mediated phototherapy in Hela
cells
3.1 Introduction

S. Chadwick initially showed cell killing in HeLa cells upon irradiation following uptake
of AuNP@cit and AuUNP@CALNN.! This chapter covers further experimental work, in
particular expanding the experimental conditions, and a more detailed analysis,
which was applied to the new data as well as to the existing data obtained by S.
Chadwick to elucidate the mechanisms governing the AuNP@cit, light-mediated
treatment. In order to discuss the results obtained experimentally, results reported
by S. Chadwick will be presented in this section 3.2 and where reanalysis has been
performed as part of the current project the results will be included in the results and
discussion section. The experimental methods used by S. Chadwick were identical to
the methods used in further data gathering, while a description of the transmission
electron microscopy (TEM) techniques can be found in the original reporting of these

data.l

3.2 Previous Results Obtained by S Chadwick

3.2.1 Uptake of AuNP@cit and AuNP@CALNN
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Figure 3.1- Uptake of 13-14 nm AuNPs by Hela cells with AuNP@cit and
AuNP@CALNN at different concentrations and incubation times, the error bars
correspond to the standard deviation of individual experiments. Image taken
from 1.
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Uptake experiments of AuNP@cit and CALNN-stabilised AuNPs (AUNP@CALNN),
assessed using ICP-OES, resulted in the values presented in figure 3.1. AUNP@CALNN
showed a larger amount of AuNPs associated with the cells, with the number being
proportional to AuNP concentration, but saturating in less than a day. The values

reported for AUNP@cit are consistent with literature.?3

citrate-AuNPs, 2 nM, 3 h

Caw Ll e

citrate-AuNPs, 2 nM, 24 h CALNM-AUNPs, 4 nM, 3 h

Figure 3.2 - Representative TEM images of Hela cells after incubation with 2 nM
citrate-stabilized 13 nm AuNPs for 3 hours (A, STEM; B, TEM) or 24 hours (C+D,
TEM) and with 4 nM CALNN-stabilized 13 nm AuNPs for 3 hours (E+F, STEM).
Image taken from 1.
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TEM images of Hela cells following incubation with 13 nm AuNP®@cit show AuNPs in
intracellular vesicles, including early and late endosomes and lysosomes, figure 3.2,
confirming endocytosis as the main mechanism for uptake.>*?® After incubation for
3 hours, both individual and aggregated AuNPs were observed, figures 3.2A and 3.2B,
whereas incubation for 24 hours results in extremely dense packing of AuNPs within
the vesicles, figure 3.2C and 3.2D. No significant binding of AuUNP@cit to the cell
surface was observed in these TEM images. In contrast, after incubation with
AuNP@CALNN, which leads to a larger number of AuNPs being associated with the
cells as detected by ICP-OES, the majority of AuNPs are attached to the outside of
the cell membrane rather than in intracellular vesicles, figures 3.2E and 3.2F. This

shows that AUNP@CALNN interact with Hela cells by a different mechanism.

A semi-quantitative analysis of the number of AuNPs in the TEM images provided
estimated loadings of between 20,000 and 50,000 AuNPs per cell after incubation
with AuNP@cit (2 nM, 3 hours) and approximately 150,000 AuNPs per cell after
incubation with AUNP@CALNN (4 nM, 3 hours), which is in good agreement with the
ICP-OES results. More importantly, this analysis suggests that only approximately
10% of the AUNP@CALNN which are taken up by cells after repeated washing with
PBS are located inside the cells and the majority resides on the cell surface, whereas
for citrate-stabilized AuNPs more than 90% of the AuNPs are located inside the cell,
in agreement with a previous report for other cell types, which used an analytical
method rather than imaging for distinguishing between binding to the cell surface
and uptake into the cell.’ The high AuNP density within the endosomes in cells
incubated for 24 hours made it impossible to estimate the AuNP loading from the

TEM images.
3.2.2 Determination of Temperature Limit for Thermal Therapy

To determine the required temperature to kill HeLa cells photothermally, dishes

were sealed using parafilm and immersed in a water bath.!

The effect of elevated temperatures on Hela cell viability was investigated by
immersion of culture dishes in a water bath. Incubation at 40 °C was found to not

have any effect on cell viability, whereas keeping the cells at a temperature between
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45 and 50 °C for 4 minutes in the absence of AuNPs resulted in a reduction of cell
viability to ~0.5 and heating to above 50 °C for 4 minutes reduced viability to 0-0.1,

all of which is in good agreement with the effects found for other cell lines.1%’
3.2.3 Dynamic Simulations of Temperature Rise in HelLa Cells Containing AuUNPs

Dynamic temperature simulations were performed by M. Volk to estimate laser
irradiation induced temperature increases for the experiments performed by S.
Chadwick and were also applied to results reported in 3.6. The spatio-temporal
temperature distribution of the buffer solution above a thin layer of AuNP-loaded
cells on a culture dish during irradiation with a laser beam was calculated using finite-
element dynamic heat transport simulations based on the Fourier equation, equation
3-1. These were performed using the same method as published.’
dq

or VT +
c—= K —
Pt dt

Equation 3-1 — Fourier heat equation

In equation 3-1, p, c and k are the density, heat capacity and heat conductivity of the
medium, and T is the temperature. dg/dt represents a source term, q is the heat that
is released to the medium as a result of the absorbed light energy. The amount of
light absorbed is estimated from the absorbance of the sample which can be
estimated from the NP per cell, local cell confluency (cell mm™) and the & of the

AuNPs which is size dependent (for 13 nm AuNPs this is 2.5 x 1077).

Figure 3.3 shows a typical example for the increase of temperature upon starting the
irradiation, in this case at the maximum intensity available to us, for a cell culture
which absorbs 0.3% of the incident light. This absorbance is typical for a Hela cell
culture grown to ~50-80% confluency and incubated with citrate stabilized AuNPs for
3 hours, for which it is in fact impossible to reach temperatures above 37°C, which is
the normal incubation temperature for Hela cells. However, much higher
temperatures can indeed be achieved by longer incubation with AUNP@cit or by
incubation with AUNP@CALNN (see figure 3.1). Due to the linearity of the Fourier

equation, the shape of the spatio-temporal temperature distribution is the same for
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all experiments, although the amplitude of the temperature change scales with the
amount of heat absorbed, i.e. with the laser intensity applied and the density of

AuNPs in the irradiated cell culture area.

It is worth noting that for the laser beam diameter used here most of the
temperature increase in the centre of the laser beam is achieved in the initial 30
seconds, followed by a slower phase which is characterized by the heat spreading
into the buffer volume, and thus also increasing the area of the cell culture
experiencing a significant temperature increase, without a large temperature
increase in the centre. This biphasic temperature increase is similar to experimentally

observed temperature rises within tumours subjected to AuNP-induced PTT.10.141819

Temperature Increase / °C

height / mm

0] 1 2 3 4 5
radial distance / mm

0 1 2 3
Irradiation Time / min

Figure 3.3 - Time-dependent temperature increase of the Hela cell monolayer at
the centre of a laser beam with 210 W/cm? intensity and 1.85 mm diameter
(1/e?), for a situation where 0.3% of the incident light is absorbed. (Insets)
Contour plots of the spatial temperature distribution in the buffer layer above the
Hela cells after different times of irradiation; horizontal axis: radial distance from
the centre of the laser beam; vertical axis: height above the cell layer; for clarity,
the horizontal and vertical scales as well as the colour (temperature) scale are
shown only for the distribution after 1 min irradiation, the same scales were used
for all plots. Image taken from 1.
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3.2.4 Light Mediated Cell killing using AUNP@cit and AUNP@CALNN

S. Chadwick investigated the effect of 532 nm, cw laser irradiation (210 W cm-1, 3
minutes) on Hela cells treated with AUNP@cit (2 nM, 24 hour) and AUNP@CALNN (4
nM, 3 hours). Killing was observed with both AuNPs, where all cells were killed in a
large area in the centre of the laser beam, clearly shown by the blue staining in figure
3.4. This result was often found upon irradiation at the highest laser intensity, but
only when cells contained large numbers of AuUNP@cit (320,000 AuNPs per cell) or
AuNP@CALNN (220,000 AuNPs per cell). When the onset of cell death was measured,
for these experiments it was typically observed after 1 hour, indicating immediate

substantial damage to the cell membrane.

Figure 3.4 - Hela cells incubated with 13 nm AuNP®@cit (2 nM, 24 hours) prior to
irradiation at 210 W/cm? for 3 min (A, B) or incubated with 13 nm AuNP@CALNN
(4 nM, 3 hours) prior to irradiation at 210 W/cm? for 1 min (C). All images were
taken after trypan blue treatment at 24 hours after irradiation. The red solid
circles indicate the centre exposed area with a diameter of 0.5 mm, the dotted
circle the 1/e? diameter of the laser beam, and the dashed circle indicates the
approximate area in which all of the cells are dead. The image to the right of
panel (A) is a magnified view of (A), as indicated. Image taken from 1.

In contrast, Figure 3.5 shows experiments where irradiation has resulted in some
dead cells whose cell membrane is defective so that they are stained by trypan blue
incubation (blue arrows); in addition, some cells have disappeared completely (red

arrows), which for Hela cells normally only happens upon cell death. On the other
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hand, interspersed with these cells are cells which have normal morphology and are
not stained by trypan blue. Outside of the irradiated area, normal cell splitting was
observed. This type of outcome was normally observed after incubation with citrate
stabilized AuNPs for 3 hours, irrespective of the irradiation conditions, although cell
viability did show a correlation with the irradiation conditions, vide infra. However,
this outcome was also often found after incubation with CALNN-stabilized AuNPs,
particularly when using cell cultures with lower confluency. The onset of death as
detected using trypan blue typically took 24 hours, indicating that the membrane

wasn’t damaged during the irradiation.

B before

Figure 3.5 - Hela cells incubated with 13 nm citrate stabilized AuNPs (2 nM, 3
hours) (A) or incubated with 13 nm CALNN-stabilized AuNPs (4 nM, 3 hours) (B, C)
prior to irradiation at 140 W/cm? for 3 min (A,B) or at 210 W/cm? for 1 min (C).
For all cases the left image was taken just before irradiation and the right image
after trypan blue treatment at 24 hours after irradiation. The red solid circles
indicate the centre of the irradiated area with a diameter of 0.5 mm used for cell
counting. The blue arrows highlight some of the cells which have been stained by
trypan blue, indicating that their cell membrane is compromised, the red arrows

show where cells have detached from the dish after irradiation. Image taken from
1
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The different outcomes shown in Figures 3.4 and 3.5 are partly caused by different
AuNP loadings and irradiation conditions but cannot be ascribed solely to these
factors. In many experiments, different outcomes were found for the same
incubation and irradiation conditions, compare Figures 3.4C and 3.5C. In these cases,
the only difference between the experiments resulting in complete cell killing and

those resulting in a minor reduction of cell viability was the local cell confluency.

The well-defined circular area of complete cell killing which is shown in the examples
of Figure 3.4 is reminiscent of results which have been reported previously for AUNP-
induced photothermal therapy. 182923 This effect is based on the fact that when
AuNPs absorb light, they dissipate virtually all of the absorbed light energy as heat to
their surrounding on the picosecond time scale.?* Given the cell dimensions and the
thermal properties of biological material, the released heat then diffuses through the
cell on the sub-millisecond time scale, thus rapidly heating the whole volume
containing cells and its surrounding; in our case this will mostly heat the buffer which
the cells are immersed in, resulting in largely homogeneous heating of buffer and

cells in the irradiated area. 7/2>26

Irradiated cells containing large numbers of AuNPs (figure 3.4) all died and a well-
defined area of dead cells is observed. Temperature simulations for these
experiments show that cells reach a temperature above 50 °C. This observation is in
very good agreement with the results obtained when using a water bath for heating
the cell culture dish reported in 3.2.2. However, when cells contained fewer AuNPs
(42,000) following an incubation with AuNP@cit (2 nM, 3 hours), this threshold
temperature was not reached and viability is reduced with live and dead cells
interspersed in only the most intense area of laser irradiation. Due to the short range
of singlet oxygen, its cytotoxic effect is limited to the cell it was generated in. This
allows live and dead cells to neighbour each other, therefore PDT must be the
mechanism for cell killing. Interestingly, for AUNP@CALNN (4 nM, 3 hours) significant
killing was only reported when the temperature was above the threshold
temperature even though the amount of AuNPs associated with the cells is

significantly higher than in AUNP@cit (2 nM, 3 hours).
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3.2.5 Summary of Previous Work

Two modalities of cell killing were observed in AuNP@cit and AuNP@CALNN
experiments by S. Chadwick. Where cellular AuNP content was high (AuNP@cit: 2
nM, 24 hours) and the temperature reached was above 50 °C, killing was mediated
by heating. Where AuNP content was low (AuNP@cit: 2 nM, 3 hours) the
temperature reached did not exceed 50 °C and killing was mediated by reactive
oxygen generated by AuNPs. For AuUNP@CALNN (4 nM, 3 hours) if the irradiation was
of sufficient power, the temperature reached was above 50 °C and killing observed
was mediated by heating. However, when this temperature was not reached due to
lower irradiation conditions or lower cell confluency no killing was observed, despite
significantly higher amounts of AuUNPs being associated with cells compared to the
AuNP@cit (2 nM, 3 hour) experiments. As the majority of AUNP@CALNN are
associated with the outside of the cell membrane the reactive oxygen generated is

less effective than when it is generated by AUNP@cit.

However, the results presented by S. Chadwick only included a limited analysis of
photodynamic killing. This was based on only counting cells that had been stained
by trypan blue or detached following irradiation. Also, there was no full comparison
of the compensating effects of laser power or irradiation time. As a photodynamic
effect is cumulative, lower light doses should still damage cells and lower intensity
irradiation over longer time periods should deliver equivalent cytotoxicity to cells

while generating lower temperatures within cells.

3.3 Experimental
3.3.1 Materials

Dulbecco’s Modified Eagle Medium (DMEM), heat inactivated fetal bovine serum,
non-essential amino acids, Penicillin-Streptomycin, trypan blue, and phosphate
buffered saline (PBS) (pH 7.4) were purchased from ThermoFisher. Corning cell
culture plates and flasks were purchased from Fisher Scientific. AUNP@cit were

synthesised and characterised as described in chapter 2.
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3.3.2 Cell Culture

Hela cells were kept in culture in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% heat inactivated fetal bovine serum, 1% non-essential amino
acids and 1% penicillin-streptomycin in a humidified atmosphere containing 5% CO..
To maintain consistency passages 4-35 were used for experiments and cells were
typically grown to 80% confluency before splitting. During routine cell culture Hela

cells were screened for mycoplasma contamination.
3.3.3 Determination of AuNP Uptake

Hela cells were seeded in 100 mm cell culture dishes and allowed to attach
overnight. Following this, they were incubated with a 1:1 (v/v) mixture of cell culture
medium (CCM; Dulbecco Modified Eagle’s Medium, DMEM, supplemented with 10%
fetal bovine serum, FBS) and AuNP solution, prepared 24 hours before incubation, at
different AuNP concentrations and for different times. The cell layer was washed
three times with 10 mL of PBS (pH 7.4), detached with 1 mL of trypsin and 9 mL CCM
was added. The concentration of cells in the solution was assessed using a
haemocytometer, after which the solution was centrifuged at 1000 rcf for 10
minutes. The supernatant was removed and the cell pellet was dissolved in 0.5 mL of
freshly prepared aqua regia. After 3 days, this was diluted with 4.5 mL H,O and the
gold content of the sample was determined using ICP-OES and used to calculate the

number of AuNPs per cell.
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3.3.4 Irradiation of Hela cells and Determination of Cell Viability

Mirror —»

Adjustable -
dish holder  ™a

35 mm dish

- Beam stop

Figure 3.6 — Laser irradiation set up for the irradiation of Hela cells in 35 mm
dishes (side view). The dish was centred using a sticker, and then moved using
micrometre screws to irradiate a specific area of the dish. Typically, four areas on
each dish were irradiated, except when longer irradiation times were used.

Hela cells were seeded on a 35 mm cell culture dish and left to attach overnight.
They were then incubated with a 1:1 (v/v) mixture of CCM and AuNP@cit at a final
AuNP concentration of 2 nM or for control experiments a 1:1 (v/v) mixture of CCM
and Hx0, using the same protocol as described above. At the end of the incubation
time, cells were imaged using a microscope and washed three times with PBS and
then irradiated with cw laser light at 532 nm. In most cases, they were then kept
under standard growth conditions under CCM for 24 hours, after which the CCM was
replaced with a 1:1 (v/v) mixture of CCM:trypan blue (0.4%) and replaced in the
incubator for 5 minutes. The cells were then washed twice with PBS, 1 mL of CCM
was added to the dish and the cells were imaged using a microscope. The number of
live cells, identified by the absence of staining or significant morphological changes,
was counted in a circular area with a diameter of 0.5 mm around the centre of the
laser beam, for the images taken prior to and 24 hours after irradiation. These
numbers were used to calculate cell viability, by comparing their ratio to the

expected growth rate, obtained from a non-irradiated control area on the same dish.

To image and irradiate the correct areas reliably, a micrometre stage was used. A

sticker with a hole was placed in the centre of the dish, to which the microscope or
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laser were aligned. The area also provided an unirradiated control area. From this
alignment, the stage was moved by a precisely controlled movement of the

translation stage to image and irradiate cells.
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Figure 3.7 — Beam profile of a laser with a 1/e? diameter of 1.85 plotted as relative
intensity to the maximum intensity. The black lines indicate the power in the
central 0.5 mm and the red line indicates the power at 1.85 mm.

As the Opus 532 nm cw laser used has a 1/e? beam diameter of 1.85, only the central
area with diameter 0.5 mm was assessed as the laser intensity at the edge of this

area remains 87% of the maximum intensity.
3.3.5 Development of viability assay

The results reported by S Chadwick were reported as cell killing, this is summarised
in equation 3-2. The amount of dead and detached cells 24 hours after irradiation
were counted and expressed as a percentage of the amount of cells present in an
area before irradiation. This can be seen in equation 3-2. These dead cells were
assessed using trypan blue, which stains cells with permeabilised membranes blue.
This is typically an indicator of necrosis, however in these experiments it also detects
cells that show secondary necrosis due to the time delay of 24 hours before
assessment. This occurs when cells are killed via pre-programmed routes (apoptosis
and autophagy) and have intact membranes but are not removed by the mechanisms

that would typically occur in vivo. This results in the loss of cell function gradually
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leading to loss of membrane integrity and the ability of trypan blue to stain these

cells.

Dead Cells 24 Hours after irradiation
Cell Death Rate =

Live Cells Before Irradiation

Equation 3-2 — Method of reporting cell death rate used by S. Chadwick.

While this is important, more widely used assays such as clonogenic and MTT assays
typically measure the growth of cells compared to a control area. This allows the
consideration of damaged cells that lose their ability to divide and replicate without
undergoing primary or secondary necrosis and hence were not detected in the
analysis performed previously. This is a significant effect when we are considering
the efficacy of a treatment. As these typically treat the whole of a cell population,
they cannot be applied to these experiments as only a small fraction of cells is
irradiated. An MTT assay was used in chapters 4 and 5. In order to improve our
assessment of cytotoxicty, we developed an assay allows the determination of
viability, giving results that are analogous to those widely used assays but is
applicable to our conditions. We compared the number of cells in a control area on
the same dish before and after irradiation to calculate the growth rate of cells in the
absence of irradiation. The cells in the irradiated area were counted before
irradiation, and the number of healthy cells were counted after irradiation. The
growth rate was applied to cell count in the irradiated area before irradiation and the
number of healthy cells following irradiation was compared to this number to display

viability. This is summarised in equation 3-3 and 3-4.

Live Cells 24 hours after irradiation

Viability =
HAPHLLY = Cells Live Before Irradiation X Growth Rate

Equation 3-3 — Determination of viability used in the results presented in this
chapter.

Live Cells 24 Hours Later (control)

G th Rate =
row ate Live Cells Before Irradiation (control)

Equation 3-4 — Determination of growth rate as used in equation 3-3.
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3.3.6 Measurement of Average Cell Size in Irradiated Areas

Figure 3.8 — Measurement of area occupied by cells in the central area of a cell
irradiation. The red circles indicate diameters of 0.5 mm and 1.2 mm,
respectively.

In order to determine the average cell size in an irradiated area, the area was imaged
in the CCM:AuNP mixture before irradiation. They were imaged in this mixture rather
than PBS as PBS reduced the size of cells. The area occupied by cells was traced, an
example of which can be seen in figure 3.8, and the area was analysed in imagelJ to
give the area occupied by cells. This was then divided by the number of cells in the

area to give the average area occupied per cell.

3.4 Uptake of AUNP@cit and its Variability
3.4.1 Uptake of AuNP@cit by Hela cells

On exposure of AuNP@cit to the CCM, the citrate capping layer is displaced by a
corona formed from the FBS proteins, which stabilizes the AuNPs. 3%27:28 This corona
increases gradually during the 24 hour exposure of AuNPs to CCM prior to their
application to cell cultures to yield an overall thickness of ~15 nm.3?” However, DCS
results obtained in our group show that the “hard” corona, i.e. the tightly bound

fraction of this corona which remains in place upon transferring the AuNPs into a
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different environment, has a thickness of only 8 nm, is formed within one hour and
does not increase significantly by prolonged incubation, in agreement with previous
results obtained in almost undiluted CCM.?%2° This shows that a significant fraction
of the protein corona of AuNPs in DMEM/FBS consists of proteins which are only
loosely bound (“soft” corona). Moreover, the “hard” serum protein corona is thicker
than that formed upon exposure of AuNPs to neat bovine serum albumin (BSA), the
most common component of FBS, which confirms that lower abundance proteins are
preferentially bound into the corona.?? It is reasonable to suggest that this corona
mimics the protein corona which systemically administered AuNPs would pick up in

the blood stream.

The uptake of AUNP@cit in Hela cells (incubated with 2 nM, 3 hours) determined
using ICP-OES to provide a mean uptake of 42,000 per cell. This is in good agreement
with values reported in literature for Hela cells incubated under similar conditions
and with the results presented in 3.2.1. While this average value is consistent with
those reported in literature, it only provides an average value for the entire cell
population. Determination of the uptake of single cells in literature shows significant
variation within the cell population, which arises from a variation of the rate of AUNP
binding and uptake, e.g. due to variations of the density of endocytotic receptors and
the cell size as this dictates the surface area of the cell exposed to the AuNP solution.

The size in turn, is influenced by confluency.3-34

In order to probe the impact of confluency on AuNP@cit uptake by cells, the total
numbers of cells in dishes assessed using ICP-OES was varied between non-confluent
and confluent conditions, which provides a simple method of reducing the average

cell area exposed to the medium containing AUNP@cit.>*
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Figure 3.9 — Uptake of 13-14 nm AuNP@cit by Hela cells after incubation with
AuNP@cit (2 nM, 3 hours) on dishes with a wide range of confluencies. The x-axes
represent the cell density, which is the amount of cells per area, and the available

dish area available per cell, which represents the largest surface area of a cell in
these conditions. These were determined from the total cell count obtained
during the uptake analysis and the available growth area on a 10 mm cell culture
dish.

At low confluency, the area occupied by each cell is expected to decrease only slightly
as the number of cells increases, since new cells have enough space to move away
from their parent cell.3> Thus not much change in AuNP uptake is expected; this is in
agreement with the results in Figure 3.10, which show only a slight decrease of the
number of AuNPs per cell with increasing cell density below 10° cells/cm?. Upon
reaching full confluence, above 10° cells/cm?, the average cell size drops rapidly
when further increasing cell density, and this is accompanied by a significant
decrease of the number of AuNPs per cell; for the highest cell density used here, the
number of AuNPs per cell drops to less than half of the value observed for
unrestricted cells. As the amount of AUNP@cit contained in the mediumis2 x 1011
moles and the total amount of AuNP@cit taken up by cells is on the order of
3 % 107 '3 moles, this reduction in uptake is unrelated to increased total uptake of

AuNP@cit reducing the amount of AuUNP@cit available to the cells.
3.4.2 Cell size Analysis

As the AUNP@cit irradiation we describe in this chapter only treats a small section of
cells (0.20 mm?) contained within a larger dish (962 mm?), the local cell confluency

can be significantly different to the overall confluency of a dish. A more detailed
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analysis of the cell size used microscopic images, comparing 0.5 mm circular areas of
Hela cells, as can be seen in figure 3.10. In low cell density dish images, cells were
found to occupy on average an area of around 1500 pm?, similar to the cell area
reported for other epithelial cell lines.3> On the other hand, for essentially confluent
dishes, the cells occupied on average an area of only 600 um?, close to the lowest
dish area available per cell in the AuNP incubation samples, Fig. 3.9. In these
experiments, cells had been grown at most long enough to reach confluency;
significantly lower cell areas can be found upon prolonged cell culture growth, in
agreement with literature reports. Thus, the extremes of our cell growth conditions
(low cell density to just reaching confluency) lead to a variation of the average area
occupied by an individual cell by a factor of 2.5, which is very similar to the
accompanying variation of AuNP numbers per cell, suggesting a close-to-linear
relationship between the cell surface area and the number of AuNPs that bind to the
cell, which is expected since a smaller surface area means that less endocytosis
receptors are exposed to the medium containing AuNPs. It should be noted that this
relationship only refers to the average AuNP uptake of a cell population of identical
size; single cell experiments have shown a significant variability of AUNP binding even
for cells of the same size due to other effects, most likely a variability of endocytosis
receptor density.3173336 As will be discussed in more detail below, this variability in
AuNP binding and uptake presents difficulties in assessing the effectiveness of

cytotoxic therapies mediated by AuNPs.
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Figure 3.10 - Average occupied area per cell in 0.5 mm areas determined as
described in 3.3.6, plotted against the number of cells within the areas. Images of
selected areas are shown, with the red circles indicating a diameter of 0.5 mm.
The solid line shows the total area available per cell.

3.5 Control experiments
3.5.1 Control irradiations

In the absence of AuNPs, irradiation of Hela cells with cw laser light at 532 nm at the
maximum intensity available (210 W/cm?) for up to 5 minutes does not significantly
affect the cells. 24 hours after irradiation the trypan blue assay does not reveal any
dead cells and the cells have normal morphology, see figure 3.11. Moreover, the cells
have undergone significant splitting, although a quantitative analysis shows that
overall cell viability is reduced to 0.85 + 0.08 for 3 min irradiation, compared to cells
on the same dish that had not been irradiated, which showed the normal growth
rate. Data for other irradiation conditions are shown in Table 3-1, which show that
decreasing the laser intensity reduces the effect of irradiation, and that for the same
cumulative dose the effect is larger for longer irradiation times at lower dose. This
resultis in agreement with literature reports that in vitro irradiation of various benign

7-39

and malignant cell types with green or orange cw 37732 or pulsed light has no or only
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minimal effects on their viability, even at intensities comparable to those used

here 37-40

Intensity (W cm-) Time (minutes) Light dose (J cm™2) Viability
210 5 1050 0.74 + 0.06
210 3 630 0.85+ 0.08
140 3 420 0.91 +0.02
70 3 210 0.90 + 0.06
210 3 630 0.85+0.08
42 15 630 0.67 £ 0.04
21 30 630 0.55 + 0.07

Table 3-1 — Viability of Hela cells 24 hour after irradiation with 532 nm cw laser
light in the absence of AuNPs at various intensities and irradiation times.

Figure 3.11 Hela cells in the absence of AuNPs; (A) before and (B) 24 hours after
irradiation with 532 nm light at an intensity of 210 W/cm? for 5 minutes; trypan
blue assay was performed just before taking the image shown in (B).

3.5.2 Effect of AuNP@cit and AUNP@CALNN incubation

Hela cells incubated with 13-14 nm AuNPs continue to split and proliferate at almost

normal rates, and application of trypan blue 24 hours after exposure of the cells to
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AuNPs did not result in staining of cells, indicating that all cells had an intact cell

membrane at this time.

Quantitative analysis shows that the cell growth rate, i.e. the increase of the number
of cells over 24 hours, is slightly reduced after incubation with AuNP@cit for 3 hours,
compared to cell dishes which were exposed to a 1:1 (v/v) mixture of CCM and H,0O
for the same time, from 2.04 + 0.08 to 1.68 + 0.19, which is in agreement with
previous reports for the incubation of Hela cells with AuNP@cit under similar
conditions.>*! In light of the absence of trypan blue staining, it is tempting to ascribe
this effect to a slightly reduced rate of cell splitting with no direct cytotoxicity.
However, it is possible that the effect results from a few cells undergoing apoptosis,
which are not stained by trypan blue, rather than a reduced rate of cell splitting. This
suggestion is based on the observation that the effect of citrate AuNPs on the
proliferation of human dermal fibroblasts, which is similar to the one observed here
for Hela cells, is due to cells undergoing apoptosis.*? The same study also showed
that once 13 nm AuNPs are removed from the CCM, non-apoptotic cells rapidly
recover even after prolonged exposure to AuNPs . Incubation with AUNP@CALNN,
on the other hand, did not lead to any measurable reduction of cell viability, neither

did incubation with citrate alone.

3.6 Irradiation of Hela Cells Containing AuNPs

3.6.1 Summary of Photodynamic and Photothermal Heating Observed in Hela Cells
Using either AUNP@cit or AUNP@CALNN

In order to correlate our results quantitatively with the temperature increase caused
by the irradiation and thus confirm the cause of cell death as photothermal heating,
we performed numerical simulations. For each individual irradiated area the fraction
of incident light which is absorbed by the AuNPs was calculated based on the local
density of cells and the number of AuNPs taken up by each cell, figure 3.12. The
explicit spatio-temporal temperature distribution in the dish during irradiation was
calculated using finite-element dynamic heat transport simulations based on the

Fourier equation, as discussed in 3.2.3.7%° It is worth noting that for the laser spot
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size used here, most of the temperature increase in the centre of the laser beam is

achieved in the 30 seconds of irradiation, although the affected area grows with time.

Figure 3.12 correlates the observed viability and the calculated temperature in the
maximum of the laser spot at the end of the irradiation for all experiments, which
use different types of AuNP coatings, AuNP incubation times and irradiation
conditions. From these results, it is obvious that whenever the cells are heated to
above 50 °C, they all die, whereas when the maximum temperature is below 45°C
cell viability may be reduced, but in most cases we did not observe complete cell
killing. In a transition region between these two temperatures, both outcomes were
found, although this might be partly due to the uncertainty of our temperature
estimates. This observation is in very good agreement with the results obtained when
using a water bath for heating the cell culture dish. Therefore, we conclude that
under conditions where irradiation results in a temperature above 45-50 °C all cells
are killed by the photothermal effect. However, a significant reduction of cell
viability, up to almost complete killing, was also found in experiments where our
temperature estimates rule out significant heating. This effect must arise from a
photochemical effect, and we suggest this to be the photogeneration of singlet

oxygen by AuNPs.43-4°
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Figure 3.12 - Viability of Hela cells after incubation with 13 nm citrate or CALNN-
stabilized AuNPs and irradiation at different laser intensities for different times.
The viability data are plotted against the calculated temperature in the center of
the laser spot at the end of the irradiation. The grey area indicates the
temperature range below which immersion in a water bath does not affect cell
viability, whereas immersion above this range leads to essentially complete killing
of cells.
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3.6.2 Variation of Cell Killing Caused by Confluency Variation

Figure 3.13 — Hela cells incubated with 13 nm AuNP®@cit (2 nM, 3 hours) 24 hours
after irradiation with 210 W cm for 3 minutes and immediately after treatment
with trypan blue. The red solid circles indicate the centre with exposed area with
a diameter of 0.5 mm and 1.2 mm. Dead cells can be seen by blue staining and in
some cases deformation which typically only occurs in Hela cells when cells are
dead.

Results gathered by S Chadwick within the group showed extensive variation of cell
killing. In order to investigate this effect, Hela cells were treated with AUNP@cit (2
nm, 3 hours) and irradiated with 210 W cm for 3 minutes. Cells were replaced in the
incubator for 24 hours and assessed using a trypan blue assay, optical microscopy
images of irradiated cells can be seen in figure 3.13. Cells are killed throughout the
central section, however there are healthy cells alongside dead cells which indicates
that reduction in viability is not caused by heating effects. As mentioned in section
3.2.4 if the cytotoxic effect is mediated by heating, it is unlikely that a population of

live and dead cells would be distributed together. In addition to this experimental

79



observation, the simulations also show that heating is insufficient to damage cells
containing 42,000 AuNP@cit. The number of cells present before irradiation and the
final viabilities for these areas is as follows: A) 67 cells, 0.0, B) 121 cells, 0.24, C) 206
cells, 0.90 and D) 276 cells, 0.56. While significant numbers of dead cells can be seen
in A and B, there are very few dead or missing cells in C and D but despite this, there
is reduced viability in C and significantly reduced viability in D. This highlights the
benefits of reporting viability rather than the amount of dead cells in elucidating the

true efficacy of the treatment.

The overall viability of these experiments (51 unique areas) can be seen in figure
3.14A, this value is consistent with the results reported by Chadwick, however
significantly more variation in the number of cells in each area is contained in the
new data. During analysis it became clear that when irradiated areas had a high
confluency, only a few cells were stained by trypan blue. The individual results
contained in figure 3.14A are plotted in figure 3.14B against the number of cells
within the irradiated area before irradiation; it becomes clear that when low
confluency areas are irradiated, the viability is typically reduced significantly as
indicated by the lack of data points in the blue area. Conversely, when high
confluency areas are irradiated, the effect on viability is reduced, as indicated by the
lack of data points in the red area. As reported in section 3.4, increasing the
confluency in a 0.5 mm diameter area significantly reduces the cell size, and hence
AuNP uptake area of cells. This reduced cell size and AuNP uptake in high confluency
areas appears to result in increased viability under otherwise identical irradiation

conditions.
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Figure 3.14 — A) The effect of 210 W cm?, 3 minute irradiation on cells incubated
with 13 nm AuNP@cit (2 nM, 3 hours), the error bars correspond to the standard
deviation of individual experiments B) The viability of individual areas (contained

within A) plotted against the number of cells in the irradiated central section
(diameter 0.5 mm)

3.6.3 Effect of Local Confluency Variation upon Cell Viability

The analysis of irradiation conditions presented in 3.6.2 still shows a large range of
viabilities when areas contain the same number of cells, figure 3.15B. As an example,
individual images of selected experiments can be seen in figure 3.15. The irradiated
areas contain similar numbers of cells, however the irradiation of 3.15A reduced the
viability significantly more than irradiation of 3.15C. It can be seen that due to local
confluency variations area A has significantly larger cells compared to the smaller,
more densely packed cells in C. When the average cell area was measured as in
section 3.3.6, there is a significant difference between A (1231 um?) and C (908 um?)
and we suggest this explains the difference between the viabilities observed in these
areas. A further examination of the individual cells before irradiation indeed shows

that the largest cells are likely to die, whereas the smaller cells are more likely to

survive.
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Figure 3.15 — Hela cells incubated with 13 nm AuNP@cit (2 nM, 3 hours), before
irradiation (A, C) and 24 hours after irradiation (B, D). the left image was taken
just before irradiation and the right image after trypan blue treatment at 24 hours
after irradiation. The viabilities of B, D and the corresponding number of cells
before irradiation in A, C were (B,A) 0.18 and 122 cells, (D,C) 0.77 and 116 cells,
respectively . The red solid circles indicate the centre exposed area with a
diameter of 0.5 mm used for cell counting.

Considering the reduction in AUNP@cit uptake when the available surface area per
cell is constrained, each irradiation experiment was assessed to provide an average
cell surface area, figure 3.16. This significantly reduces the variation present
compared to assessing the experiments using just the number of cells and there is a
clear correlation between the average cell surface area in a particular area and the
observed viability following irradiation. Areas containing cells with a high local
confluency, and hence smaller cell surface area, are significantly less affected than
areas containing low local confluency. Literature has shown significant differences in
cell biology, including endocytosis, due to the physical properties of cells, and we

suggest that the reduced AuNP@cit uptake in constrained cells is responsible for the
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reduction in killing.>° Simply, fewer AUNP@cit associated with a cell results in less
light being absorbed, less singlet oxygen generation and consequently a lower

likelihood of cell death.
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Figure 3.16 - Viability of Hela cells after incubation with 13 nm citrate stabilized
AuNPs for 3 hours and irradiation at 210 W/cm? for 3 min. The viability data are
plotted against the average cell area per cell for each individual experiment.

However, the local cell confluency reported above does not precisely determine the
viability, and a significant variation of variability is still present, particularly in the
transition region around 900-1100 um?, with viabilities varying between 0.17 and
0.75. This can be ascribed to the distribution of cell sizes within similar average cell
areas, distribution of AuNPs within endosomes, the distribution of endosomes within

cells and inherent variability in cellular processes.

If we consider the whole cell population, each area contains cells of different sizes,
figure 3.14. Even if the cellular uptake of AUNP@cit is linearly correlated to the cell
area and hence singlet oxygen generated upon irradiation, different cell size
distributions with the same average cell size will result in different viability outcomes
because of the binary nature of cell death. Our analysis is limited to determining the
average cell area, but different size distributions of cells can be present at the same
local confluency leading to variation in viability. For example, hypothetical cell areas
A and B shown in table 3-2 both contain 15 cells with an average cell area of 1000
um2. A contains a small number of large cells and many small cells and B contains
cells that are closer to the average size. If cells with a surface area of just over 1000

um?2 contain enough AuNPs to kill the cell upon irradiation, whereas cells with a
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smaller surface area are not affected, area A would have a viability of 80% while area

B would have a viability of 33%.

Cell area
900 1000 1100 1400
um?
Area A 12 0 0 3
Area B 5 5 5 0

Table 3-2 — Distribution of individual cell sizes in two hypothetical cell areas

containing 15 cells with an average cell area of 1000 um?, but a very different

distribution, resulting in very different viabilities, see text

Unfortunately, the quality of our captured images prevented a more detailed (single

cell) analysis.

On the basis of individual cells, while cell area can provide a reasonable prediction of

cell death, there are several factors that influence the efficacy of a photodynamic

treatment with AUNP@cit.

i)

i)

TEM images of Hela cells containing 42,000 AuNP@cit show that both
aggregated and individual AuNP@cit are found in intracellular vesicles,
see figure 3.2. Aggregated AUNP@cit have been shown to be less effective
at disrupting these vesicles, possibly due to restricted access of O, to the
gold surface or the rapid quenching of photoinduced '0,.” The random
distribution of individual and aggregated AuNP@cit will increase the
variability of the resulting cytotoxic effects.

The spatial distribution of AUNP@cit containing vesicles will vary from cell
to cell. Due to the short lifetime of singlet oxygen and its resulting short
diffusion distance, this may contribute significantly to the viability
variation since the susceptibility of different cell organelles for triggering
cell death upon exposure to singlet oxygen varies significantly.

Finally, most cellular processes show significant cell-to-cell variability,
which can be partly related to the phenotypic state or population context
of individual cells, independent of cell size.>® In particular, it has been

reported that the density of receptors on cell surfaces has significant cell-
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to-cell variability, which leads to significant variability of nanoparticle up-

take even when corrected for cell size.31733->2
3.6.4 Varying light dose

As 102 is generated by AUNP@cit with no photobleaching, the dose received by cells
treated with AuNP@cit should be cumulative. As the light dose is changed, the
production of 0, will change proportionally. In order to prove this, the light dose was
varied between 12.6 J cm™ and 63 J cm™. The results of this can be seen in figure
3.17, with further reduced viabilities at higher doses and higher viabilities at lower
doses. Each result is presented as cumulative light energy incident on the cell which

is a product of the laser intensity, average cell size and irradiation time.
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Figure 3.17 - Viability of Hela cells after incubation with 13 nm citrate stabilized
AuNPs for 3 hours and irradiation at different laser intensities and irradiation
times, plotted against the cumulative light energy to which the average cell was
exposed in the experiment, calculated from the product of average cell area, laser
intensity and irradiation time. The second x-axis provides a rough estimate of the
number of singlet oxygens produced during irradiation, as described in the text.

This experiment also provides further evidence that the cytotoxic effect proceeds via
a photodynamic mechanism rather than a photothermal one. Due rapid heat
diffusion, see figure 3.3, most of the heating occurs in the first 30 seconds of
irradiation, so that if a cell receives the same light dose delivered over a longer period

with a lower intensity the heating of the cells is significantly reduced. The results
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presented here show no difference in effectiveness between the same light dose

delivered over different timespans.

It appears that exposure of a cell to a cumulative dose of around 0.4 J defines a
threshold for these incubation conditions, below which only a small fraction of cells
are affected by irradiation, whereas above it a significant fraction is killed, which can
reach up to 100% for the larger cells found under low local confluency conditions.
We want to stress that this is the dose incident on a cell, not the amount absorbed
by it, which is several orders of magnitude lower, depending on its AuNP content.
The amount of light absorbed by the AuNPs is not dependent on the size of the cell,
as only a small fraction of light passing through the cell is absorbed, so a larger cell

with the same AuNP content as a smaller cell will absorb the same amount of light.
3.6.5 Comparison of AuNP@cit to Conventional Photosensitisers

The quantum yield of photogeneration of 10, (SOQY) in aqueous solution by citrate
AuNPs has been shown by work within our group to be $NP = 1.7 x 10753 A
quantitative analysis of our 210 W cm™, 5 min conditions shows that the AuNPs
within each cell (with an absorption cross section of 8.5 x 10"*> cm?) absorb 6 x 10%°

photons over the 5 minute irradiation and generate 1 x 10° 10, molecules.

As with any such calculations, this at best can be described as an estimate, not least
because the SOQY depends on the concentration of O,, which may be different in

cells compared to air-saturated aqueous solution, for which it was determined.

The threshold for a high rate of killing occurs when 1 x 10° 0, molecules are
generated within cells, which, taking into consideration the volume of a Hela cell,
yields a cumulative concentration of 0, of ~1 mM, which is in good agreement with
the cumulative 0, concentration required to kill a cancer cell using conventional PSs
reported in the literature, as shown in table 3-3. Thus, we can be confident that the

mechanism for cell killing is similar to conventional organic photosensitisers.
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Cell type Cumulative 03 concentration /mM
MCF7 4.6
EMTG6 spheroids 12.15°
MLL 1.3-1.8%
AMLS 0.2%7

Table 3-3 — Cumulative 0 required to kill various cancerous cell lines when
generated by conventional photosensitisers.

It should be noted that cell monolayers have been shown to become hypoxic during
and following PDT based treatments, and oxygen depletion is likely to be at its
greatest in endosomes that contain densely packed AuNPs.*® This would lead to
lower vyields of reactive oxygen species than would be expected in solution based
experiments. On the other hand, many conventional PSs target mitochondria or the
nucleus of cells, but recent work has reported that PDT against lysosomes is more
effective than when targeted at mitochondria.>® Due to their route of uptake, AUNPs
are located exclusively within densely packed intracellular vesicles and have been
shown to cause permeabilization and destruction of these vesicles even under non-
fatal irradiation.” This may amplify the oxidative damage upon irradiation due to
accumulation of autophagosomes, autophagic stress and consequently an

amplification of the apoptic response.

While the customisation of conventional PSs can allow targeting of specific organelles
within the cancerous cell, it must also allow preferential accumulation within the
tumour compared to the rest of the body to take advantage of the dual sensitivity
that is one of the main advantages of a PDT treatment. However, as the
internalisation of AuNPs is limited to endosomes (unless cell penetrating peptides
are used), the surface chemistry of the AuNPs can be optimised for active targeting
of tumour cells without losing the cytotoxic efficiency that arises from their
localisation within the cell.®® This, combined with the properties of AuNPs such as
good photostability, enzymatic stability, customisable surface chemistry and non-

toxicity, means that AuNPs can provide significant advantages over conventional PSs.
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3.6.6 Reassessment of Use of AUNP@CALNN as Photosensitisers
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Figure 3.18 - Viabilities of HelLa cells following various irradiations on cells
incubated with 14 nm AUNP@CALNN (4 nM, 3 hours), this only includes
experiments where the simulated temperature did not reach 50 °C.

As discussed in section 3.2.4, Hela cells exposed to AUNP@CALNN (4 nM, 3 hours)
showed no significant cell killing when exposed to laser irradiation that did not reach
the required threshold temperature for photothermal killing. However, upon
reassessment of these experiments using the viability method, these experiments
showed significantly reduced viability, see figure 3.18 The effects reported here are
similar to those reported for AUNP®@cit, although these cells contain significantly
more AUNP@CALNN (220,000 AuNP@CALNN per cell) than cells incubated with
AuNP@cit (42,000 AuNP@cit per cell). However, with most AUNP@CALNN being
localised on the exterior of the cell membrane (see figure 3.2), only a small fraction
of nanoparticles — 10%, or around 20,000 AUNP@CALNN - are within intracellular
vesicles. It should be noted that in addition to the effect from AuNPs within the cell,
cell membranes have been targeted for PDT and this has been effective.®® Thus,
significantly more 0, is generated in the experiments using AUNP@CALNN, but
despite this the efficacy is only slightly higher, this suggests that, as the majority of
the AuNPs are bound to the exterior of the cell, the localisation of the AuNP is
significant in the cytotoxicity. This provides further proof that 03 is responsible due
to its short range of activity. In the majority of cases, the viability is never reduced

below 0.4, and for those cases where low viability is observed, the temperatures
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approach the threshold for photothermal mediated cytotoxicity as seen in figure

3.12.

In experiments where the total light energy used is increased or cells had a high local
confluency, the temperature limit is exceeded and cytotoxicity is mediated by
heating. This highlights the intrinsic limit of using AuNPs as photodynamic agents,
since due to their low quantum yield for SO production nearly all the light energy is
converted to heat. If the amount of AUNP@CALNN or the laser irradiation time is
increased, the amount of heat generated ensures that any photodynamic effect is
overcome by photothermal killing. While the short range of singlet oxygen ensures
AuNP localisation is important for photodynamic therapy, heat dissipation means
that AuNP localisation is irrelevant for photothermal therapy. This effect limits any
application of AUNP@CALNN for photodynamic therapy and is important to consider
for other AuNPs.

3.7 Conclusion

AuNPs internalised within Hela cells can cause cell death upon irradiation with 532
nm light via two pathways. The first is via photothermal heating of the Hela cells to
above 45-50 °C, which can be predicted with temperature simulations and depends
only on the total gold content of Hela cell culture, irrespective of the cellular
location. The second alternative route takes place at temperatures below those
required for photothermal killing, is localised to individual cells and is dependent on
the total dose of light administered and the amount of AuNPs internalised in each
individual cell. We suggest that AuNPs generate 10, within cells and kill cells via a
photodynamic effect. This shows AuNPs are a potential PDT agent, which would
provide significant advantages over conventional organic photosensitisers and over
the more widely researched application of AuNPs as a PTT agent. In particular, the
localised nature of cell killing offers the prospect of selectively killing cancer cells in
an environment where both cancerous and non-cancerous cells are present, such as
in a tumour bed after surgical removal of a larger tumour, since selective targeting

of AuNPs to cancer cells has been shown to be feasible. 69,62
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Additionally, we also present evidence that the variability within this route is due to
the variation in AuNP content of individual cells and show that this depends on the

cell confluency, leading to more densely packed cells being less affected by the same

dose.
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4 Use of AuNP@cit and AUNP@PAH-RB@PSS as
Photosensitisers in HelLa Cells Assessed Using MTT Asssay
4.1 Introduction

While the trypan blue assay used in the previous chapter provides a good measure
of treatment efficacy, it is extremely time consuming due to the amount of analysis
required and it is not widely used in literature. An MTT assay is a widely used,
colorimetric assay that assesses metabolic activity as NADPH-dependent
oxidoreductase enzymes reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to formazin.

In addition to ease of use, a change in protocol was required as initial experiments
using trypan blue assays on UM-SCC-1 cells showed that their high motility and
growth rate compared to Hela cells prevented analysis. Typically, the irradiation site
became overgrown and previous patterns in the cell distribution could not be located
to accurately line up images taken before and after irradiation. This showed that the
more mobile UM-SCC-1 cells were moving around in the 24 hours required between
irradiation and analysis. To overcome this 6 mm wells were used to grow cells and
the entirety of the growth area was irradiated. However, this required expansion of
the laser beam and hence lower irradiation intensities were necessitated. This
protocol is described in this chapter, including testing on Hela cells with AUNP@cit

for comparison to previous results.

Additionally, for the first time AUNP@PAH-RB@PSS were used against cells and its

efficacy is compared against AUNP@cit.
4.2 Experimental
4.2.1 Materials and Equipment

Dulbecco’s Modified Eagle Medium (DMEM), heat inactivated fetal bovine serum,
non-essential amino acids, Penicillin-Streptomycin, MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-Diphenyltetrazolium Bromide), DMSO and Dulbecco’s phosphate buffered
saline (Mg?*, Ca?*, glucose, pyruvate) (DPBS) (pH 7.4) were purchased from
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ThermoFisher. Corning cell culture plates and flasks were purchased from Fisher

Scientific.
MTT assays were performed on a Molecular Devices F3 Filtermax plate reader.
4.2.2 Irradiation Setup

Four wells were seeded with 4000 or 8000 Hela cells for 4 or 3 day experiments,
respectively, in 96-well plates (well diameter of 6 mm) in 100 uL DMEM (in all cases
supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin-streptomycin (P/S)
and 1 % non-essential amino acids (NEAA)) and left overnight in an incubator (5%
CO;). AuNPs were mixed with DMEM (1:1, DMEM:AuNP/MQ-H,0) and the DMEM in
the wells was replaced in all wells with the AUNP mixture or DMEM and left for either
3 or 24 hours (incubation time, final AUNP concentration and AuNP type will be stated
for each experiment). Following the incubation, cells were washed three times with
100 pL DPBS (Mg?*, Ca?*, glucose, pyruvate) and then the wells were filled with 300
uL DPBS. One of the four wells was irradiated with a cw 532 nm laser with a 1/e?
beam width of 1.9 mm which had been expanded using a -100 mm lens to a beam
diameter of 6 mm, which passed through a 6 mm aperture directly below the well at
different powers. In order to prevent scattered light affecting the control wells, they
were covered during irradiation. A diagram of the laser set up can be seen in figure
4.1. Following irradiation, the DPBS was replaced with 100 uL DMEM and the well

plate was placed back in the incubator for 20 hours.

Beam stop

6 mm aperture

: / Well plate

Filter (when required) / 100 mm lens

|

4
Mirror

Figure 4.1 — Laser set up for the irradiation of well plates (side view).
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In selected experiments the temperature of the DPBS in the irradiated well was

measured using a thermocouple immediately after irradiation.
4.2.3 Incubation of Cells with no Irradiation

12 wells were seeded with 4000 (24 hour incubations) or 8000 (3 hour incubations)
Hela cells in a 96 well plate in 100 uL DMEM and left overnight in an incubator. AUNP
solutions prepared as above were then added to 6 wells and 1:1 DMEM:MQ-H,0 was
added to 6 wells. Following incubation with AuNPs or 1:1 MQ-H,0, the cells were
washed as above with DPBS, 100 uL DMEM was added and placed in the incubator

for a further 20 hours.
4.2.4 Determining Viability

The DMEM was replaced with 100 puL MTT solution (10% 5 mg/mL MTT, 90% DMEM),
and after 4 hours the MTT solution was removed and 100 plL of dimethyl sulfoxide
(DMSO) was added. This was left for 20 minutes to solubilise in the incubator before
the absorbance was assessed at 595 nm and 620 nm for each well using a plate
reader. Following the standard protocol for the MTT assay, the viability was
calculated by dividing the absorbance difference (595-620) of the irradiated wells by

the absorbance difference of the control wells, which can be seen in equation 4-1.

S Absorbance of irradiated cellsgs n,, — Absorbance of irradiated cellg,o nm
Viability =

Average (Absorbance of control cellsgs ,u — Absorbance of control cellgyo nm)

Equation 4-1 — Determination of viability of irradiated cell using MTT assay

4.2.5 Determining Cellular Uptake of AUNP@PAH-RB@ PSS

Hela cells were seeded in 100 mm diameter dishes and left overnight to attach to
the surface of the dish. Subsequently, the media was replaced with 10 mL of 1:1
media to AuNP solution at a final AUNP concentration of 0.586 nM, 0.293 nM and
0.147 nM, respectively. After 3 hours, the solution was removed and the cells were
washed 3 times with fresh DPBS. The cells were then detached using 1 mL trypsin
and resuspended in 9 mL media. At this stage, 0.024 mL was removed and used for
cell counting in a hemacytometer. After counting, the cell suspension was

centrifuged (1000 RCF, 10 minutes) and the supernatant was removed. 0.5 mL aqua
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regia was added to the pellet and left for 3 days. 4.5 mL MQ-H,;0 was added to the

solution and the concentration of gold was then determined using ICP-OES.
4.2.6 Effect of Beam Inhomogeneity
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Figure 4.2 — The intensity profile of the laser beam used in well irradiations. A)
The intensity profile of a 3 W irradiation. The area of the plot represents the size
of a well, with the red line representing half of the area of the well and the blue

line representing a quarter. B) The relative intensity of the beam compared to the
intensity of the beam in the centre of irradiation.

In these experiments, the laser beam was expanded from a diameter of 1.9 mmto 6
mm in order to cover the entirety of the irradiated well with light. In the previous
dish experiments only the inner 0.5 mm was considered, as this is where the light
intensity only varies by 12%, however the variation of light intensity in the 6 mm well
is almost 90%. This can be seen in figure 4.2 which shows the beam profile which is
assumed to be Gaussian. Assuming that cells are evenly distributed throughout the
well, % of the cells will experience 61-100% of the maximum intensity and % will
experience 37-61% of the intensity in the centre of the well, the remaining % of cells

will receive less than 37% of the maximum intensity.

This means that the inhomogeneity of the beam will play a significant effect upon the
killing observed, as unlike in chapter 3, where cells that receive less than 87% of the
maximum intensity are discounted, the MTT assay considers the whole population.
It is therefore important to consider what fraction of cells can be affected by

irradiation, this can be calculated in equation 4-2.
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: d? I,
Fraction of cells af fected = Z In <7>

Equation 4-2 Fraction of well area where intensity exceeds threshold intensity T
when maximum intensity is lo

In equation 4-2; d, w, I, T are the 1/e? beam diameter, well diameter, laser intensity
at the centre of the beam and the threshold intensity for killing, respectively. The
threshold intensity for killing corresponds to the intensity of light where the intensity
is still sufficient to kill an (average) cell. This now ignores the cell size effects which

have been discussed in chapter 3.

4.3 Uptake of AuNPs@PAH-RB@PSS by Hela cells

Hela cells exposed to 13.8 nm core size AUNP@PAH-RB@PSS, as reported in 1.3.4,
for 3 hours at a concentration; 0.586 nM, 0.293 nM and 0.147 nM and analysed using
ICP-OES resulted in a mean AuNP uptake of; 5200+200, 3300+500 and 1700+300

AuNPs per cell, respectively.
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Figure 4.3 — Cellular uptake of AUNP@PAH-RB@PSS by Hela cells after 3 hour
incubation with AUNP@PAH-RB@PSS at concentration; 0.147 (orange), 0.293
(green) and 0.586 nM (purple). The bars represent the mean of several
experiments and the error bars represent the standard deviation.

The uptake of AUNP@PAH-RB@PSS increases as the incubation concentration is
increased from 0.147 nM to 0.586 nM, this is consistent with literature across a range
of AuNP concentrations.>? However, when concentration is scaled for, the uptake of

AuNP@PAH-RB@PSS is less than that reported for AuNP@cit in 3.2.1. The difference
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in surface chemistry of the two AuNPs may provide an explanation as uptake of NPs
depends heavily on the surface chemistry of the AuNP.3 AuNP@cit interacts strongly
with serum proteins which include proteins such as BSA that can displace citrate to
form sulphur-gold bonds.* For AuNP@PAH-RB@PSS due to the double capping layer
from polyelectrolytes it is unlikely that this direct gold-protein interaction is possible.
The PSS layer will interact with different serum proteins, resulting in a changed

protein corona and consequently interact with the cell membrane in a different way.

Polyelectrolyte encapsulated NPs have been shown to be taken into cells through
endocytosis resulting in internalisation within endosomes and lysosomes.>” While
there are no reports about the internalisation of AuNPs with an outer coating of PSS,
it is likely that they are internalised within endosomes in a similar way to AUNP@cit,
which will allow a direct comparison between the efficacy of AUNP@PAH-RB@PSS
and AuNP@cit.

4.4 Control Experiments

4.4.1 Effect of Incubation of Hela cells with AuNPs
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Figure 4.4 — Hela cells 24 hours after incubation with; A) AuNP®@cit (2 nM, 3
hours), B) AuUNP@PAH-RB@PSS (0.586 nM, 3 hours), C) AuUNP@PAH-RB@PSS
(0.293 nM, 3 hours), D) AUNP@PAH-RB@PSS (0.147 nM, 3 hours). Scale bar in all
images represents 0.5 mm.

The viability of Hela cells containing 42,000 13.8 nm AuNP®@cit (incubation at 2 nM,
3 hours) and 320,000 AuNP@cit (2 nM, 24 hours) was assessed with MTT and found
to be 0.66£0.10 and 0.57£0.08, respectively. This is similar to the reduction in growth
rate from 2.04 + 0.08 to 1.68 + 0.19 obtained using the trypan blue assay for
AuNP@cit (incubated with 2 nM, 3 hours). Hela cells incubated with AUNP@PAH-
RB@PSS containing 5200 (incubated with 0.587 nM, 3 hours), 3300 (incubated with
0.293 nM, 3 hours) and 1700 (incubated with 0.147 nM, 3 hours) were found to have
a viability of 0.8740.13, 0.83+0.28, 0.80+0.28, respectively. When viability was
assessed immediately after incubation (incubated with 0.293 nM, 3 hours), viability
was found to be 0.96+0.20. In images of representative wells, some deformed cells
can be seen in figure 4.4 for AuNP@cit (2 nM, 3 hours), few deformed cells can be
seen in incubations with AUNP@PAH-RB@PSS.
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Figure 4.5 - Viability of Hela cells 24 hours after incubation with; A) 2 nM
AuNP@cit, B) AuUNP@PAH-RB@PSS 3 hours.

Due to the lower concentration of AUNP@PAH-RB@PSS required for irradiation
based cell killing, the toxicity of AUNP@PAH-RB@PSS in the absence of light
irradiation is significantly lower than that of AUNP@cit, figure 4.5. The effect on
viability is less than that reported for the standard 2 nm, 3 hour AuUNP@cit required
for cell killing in the dish experiments in chapter 3, and significantly less than the
effect by 2 nm, 24 hour AUNP@cit needed to observe cell killing in well experiments.

This reduction is expected as literature shows that AuNP toxicity is directly related to
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the amount of AuNPs in the cell.® It has previously been reported that Hela cells
incubated with 0.24 nM PSS coated gold nanorods for 6 hours resulted in AuNP
content per cell of ~2000, with a viability captured immediately after incubation of
95%.° Considering that AuNRs are typically taken up less by cells, these results are in
good accordance with the results reported here, Hela cells treated with 0.293 nM
AuNP@PAH-RB@PSS for 3 hours resulting in 3300 AuNPs per cell and a viability
measured immediately after incubation of 96%. Human neuroblastoma cells (SH-
SY5y) treated with 0.2 nM, 18 nm AuNP@cit, AUNP@cit@PAA and AuUNP@..@PAH
for 24 hours and analysed using a formazin based assay all showed showed viabilities
of 95%, while AUNP@CTAB showed a viability of 25%, which shows that the influence
of surface coating may play a role in toxicity.’® The toxicity of AuNPs is related to
AuNP uptake, which itself relies upon incubation time, concentration, cell type and
surface chemistry of the nanoparticle, which makes directly comparing our results to
others difficult.}>1?> Despite this, the viability results reported here are not in
disagreement with literature and AUNP@PAH-RB@PSS results in significantly less

reduction in cell viability when compared to AuNP@cit.
4.4.2 Irradiation of Hela cells Containing no AuNPs

The effect of irradiation on Hela cell viability in wells was determined by exposing
cells to irradiation powers and times of 3 W, 12 minutes; 3 W, 6 minutes; 2 W, 6
minutes and 1 W, 6 minutes, resulting in viabilities of 0.58+£0.08, 0.9910.18,
0.9610.09 and 1.09+0.12, respectively. For irradiation times under 6 minutes no
reduction in viability was observed; however, for 3 W, 12 minute irradiations, there
was a significant effect upon viability. This is confirmed by optical microscopy shown
in figure 4.6B, there is a significant amount of deformed cells throughout the well
indicating widespread cell death upon irradiation at 3 W for 12 minutes. While there
are some deformed cells in 3 W 6 minute irradiations (figure 4.6A), the level of this is
consistent with cells exposed to no irradiation (figure 4.6C). This suggests that the
mechanical forces of washing must be considered, as cells that weren’t washed didn’t
show any cell deformation. Due to these visual observations, both treated and

untreated cells were always subjected to the same washing procedures.
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Figure 4.6 - Hela cells 24 hours after washing and irradiation with; A) 3 W 6
minutes, B) 3 W 12 minutes C) no irradiation. Scale bar in all images represents
0.5 mm. D) Viability of cells irradiated with various conditions, determined using
MTT. The bars represent the mean of several repeats and the error bars show the
standard deviation.

4 5lrradiation of Hela cells Containing AUNP@cit

4.5.1 Cell Killing Using AUNP@cit

Hela cells containing 42,000 (incubation at 2 nM, 3 hours) and 320,000 (2 nM, 3
hours) AuNP@cit were irradiated with 3 W light for 6 minutes. No killing effect was
observed for cells containing 42,000 AuNPs as cells had a viability of 1.06+0.06;
however, cells containing 320,000 AuNP@Cit resulted in a reduced viability of
0.75+0.07. Longer irradiation times were not tried due to the effect on viability

observed with no AuNPs present.
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Figure 4.7 — Effect of 3 W irradiation for 6 minutes on Hela cells following
incubation with 2 nM AuNP@cit for 3 (orange) or 24 (green) hours. The bars
represent the mean of several experiments and the error bars represent the

standard deviation.

4.5.2 Temperature increase in Hela cells containing AUNP@cit

Due to the differences in the amount of solvent present in a well (300 uL) versus the
amount present in the dish experiments discussed in chapter 3 (2000 pL), it is
important to rule out photothermal effects from these new well experiments as the
solvent has less ability to dissipate the heat away from the irradiated section of cells
In order to investigate the potential heating in the well experiments, dynamic
simulations to estimate the laser induced temperature rise were performed by M.

Volk, using the same method described in section 3.2.3.
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Figure 4.8 — A) Maximum temperature rise after irradiation of Hela cells
containing 320,000 (red), 42,000 (grey) and 5,200 (blue) AuNPs per cell with 3 W
for 6 minutes. B) Spatial temperature rise in the buffer layer above background

temperature in Hela cells containing 320,000 AuNPs after irradiation with 3 W for
6 minutes. The colour scale give the temperature increase above the background
temperature.

The simulations show an increase of only ~2.5 degrees in the solvent immediately
above the cells when cells contain 42,000 AuNP@cit (incubated with 2 nM, 3 hours)
and are irradiated at 3 W for 6 minutes, figure 4.8A. However, there is significantly
more heating in cells containing 320,000 AUNP@cit (incubated with 2 nM, 24 hours),
with an increase over room temperature of ~20 °C; this would lead to a temperature

of 39 °C, figure 5.8B, which is still acceptable for good viability.

Temperature increases measured using thermocouples with the highest number of
AuNP@cit per cell (320,000) indicate that in a 3 W, 6 minute irradiation the
temperature measured in the solvent surrounding the cells was only 25.5 °C, this
agrees with the simulations above as this temperature increase was measured in the
middle of the well, figure 4.8B. While this suggests that the temperature has not
increased to the threshold of 45 °C, the exact temperature in the cell layer may have

increased further so heat based killing cannot be explicitly ruled out.
4.5.3 PDT Effect Using AUNP@cit

As discussed in chapter 3, the generation of singlet oxygen by AuNP@cit is
proportional to the total light dose and therefore so is any cytotoxic effect shown by
the AUNP@cit upon irradiation. As the intensity of light at the maximum laser output

of 3 W has dropped to 21.2 W cm™ from 210 W cm™ due to the expansion of the
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beam from 1.9 mm to 6 mm, each cell sees a much lower dose of light in the well
experiments compared to the dish experiments of chapter 3. When Hela cells
containing 42,000 AuNP@cit were previously irradiated with the small laser beam at
3 W for 3 minutes (Average intensity in the central area: 210 W cm™2), significant cell
killing was observed. However, when Hela cells containing the same number of
AuNP@cit were irradiated with the larger laser beam at 3 W for 6 minutes no killing

was observed with an MTT assay.

As the total light dose per cell in the centre of the beam has dropped by
approximately 90% by expanding the beam, the total singlet oxygen dose received
by the cell becomes insufficient to damage the cells even for an irradiation time of 6
minutes. This is in agreement with the results reported in chapter 3, since the light
dose in the beam centre for 3W, 6 min of the larger beam corresponds to 0.6 W for
3 minutes with the 1.9 mm beam. Even at a higher dose of 1 W for 3 min (or 3 W for
1 min), no significant reduction of viability (compared to irradiation in the absence of
NPs) was observed, see figure 3.17. As the toxicity of longer light doses in cultured
cells even in the absence of AuNPs becomes significant in irradiations above 6
minutes (section 4.4.2), there is no further way to increase the cytotoxic dose of

singlet oxygen while using the expanded beam.

A potential photodynamic effect was observed in Hela cells containing 320,000
AuNP@cit after irradiation with 3 W 6 minutes (maximum intensity: 21.2 W cm2);
here, the increased number of AuNPs per cell offsets the light intensity induced
reduction in singlet oxygen generation per AuNP. As discussed in section 4.2.6, the
beam inhomogeneity means that not all the well sees a sufficient light intensity to
damage the cells and the effect of the beam profile is a necessary consideration in
these experiments, unlike in chapter 3 where only the beam centre was considered.
The observed viability of 0.75, yields a threshold of ~13 W cm™ for cells containing
320,000 AuNP@cit, from equation 4-2, which assumes that killing occurs when [>T.
This is a simplified analysis which ignores the distribution of cell uptake discussed in

chapter 3, but can be regarded as an estimate of the average threshold.

As the amount of 0, produced by AUNP@cit is proportional to the amount of light
absorbed, the increased AuNP@cit content per cell means that more light is
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absorbed per cell. Using the threshold intensity obtained above (13 W cm?) and the
number of AUNP@cit per cell the amount of light absorbed per cell is equivalent to a
2.8 W, 3 minute irradiation of Hela cells containing 42,000 AuNP@cit with the 1.9
mm diameter beam. Indeed, a wide range of viabilities was observed, figure 3.14,
which suggests that this treatment is at the threshold of cell killing. The role of
heating in these well experiments cannot be ruled out, as temperature simulations
for these conditions suggest that the maximum temperature reached is approaching
the threshold region. However, the results presented here are consistent with the
data presented in chapter 3 which suggests that despite the increase in heating the

reduction in viability is mediated by 0,.

As the viability of cells incubated with AuUNP@cit (2 nm, 24 hours, no irradiation) is
already significantly reduced to 0.57+0.08, it would be unfeasible to increase the
AuNP@cit incubation time as the reduced viability would begin to offset any extra
light induced killing, and heating would increase, thus the photothermal mechanism
would dominate. Furthermore, increasing the incubation time may not significantly
increase the AuNP content per cell, as literature suggests that AUNP uptake reaches
a steady state as endocytosis and exocytosis reach equilibrium and would start to see
large variations between freshly divided and undivided cells.*3'4 The same is true of
increasing AUNP@cit concentration over a 24 hour time frame as it was found that

higher concentrations of AUNP@cit aggregated on exposure to media and cells.

The failure to observe significant killing at low light intensities will present significant
obstacles for the use of AUNP@cit, as higher intensity laser light will damage both
healthy and cancerous cells due to thermal heating even with no AuNPs present. At
tolerable intensities of light, PDT mediated by AuNP@cit suffers from an intrinsic
issue in that the majority of light absorbed is converted to heat and due to the
extremely low quantum vyield of AUNP@cit a significant amount of light energy is

needed to be absorbed to generate a toxic dose of singlet oxygen.
4.5.4 Modelling of Cell Killing Using AuNP@cit

As discussed in chapter 3, the uptake of AuNPs by cells is heterogeneous, partly due

to the distribution of surface area. While it is not possible to assess the surface area
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of cells when using the MTT protocol in wells, it is possible to model uptake
heterogeneity and beam inhomogeneity in parallel. This was done in Mathcad (full
details can be found in appendix 1), and various parameters can be changed to
estimate the viability in a well. The calculation requires the molar extinction
coefficient of the AuNP@cit (2.5 x 108 M cm™), the 10, quantum yield (1.7 x 107),
the mean uptake of AUNP@cit (320,000), the width of the (log-normal) distribution
of AuNP uptake (0.72 — taken from literature)'®, irradiation conditions (3 W, 6
minutes), diameter of the well (6 mm), 1/e? diameter of the laser (6 mm).To achieve
a viability of 0.75 (experimental value 0.75+0.07), the required 0, dose per cell
needs to be ~5 x 10% 10, molecules, which is only slightly lower than that reported in
chapter 3. It should be noted this is an estimate, and the constants are estimates due
to the unknown behaviour of quantum vyield and absorbance in aggregated
AuNP@cit. The more refined modelling also supports the fact that results obtained

in chapter 3 and here are in good agreement.

4.6 Irradiation of Cells Containing AUNP@PAH-RB@PSS
4.6.1 Temperature increase in Hela cells containing AUNP@PAH-RB@PSS

The temperature reached immediately after a 3 W, 6 minute irradiation, measured
using a thermocouple, using the highest number of AuUNP@PAH-RB@PSS (5200 AuNP
cell'!), 23.4 °C, which is consistent with the simulations shown in figure 4.8A. This
indicates that the heat generated by the AuNPs is not sufficient to damage the cells
— as discussed in chapter 3, the temperature required to kill cells is 45 °C. This
temperature measured is approximately the same as the ambient temperature of
the air, so any heating effect can be discounted. As essentially all the absorption at
532 nm of a AUNP@PAH-RB@PSS is provided by the LSPR band of the AuNP, another
piece of evidence that heating is not responsible for any killing observed here is that
Hela cells containing 42,000 AuNP@cit per cell showed no killing effect with a laser
irradiation of 3 W for 6 minutes. As each AuNP@cit would absorb the same amount
of light as an AuNP@PAH-RB@PSS and there are 42,000 AuNP@cit vs 5200
AuNP@PAH-RB@PSS, the total amount of heat generated by cellular AUNP@PAH-
RB@PSS will be much smaller.
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Temperature rises were only measured for the highest powers and nanoparticle
concentrations used as heat generated is proportional to the number of
nanoparticles and the laser power, lower doses will therefore have much smaller

amounts of heat, so heating can be discounted.

4.6.2 Cell Killing Using AUNP@PAH-RB@PSS (0.293 nM, 3 hours), 3 W irradiation for 6

minutes

Hela cells containing 3300 AUNP@PAH-RB@PSS (incubation at 0.293 nM, 3 hours)
per cell were irradiated with 3 W for 6 minutes resulting in a viability of 0.54+0.14
when assessed 20 hours after irradiation. This extensive reduction in viability is
confirmed by optical microscopy, an example of which can be seen in figure 4.9.
There are large amounts of deformed cells dispersed throughout the well, whereas

unirradiated wells show few damaged cells.

Figure 4.9 —Sections of wells containing Hela cells 24 hours after incubation with
0.293 nM AuNP@PAH-RB@PSS for 3 hours. A) irradiated for 6 minutes with 3 W
B) no irradiation. Scale bar in all images represents 0.5 mm.

4.6.3 Varying Light Dose and the Effect of Rose Bengal Bleaching

Hela cells containing 3300 AUNP@PAH-RB@PSS (incubation at 0.293 nM, 3 hours)
per cell were irradiated for 6 minutes with 2 W, 1 W, 500 mW and 50 mW, which
resulted in viabilities of 0.53+0.14, 0.64+0.17, 0.71+0.20 and 0.87%0.05, respectively.
Images of typical cell cultures after 50 mW irradiation are shown in figure 4.10 which

clearly show distorted and normal cell morphologies interspersed throughout the
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well, this can be compared to cell cultures after 3 W irradiation in figure 4.9 where

there are more distorted morphologies.

Figure 4.10 — Sections of wells containing Hela cells 24 hours after incubation
with 0.293 nM AuNP@PAH-RB@PSS for 3 hours. A) irradiated for 6 minutes with
50 mW B) no irradiation. Scale bar in all images represents 0.5 mm.

In contrast to the effect on Hela cells of AuUNP@cit, where killing is proportional to
the amount of light absorbed by the AUNP, AuUNP@PAH-RB@PSS shows a distinctive
saturation of killing. For Hela cells containing 3300 AuNPs on average, there is no
significant difference between 6 minute irradiations at 3, 2, 1 and 0.5 W. However,
when a much lower power of 50 mW is used, there is still a small effect upon viability,
although the intensity of light was reduced by a factor of 60, these results can be

seen in figure 4.11.
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Figure 4.11 - Effect of 6 minute irradiation on Hela cells incubated with 0.287 nM
AuNP@PAH-RB@PSS for 3 hours. Irradiation power; 3 (orange), 2 (green), 1
(purple), 0.5 (yellow) and 0.05 W (blue). The bars represent the mean of several
experiments and the error bars represent the standard deviation.

Clearly, the cell killing effect is not directly proportional to the amount of light
incident on the well in experiments using AUNP@PAH-RB@PSS, as we would expect
there to be no effect in 50 mW irradiations compared to 3 W irradiations as 60 times
less singlet oxygen would be produced. However, in contrast to AuUNP@cit the
generation of singlet oxygen is mediated by Rose Bengal which as an organic dye can
photobleach unlike the gold core which is photostable. We can assume that the
amount of 0, generated per AUNP@PAH-RB@PSS must saturate at higher powers
as the Rose Bengal photobleaches. In a 3 W 6 minute experiment each Rose Bengal
would absorb 1.8 x 10° photons which is more than enough absorption cycles for
the molecule to bleach and hence stop generating singlet oxygen. Even when
reducing power, most Rose Bengal molecules still bleach before the end of the
irradiation, albeit at a later point. Thus, the amount of 0, generated is only
determined by the number of absorption cycles before the photobleach, hence
generating the same killing effect. Only below a certain power level (for the
conditions used here somewhere below 500 mW) will bleaching become less
prominent, and many RB remain active until the end of irradiation, so that the
amount of 0, generated now depends on power, hence the reduced killing at
50mW. For AuNP@PAH-RB@PSS there is a maximum amount of singlet oxygen that

can be generated at high powers before all the Rose Bengal is bleached.
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While the amount of 10, that can be generated per AUNP@PAH-RB@PSS is constant,

the amount generated within each cell is not, due to the heterogeneity of AUNP
uptake by cells. As the viability saturates to 0.55 for these incubation conditions (3
hr, 0.293 nM), we can assume that the killing effect becomes limited by the amount
of AUNP@PAH-RB@PSS that each cell contains. In these conditions, this would
correspond to only 45% of the cells containing enough AuNPs per cell to generate the
required cytotoxic dose of singlet oxygen before complete bleaching of all Rose
Bengal molecules. Even with this correction, the values obtained using equation 4-1
are inconsistent with the results obtained experimentally due to the saturation of 10,
production by AUNP@PAH-RB@PSS, this means that in these conditions cell death is
primarily limited by AUNP@PAH-RB@PSS uptake rather than the light dose.

4.6.4 Varying AUNP@PAH-RB@PSS Concentration

Hela cells containing 5200 AuNP@PAH-RB@PSS (incubation at 0.586 nM, 3 hours)
per cell were irradiated for 6 minutes with 1 W, 0.25 W and 0.05 W, which resulted
in viabilities of 0.09+0.01, 0.11+0.06 and 0.35+0.09, respectively. A further increase
in power was not used as the absorbances recorded by the plate reader were at the
background threshold, indicating that no cells were left alive. A representative
section of a well irradiated with 50 mW for 6 minutes can be seen in figure 4.12A,

with nearly all cells visible showing distorted morphologies.

Hela cells containing 1700 AuNP@PAH-RB@PSS (incubation at 0.147 nM, 3 hours)
per cell were irradiated for 6 minutes with3 W, 2 W, 1 W, 0.5 W and 0.05 W resulted
in viabilities of 0.98+0.15, 0.99+0.17, 1.04+0.25, 1.18+0.14 and 1.08%0.14,
respectively. Lower powers were not assessed as there was no killing at higher
powers. A representative section of a well irradiated with 50 mW for 6 minutes can

be seen in figure 4.12B with nearly all cells showing normal morphologies.
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Figure 4.12 — Sections of wells containing Hela cells 24 hours after irradiation with
50 mW for 6 minutes following a 3 hour incubation with AUNP@PAH-RB@PSS; A)
0.586 nM, B) 0.147 nM. Scale bar in all images represents 0.5 mm.

Increasing the number of AuNPs per cell to 5200 results in a significantly larger effect
upon viability compared to cells containing 3300 AuNPs per cell, see figure 4.13. As
discussed earlier, the maximum amount of singlet oxygen generated in these cells is
limited by how many AuNPs the cell contains. At lower concentrations the bleaching
of Rose Bengal that takes place at higher powers limits cell killing, however for cells
containing more AuNPs the limit of 'O, production is beyond the killing threshold. This
can be seen in experiments with Hela cells containing 5200 AUNP@PAH-RB@PSS
where the killing is saturated at 90% for powers as low as 250 mW, rather than at
45% for powers of 3000 mW in experiments using Hela cells containing 3300

AuNP@PAH-RB@PSS.
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Figure 4.13 - Effect of 6 minute irradiation on Hela cells incubated with 0.586 nM
AuNP@PAH-RB@PSS for 3 hours. Irradiation power; 1 (orange), 0.25 (green) and
0.05 W (purple). The bars represent the mean of several experiments and the
error bars represent the standard deviation.

When the amount of AUNP@PAH-RB@PSS in Hela cells is reduced further to 1700,
no significant killing is observed at any power, see figure 4.14, which shows that the
limiting factor for cell killing is indeed the number of AuNPs contained by cells. This
is significantly different to the effect of AuUNP@cit, where the photodynamic effect is

mediated simply by the product of total light dose and the number of AuUNPs present.
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Figure 4.14— Effect of 6 minute irradiation on Hela cells incubated with 0.147 nM
AuNP@PAH-RB@PSS for 3 hours. Irradiation power; 3 (orange), 2 (green), 1
(purple), 0.5 (yellow) and 0.05 W (blue). The bars represent the mean of several
experiments and the error bars represent the standard deviation.
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4.6.5 Impact of Cell Heterogeneity

As discussed in chapter 3, the uptake of AuNPs by cells is heterogenous in nature.
This has been reported to follow a log-normal distribution in literature where uptake
of AuNPs has been assessed using single cell ICP-MS.*> While we are dealing with
substantially more cells in the well experiments described here than in the dish
experiments in chapter 3 and therefore cell area does not need to be considered in
order to explain individual killing results due to averaging over a much larger number
of cells, the number of AuNPs contained in each cell will play a significant role in
whether a cell is affected by the irradiation or not. In order to work out the threshold
dose of AuNPs required for a cell to die, the AuNP content distribution of a population
of cells was simulated based on distributions reported in literature with a log value
variance of 0.7 and average log values of 0.753.> This distribution was then scaled
for the mean AuNP content determined by ICP-OES for each incubation condition of
5200 and 3300, respectively, which resulted in distributions that can be seen in figure

4.15.
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Figure 4.15 - Distributions and required number of nanoparticles per cell fora 1

W irradiation for 6 minutes. A) 0.586 nM, 3 hour incubation, B) 0.293 nM, 3 hour

incubation. As the viability saturates at 0.1 and 0.54 at these conditions, the red
line indicates the AuNP content corresponding to this efficacy.

The distribution allows determination of the required number of AuNP@PAH-
RB@PSS required to kill a cell. The viability provides the fraction of cells affected by
irradiation and as such this fraction can be applied to the modelled AuNP uptake
distribution to find the minimum number of AuNPs required to kill a cell. However,

this can only provide an accurate number when beam inhomogeneity does not affect
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the results of irradiation. This is the case when all the Rose Bengal is bleached and

killing reaches a plateau.

As such we have to primarily consider results where the killing plateau has been
reached — for cells containing 3300 AUNP@PAH-RB@PSS, this occurs above 0.5 W,
and the viability obtained for cells irradiated with 3 W for 6 minutes is ~0.54. This
corresponds to a minimum AuNP content per cell of 2600, where 46% of cells contain
more AuNPs and are therefore assumed to die. We can calculate the minimum AuNP
content for killing at conditions of 1 W for cells containing 5,200 AUNP@PAH-RB@PSS
per cell, where killing is saturated. The observed viability of 0.1 results in a required
AuNP per cell of 1500. These results suggest that cells exposed to higher
concentrations of AUNP@PAH-RB@PSS require fewer AUNP@PAH-RB@PSS for cells
to die than in cells exposed to lower concentrations. This will be further discussed in

4.6.6.
4.6.6 Modelling of Cell Killing with AUNP@PAH-RB@PSS

Unlike AuNP@cit, NP@RB generate the 0, primarily by excitation of Rose Bengal,
which means that several additional variables must be taken into account: number
of Rose Bengal per AuNP, estimated to be 7.2 in chapter 2, €max (35,000 Mt cm™?).
Another key parameter is the maximum excitations of Rose Bengal, as this directly
influences the amount of 0, generated by AUNP@PAH-RB@PSS. The other variables
are known; AuUNP@PAH-RB@PSS per cell (3,300 determined from ICP-OES in 4.3),
AuNP distribution w (0.72— taken from literature®?), irradiation conditions, diameter

of the well (6 mm), 1/e? diameter of the laser (6 mm).

This leaves two variables unaccounted for; required dose of 10, and the maximum
excitations, which have been varied to get a good fit of all experimental results, which
can be seen in table 4-1. In order to satisfactorily model the experimental data
obtained for cells containing 3,300 AUNP@PAH-RB@PSS, the maximum excitations
of Rose Bengal and the required 0, dose were determined to be 35,000 and 5.5 x
108, respectively. The required 10, dose is similar to that determined for AUNP@cit
in section 4.5.4 and the maximum excitations of Rose Bengal is the correct order of

magnitude, as experiments in our group on PAH-RB have shown. However, attempts
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to use the same parameters for cells containing 5,200 AUNP@PAH-RB@PSS did not
allow accurate modelling of the experimentally determined viability. As the
maximum excitations of Rose Bengal is expected to be the same, the result can only
be modelled if the required dose of '0; is reduced. Using the same parameters
obtained for cells containing 3,300 AuNP@PAH-RB for cells containing 1,700
AuNP@PAH-RB@PSS predicted a small reduction in viability, however no reduction
was observed experimentally, to obtain the experimental result the required 0,

dose would have to be increased, however this was not attempted.

AuNP@PAH- Maximum Required 0,
Irradiation Modelled Experimental
RB@PSS (cell” | excitations of | to kill cell (x
power (W) viability viability
1 Rose Bengal 108)
3 3,300 63,000 5.5 0.26 0.55
0.05 3,300 63,000 5.5 0.82 0.87
3 3,300 63,000 7 0.38 0.55
0.05 3,300 63,000 7 0.88 0.87
3 3,300 35,000 5.5 0.56 0.55
0.05 3,300 35,000 5.5 0.83 0.87
0.05 5,200 35,000 5.5 0.67 0.35
0.05 5,200 60,000 5.5 0.66 0.35
0.05 5,200 35,000 2.75 0.38 0.35
3 1,700 35,000 5.5 0.86 1

Table 4-1 — Changing of parameters in model to fit killing in AuUNP@PAH-RB@PSS,
see text for other parameters. The best fits are shown in bold.

This reduction is in line with the results reported in 4.6.5 where the required amount
of AUNP@PAH-RB@PSS to kill was significantly lower in cells containing 5,200
AuNP@PAH-RB@PSS (1,500) than in cells containing 3,300 AuNP@PAH-RB@PSS
(2,600). These values are not affected by beam inhomogeneity due to the bleach of
all Rose Bengal molecules, so they confirm the modelling results that cells exposed
to higher concentrations of AUNP@PAH-RB@PSS require less 0, to achieve killing

than cells exposed to lower concentrations.
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It is tempting to speculate that this observation is related to the suggested
mechanism of cell death and mechanism of uptake by AuNPs. When AuNPs are taken
up by endocytosis, higher incubation concentrations lead to more AuNPs per
endosome as more AuNPs are on the cell membrane when it is taken into the cell
through endocytosis.'® This leads to higher doses of !0, per endosome upon
irradiation and as apoptosis is typically triggered through endosomal release of
caspases due to endosomal destruction, endosomes containing more AuNPs, which
are more likely to be destroyed than endosomes containing fewer AuNPs under the

same irradiation conditions, are also more likely to trigger cell death.

4.6.7 Comparison of the Efficacy of AUNP@PAH-RB@PSS to other PS and AUNP@PS

Conjugates
NP-sensitiser Sensitiser NP Incubation | Sensitiser Light
concentration | concentration time Uptake dose
(M) (nM) (hour) percell | (Jcm?)
Mesoporous silica@RB 1.4 x 1075 0.5 5 - -
17
AuNP@phthalocyanine 1x107° 0.5 4 - 2.2
18
AuNR@RB 19 5.5x 1077 - 4 400,000 15.3
AUNP@PPIX 20 4x10°° - 4 - 10
AUNP@ALPCS, 5 7% 1076 0.5 4 - 72
RB Acetate 2 1x10°° n/a 1 - 144
AuNP@PAH-RB@PSS 1.2 x 1078 0.586 3 37,500 75

Table 4-2 - Experimental conditions of NP-sensitiser and Rose Bengal acetate
complexes

A wide range of nanoparticle—photosensitiser conjugates for photodynamic therapy
have been previously reported in literature. Cal-27 cells were treated with 0.5 nM of
electrostatically bound AUNR@PAH®@RB with an estimated 2000 RBs per AuNR for 4
hours and irradiated with a total light dose of 15.3 J cm™ resulted in a viability of
0.75.%° The uptake of these AuNRs is significantly less than AUNP@PAH-RB@PSS and

the total light dose is roughly a fourth of our lowest (average) dose. AUNP@PAH-

119



RB@PSS contains significantly less RB, which somewhat compensates for this
disparity, however AuUNP@PAH-RB@PSS shows more effective killing when RB
uptake and the cumulative light dose are considered. This disparity may be explained
by the displacement of Rose Bengal by serum proteins. As Rose Bengal makes up the
outer layer of the AuNR, it may be displaced by the protein corona upon exposure to
culture media — this has been observed in Rose Bengal attached liposomes where
loosely bound external RB is displaced when serum is added to the solution.?? The
results contained in this paper show that AUNR@PAH®@RB killing is mediated by
apoptosis, this is in agreement with the results presented here that any effect on
viability is delayed, which would indicate apoptosis. It is likely that a similar
mechanism is used by AUNP@PAH-RB@PSS, as the AuNRs are also confined to
intracellular vesicles so singlet oxygen generated by either nanoparticle is likely to

damage similar parts of the cell and trigger similar apoptic pathways.

160 nm Mesoporous silica nanoparticles loaded with 4.2 x10* Rose Bengal molecules
per nanoparticle showed toxicity under light against melanoma cells (SK-MEL-28)
when incubated at 1.4 x 10"1° mol dm™ for 5 hours, upon irradiation with green light
(50% reduction — unknown light dose).!” AuNPs conjugated to a phthalocyanine dye
were localised within endosomes and showed a 50% reduction in viability of Hela
cells at a light dose of 1.92 J cm™, with a dark viability of 70%. & While the light dose
was significantly less than the light dose used in our experiments, the concentration
of phthalocyanine dye used in vitro was 0.55 uM in a 4 hour incubation which is
significantly higher than the concentration of RB used in our experiments.
Protoporphyrin IX AuNP conjugates have also been used on Hela cells, showing
significant cell killing when used with a light dose of 10 J cm™, however the
concentration of dye used in vitro was in the uM range which again is much greater
than the RB concentration used in the results presented here.?° AuNRs assembled
using a layer by layer process with the photosensitiser AlPcS4 as the outer layer
showed high cytotoxicity under a 672 nm light dose of 72 J cm™ for human breast
cancer cells (MCF-7) following a 4 hour incubation with 0.5 nM
AuNR@PSS@PEI@AIPcS4 (photosensitiser concentration 7 uM).> While the uptake

of the photosensitiser may be limited as it may be displaced by serum proteins on
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addition to media, the AuNR concentration is similar to the AuUNP@PAH-RB@PSS and

cytotoxicity is at a similar level.

In addition to photosensitiser loaded nanoparticles, we can also compare our results
to Rose Bengal and Rose Bengal acetate mediated photodynamic therapy. Literature
shows that free Rose Bengal can show significant toxicity under illumination to cells,
however this is at concentrations above 1 uM.*° Rose Bengal acetate features acetate
groups to increase the ability of RB to cross cell membranes, upon uptake these
groups are enzymatically removed and the singlet oxygen generating function is
regained. Hela cells irradiated with 144 J cm™2 after a 1 hour incubation of 1 uM doses
of Rose Bengal acetate showed a viability of 0.35 compared to unirradiated cells.?*
This treatment induced apoptosis in Hela cells, further work showed that Rose
Bengal Acetate could trigger at least 4 different apoptic pathways.?> As the RB
contained within AUNP@PAH-RB@PSS is at a concentration of 11 nM (0.586 nM
AuNP@PAH-RB@PSS concentration), the ability of AuNP@PAH-RB@PSS to

successfully deliver RB within cell shows great promise.

While direct comparison to work within the literature is difficult due to a lack of
quantitative uptake data, it is clear that AUNP@PAH-RB@PSS provides a therapeutic
effect at similarly low laser powers to many reported PDT conjugates and Rose
Bengal powers. It provides this effect at much lower concentrations of Rose Bengal
when compared to both the free dye and AuNRs with Rose Bengal as an

electrostatically attached outer layer.

4.7 Conclusion

The efficacy of AuNP@cit and AUNP@PAH-RB@PSS were tested for PDT against Hela
cells using a whole population assay based on MTT, and despite the necessary
reduction in intensity killing was observed for both AuNPs. However, only limited
killing was achieved for AuNP@cit and this could not be increased due to the
increased sensitivity to light observed in wells. The irradiation conditions could not
be increased further and the uptake could not be increased further without further

increasing AUNP@cit toxicity alone. This is also limited by heating, as if either of these
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parameters are further increased the cells would reach the photothermal heating

limit and PTT would dominate.

AuNP@PAH-RB@PSS showed exceptional killing compared to AuNP@cit, with
reduced toxicity and requiring much lower light doses. It was observed that the Rose
Bengal bleaches, and under most conditons the key determinant of whether enough

10, was generated to kill cells was the amount of AUNP@PAH-RB@PSS uptake.

The use of modelling allowed us to estimate the dose of singlet oxygen required to
kill HeLa cells, and the use both of the cell distributions at high powers and of the full
model at low powers showed that cells with a higher average AUNP@PAH-RB@PSS

concentration required a lower dose of 0, to be killed.
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5 Investigation of the effect of p53 on AuNP mediated PDT
5.1 Introduction

While Hela cells are widely used, they are not the best representation of human
cancer cells due to their widespread and inconsistent properties. In order to test the
efficacy of AuNP@cit and AuNP@PAH-RB@PSS, UM-SCC-1 cells were obtained,
which are head and neck squamous cell carcinoma cells (HNSCC). For applications of
AuNPs as PSs for PDT treatment of tumour beds in the head and neck, these cells

provide a better model.

The p53 status of HNSCC is typically lost or reduced through tumorigenesis, and this
plays a key role in reducing apoptosis and it has been observed in radiation
treatments that the glycolytic metabolism that these adopt reduces their sensitivity
to ROS.! It has been reported in literature that cells lacking p53 are less sensitive to
ROS, and as many HNSCC cells are p53 negative, it is important to establish what
effect the absence of p53 has on the treatment prosed here, this has been discussed
in more detail in section 1.1.5. For this purpose three isogenic UM-SCC-1 cell lines
were compared; UM-SCC-1 which has no p53 expression, UM-SCC-1 p53 WT which
has p53 expression due to the reintroduction of p53 WT and UM-SCC-1 pBABE which
has no p53 expression but has had a control gene reinserted at the same position as

p53 WT was introduced in UM-SCC-1 p53 WT.

5.2 Experimental
5.2.1 Materials and Equipment

Dulbecco’s Modified Eagle Medium (DMEM), heat inactivated fetal bovine serum,
non-essential amino acids, Penicillin-Streptomycin, MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-Diphenyltetrazolium Bromide (MTT), DMSO and Dulbecco’s phosphate
buffered saline (Mg?*, Ca%*, glucose, pyruvate) (DPBS) (pH 7.4) were purchased from
ThermoFisher. Corning cell culture plates and flasks were purchased from Fisher

Scientific.

MTT assays were performed on a Molecular Devices F3 Filtermax plate reader.
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5.2.2 AuNP Preparation

13.8 nm gold nanoparticles (AuNP@cit, AUNP@PAH-RB@PSS, AuUNP@PAH@PSS)
were prepared as described in chapter 2.2. The concentration of all AuNPs was
determined by the size of the gold core (determined via DCS) and their absorbance

at 450 nm according to literature.?
5.2.3 Irradiation Setup

Four wells were seeded with 4000 or 8000 UM-SCC-1, UM-SCC-1 pBABE or UM-SCC-
1 p53 WT cells in 96-well plates in 100 uL DMEM (10% FBS, 1% P/S, 1% NEAA) and
left overnight in an incubator (5% CO;). AuNPs were mixed with DMEM (1:1,
DMEM:AuNP/MQ-H,0) and the DMEM was replaced with the AUNP mixture or a 1:1
DMEM:MQ-H,0 mixture and left for either 3 or 24 hours (incubation time, final AUNP
concentration and AuNP type will be stated for each experiment). Following the
incubation, cells were washed three times with 100 puL DPBS (Mg?*, Ca?*, glucose,
pyruvate) and then the wells were filled with 300 puL DPBS. One of the four wells was
irradiated with CW 532 nm laser with a 1/e2 beam width of 1.9 mm which had been
expanded using a -50 mm lens to a beam diameter of 10 mm, which passed through
a 6mm aperture directly below the well (see figure 4.1 for details, however the lens
used was -50 mm rather than -100 mm). In order to prevent scattered light affecting
the control wells they were covered during irradiation. For experiments with
AuNP@cit, the beam diameter reported previously in chapter 4 was used. Following
irradiation, the DPBS was replaced with 100 uL DMEM and the well plate was placed

back in the incubator for 20 hours.
5.2.4 Incubation of Cells with no Irradiation

12 wells were seeded with 4000 (24 hour incubations) or 8000 (3 hour incubations)
cells in a 96 well plate in 100 uL DMEM and left overnight in an incubator. AuNP
solutions prepared as above were then added to 6 wells and 1:1 DMEM:MQ-H,0 was
added to 6 wells. Following incubation with AuNPs or 1:1 MQ-H;0 the cells were
washed as above with DPBS, 100 uL DMEM was added and placed in the incubator

for a further 20 hours.
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5.2.5 Determining Viability

The DMEM was replaced with 100 pL MTT solution (10% 5 mg/mL MTT, 90% DMEM),
and after 4 hours the MTT solution was removed and 100 plL of dimethyl sulfoxide
(DMSO) was added. This was left for 20 minutes to solubilise in the incubator before
the absorbance was assessed at 595 nm and 620 nm for each well using a plate
reader. Following the standard protocol for the MTT assay, viability was calculated
by dividing the absorbance difference (595-620) of the irradiated wells by the

absorbance difference of the control wells, which can be seen in equation 5-1.

Absorbance of irradiated cellggs n,, — Absorbance of irradiated cellg,o nm

Viability =
tabtiity Average (Absorbance of control cellsgs .,y — Absorbance of control cellgyo nm)

Equation 5-1 — Determination of viability of irradiated cell using MTT assay

5.2.6 Determining Mean Cellular Uptake of AuNPs

Cells were seeded in 100 mm dishes and left overnight to attach to the surface of the
dish. Subsequently, the media was replaced with 10 mL of 1:1 media to AUNP@PAH-
RB@PSS or AuNP@cit solution at a final concentration of 0.073 nM and 1 nM,
respectively. After 3 hours (AUNP@PAH-RB@PSS) or 18 hours (AuNP@cit), the
solution was removed and the cells were washed 3 times with fresh DPBS. The cells
were then detached using 1 mL trypsin and resuspended in 9 mL media. At this stage,
0.024 mL was removed and used for cell counting in a haemocytometer. After
counting, the cell suspension was centrifuged (1000 RCF, 10 minutes) and the
supernatant was removed. 0.5 mL aqua regia was added to the pellet and left for 3
days. 4.5 mL MQ-H,0 was added to the solution and the concentration of gold was

then determined using ICP-OES.

5.3 Uptake of AuNPs by UM-SCC-1 and Derivative Cells

UM-SCC-1 cells exposed to 1 nM AuNP@cit for 18 hours resulted in a mean AuNP per
cell uptake of 178,000+£21,000. The average AuNP uptake per cell of UM-SCC-1 cells
when incubated with 0.073 nM AuNP@PAH-RB@PSS for 3 hours was determined to
be 1900+200. The average uptake of AUNP@PAH-RB@PSS by UM-SCC1 p53 WT and
UM-SCC-1 pBABE cells was determined to be 900+100 and 2900£300, respectively,

see figure 5.1.
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Figure 5.1 — A) Cellular uptake of UM-SCC-1 cells after incubation with AuNP@cit
at a concentration of 1 nM for 18 hours. B) Cellular uptake of UM-SCC-1 (orange),
UM-SCC-1 pBABE (green) and UM-SCC-1 p53 WT (purple) after incubation with
0.073 nM AuNP@PAH-RB@PSS for 3 hours. The bars represent the mean of
several experiments and the error bars represent the standard deviation

The differentiation of uptake between UM-SCC-1, UM-SCC-1 pBABE and UM-SCC-1
p53 WT likely arises through shifting cellular metabolism. The shift in metabolism has
been observed in UM-SCC-1 cells through the re-introduction of TP53 functionality
into the cells.® As cells lacking p53 have Warburg metabolism and a dependence on
glycolosis as opposed to respiration, they also upregulate their intake of resources
from their surroundings. It has been shown that cells with a dependence on glycolysis
have an increased appetite for nutrients due to their rapidly proliferating status.? The
presence of p53 has been shown to downregulate the expression of glucose
transporters GLUT1 and GLUT4, which is upregulated in the absence of p53 in order
to supply enough glucose to continue glycolysis.* Previous work on targeting
nanoparticles to tumour cells have exploited overexpression of receptors such as
HER2 and folate on the surface of cancer cells to achieve enhanced cellular uptake.>®
HER2 expression has been shown to be dependent upon the p53 status of cells, with
HelLa and SAOS cells showing reduced HER2 expression upon addition of exogenous
wt p53 (Hela contains p53 but its effects are somewhat negated by HPV-E6) or
introduction of wt p53 (SAOS cells are p53 null).” Transferrin receptor (TfR1) silencing
has been shown to increase p53 levels in FTC-133 and 8305C human thyroid cancer
cells, and inducing the presence of p53 in H1299 lung cancer cells has been shown to
downregulate TrF1 expression.®? Expression of TFR was downregulated in HCT116
containing p53 following DNA damage but not in HCT116 cells without p53, this

shows the significant effect that p53 has upon endocytic signalling.1°
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While the exact receptors involved in the uptake of AuNP@PAH-RB@PSS are
unknown, they are likely to be mediated by serum proteins.!! In light of the
upregulation of receptors in cancer cells and in cells without p53 due to their
different metabolic requirements, it is unsurprising that UM-SCC-1 p53 WT cells take
up significantly less AuUNPs as they primarily rely on respiration for energy and have
lower nutrient requirements. As over 80% of HPV negative squamous cell carcinomas
of the head and neck exhibit TP53 mutation, the increased uptake of AUNP@PAH-
RB@PSS by p53 null UM-SCC-1 and UM-SCC-1 pBABE presents a route for passive
targeting of cancer cells, even before active targeting of upregulated receptors is

considered.

5.4 Control Experiments
5.4.1 Effect of Incubation of UM-SCC-1 and Derivative Cells with AUNPs

UM-SCC-1 cells incubated with 1 nM AuNP@cit for 18 hours and analysed after 24
hours using an MTT assay resulted in a viability of 0.73+0.03. UM-SCC-1, UM-SCC-1
pBABE and UM-SCC-1 p53 WT cells incubated with 0.073 nM AuNP@PAH-RB@PSS
for 3 hours and analysed after 24 hours using a MTT assay showed viabilities of
0.8310.20, 0.94£0.15 and 0.95%0.11, respectively. UM-SCC-1 cells treated with 0.073
nM AuNP@PAH@PSS for 3 hours and analysed after 24 hours using a MTT assay
resulted in a viability of 0.73£0.28 Representative images of UM-SCC-1 and UM-SCC-
1 p53 WT cells 24 hours after incubation with AUNP@PAH-RB@PSS can be seen in

figure 5.2, which show no deformed cells.
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Figure 5.2 — Cells 24 hours after incubation with 0.073 nM AUuNP@PAH-RB@PSS

for 3 hours; A) UM-SCC-1, B) UM-SCC-1 p53 WT. Scale bar in all images represents

0.5 mm.

5.4.2 Irradiation in the of Absence of AUNP@PAH-RB@PSS and AuNP@cit of UM-SCC-
1, UM-SCC-1 WTp53 and UM-SCC-1 pBABE Cells

Untreated UM-SCC-1 cells were irradiated with 3, 2, 1 and 0.05 W for 6 minutes and
assessed using an MTT assay, resulting in viabilities of 0.97+0.04, 1.0240.08,
1.05+0.05 and 1.12+0.26, respectively. Untreated UM-SCC-1 pBABE cells were
irradiated with 3, 2, 1 and 0.05 W for 6 minutes and assessed using an MTT assay,
resulting in viabilities of 0.85+0.12, 0.78+0.08, 0.85+0.18 and 0.92+0.12, respectively.
Untreated UM-SCC-1 p53 WT were irradiated with 1 and 0.05 W and assessed using
an MTT assay resulting in viabilities of 0.88+0.10 and 0.93+0.10 respectively.
Representative images of UM-SCC-1 cells can be seen in figure 5.3, with no difference

observable between treated and untreated cells.

131



Figure 5.3 — UM-SCC-1 cells containing no AuNPs 24 hours after; A) irradiation
with 50 mW for 6 minutes, B) no irradiation. Scale bar in all images represents 0.5
mm.

UM-SCC-1 cells were also irradiated with 3 W for 12 minutes, resulting in a viability

of 1.00+0.12, this experiment was performed with a 1/e2 beam diameter of 6 mm.

AuNP@PAH-RB@PSS were centrifuged at 9000 RCF for 30 minutes, the supernatant
was taken and diluted in the same way as 0.073 nM AuNP@PAH-RB@PSS. UM-SCC-
1 cells were then incubated with this solution for 3 hours before being irradiated with
50 mW for 6 minutes and assessed with an MTT assay, resulting in a viability of

1.00+0.16, figure 5.4.

UM-SCC-1 cells were incubated with 0.073 nM AuNP@PAH@PSS for 3 hours before
being irradiated with 0.05 W for 6 minutes and were assessed with an MTT assay

resulting in a viability of 0.99+0.17, figure 5.4.
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Figure 5.4 - Sections of wells containing UM-SCC-1 cells 24 hours after incubation
with A, B) 0.073 nM (equivalent) supernatant for 3 hours, C, D) 0.073
AuNP@PAH@PSS for 3 hours. A, C) were irradiated with 0.05 W for 6 minutes, B,
D) no irradiation. Scale bar in all images represents 0.5 mm.

While reduced viability was observed in UM-SCC-1 cells containing 1,900
AuNP@PAH-RB@PSS upon irradiation (section 5.6), it is important to rule out cell
killing by light alone, or by irradiation after incubation with AUNP@PAH@PSS, or any
free Rose Bengal present in the nanoparticle solution. Our results, shown in figure
5.5, clearly show that there is no killing by light alone, or by irradiation in the
presence of AUNP@PAH@PSS or the Rose Bengal containing supernatant. We would
not expect AUNP@PAH@PSS to create any light induced effect as without RB being
incorporated into the nanoparticle at the concentrations used here not enough 10,
would be generated within the cell to damage it. It should not create any more 0,

or cell heating than AuNP®@cit, section 5.5, which showed no killing even at much
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higher cellular AuNP content. Literature shows that Rose Bengal alone is a poor
photodynamic agent as it cannot cross the cell membrane due to its negative charge,
so our results show that it is the incorporation of RB into the polyelectrolyte

functionalised AuNP that provides a cytotoxic effect upon light irradiation.?
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Figure 5.5 - Effect of 6 minute irradiation on UM-SCC-1 cells with power; 3 W
(orange), 0.05 (green, purple, yellow) following a 3 hour incubation with 1:1 MQ-
H20:media (orange, green), 0.073 nM supernatent (purple) or 0.073 nM
AuNP@PAH@PSS (yellow). The bars represent the mean of several experiments
and the error bars represent the standard deviation

5.5 Irradiation of UM-SCC-1 Cells Containing AUNP@cit
5.5.1 Temperature Increase in UM-SCC-1 Cells Containing AUNP@cit

Temperature increase, measured using a thermocouple, in experiments with cells
containing 180,000 AuNP@cit, immediately following irradiation with a power of 3
W for 12 minutes, indicate that the temperature measured is never large enough to
damage cells. The previously reported threshold of cell death is 45 °C, but the solvent
surrounding the cells only reached 27.5 °C and this is consistent with temperature
simulations reported in section 4.5.2, showing that the maximum temperature in the
cell level would not exceed 37 °C for cells containing 180,000 AuNPs. Therefore, we
can assume that cells are undamaged by any heating effect of AUNP@cit. In addition
to the temperature not reaching the killing limit, viability of cells affected by
irradiation with 3 W for 6 minutes and 12 minutes was not significantly different from

the light alone controls, showing that any AuNP@cit temperature moderated effect
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was insufficient to damage cells. The AUNP@cit experiments were carried out using
the 6mm 1/e? beam, the heating effect of this can be seen in chapter four, as the
heating is independent of the cell type used and is rather determined by the amount
of light absorbed by the sample, which in turn is dominated by the amount of AuNPs
taken up by cells. As shown by the temperature simulations in section 4.5.2, the
majority of heating takes place quickly (determined by the absorbance of the cell
layer) before a gradual increase in temperature as irradiation time increases. This
means that these results are in full agreement with the potential heating effect

reported in chapter 4.
5.5.2 Effect of Irradiation on UM-SCC-1 Cells Containing AuUNP@cit

UM-SCC-1 cells incubated with 1 nM AuNP@cit for 18 hours were exposed to 3 W
irradiations for 12 minutes, resulting in a viability of 0.92+0.10, which can be seen in

figure 5.6.
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Figure 5.6 - Effect of 3 W irradiation for 12 minutes (1/e? laser diameter 6mm) on
UM-SCC-1 cells following incubation with 1:1 MQ-H,0:media (orange) or 1 nM
AuNP@cit (green) for 18 hours. The bars represent the mean of several
experiments and the error bars represent the standard deviation

When the AUNP@cit uptake is considered, this absence of an effect of the irradiation

on cell viability is different to the results obtained in section 4.5.1 on Hela cells using

3 W irradiation for 6 minutes. UM-SCC-1 cells contain 180,000 AuNP@cit, which is

approximately half of the 320,000 AuNP@cit contained in Hela cells in chapter 4.

This means that the amount of 10, generated is the similar in the two experiments,

as the amount produced by AuNP@cit is proportional to the amount of light
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absorbed by the AuNP. In Hela cells this resulted in a viability of 0.75+0.07, which
compares with the 0.9240.10 reported here in UM-SCC-1 which shows significant
killing effect. However, direct comparison is difficult because of potentially different
uptake characteristics between cell lines. In Hela cells, AuNP@cit internalised within
intracellular vesicles with exceptional efficiency as shown in section 3.2.1. In the
absence of TEM imaging for UM-CC-1 AuNP uptake, it is tempting to attribute the
lack of PDT to poor internalisation of AuUNP@cit by UM-SCC-1, similar to the reduced
PDT effect in Hela cells containing AUNP@CALNN as discussed in section 3.6.6. We
were unable to further increase the AuNP@cit uptake as UM-SCC-1 cells showed
poor surface attachment to the growth surface which was compounded for high

concentrations of AUNPs and long incubation times.

5.6 Irradiation of UM-SCC-1 Cells Containing AUNP@PAH-RB@ PSS
5.6.1 Temperature Increase in AUNP@PAH-RB@PSS

As the number of AuNPs per cell in these experiments is significantly less than in
AuNP@cit experiments, it is expected that any heating is insignificant. UM-SCC-1 cells
containing 1900 AuNP@PAH-RB@PSS per cell were irradiated with 1 W for 6
minutes, resulting in a maximum temperature measured in the solvent of 21.7 °C.
This confirms that the solvent never reaches temperatures sufficient to kill cells and
that killing must be moderated by a photodynamic mechanism rather than
photothermal. In addition to this, only 55% of the light energy passes through the
aperture, so even if there were larger amounts of AUNP@PAH-RB@PSS present in
the cell there would be less heating than in both the Hela experiments and the

AuNP@cit experiments in this chapter.
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5.6.2 Varying Irradiation Conditions

Figure 5.7 - Sections of wells containing UM-SCC-1 cells 24 hours after incubation
with 0.073 nM AuNP@PAH-RB@PSS for 3 hours and irradiation with; A) 0.05 W
for 6 minutes, B) 0.05 W for 2 minutes, C) 0.025 W for 2 minutes and D) no
irradiation. Scale bar in all images represents 0.5 mm.

UM-SCC-1 cells incubated with 0.073 nM AuNP@PAH-RB@PSS for 3 hours, resulting
in an uptake of 1,900 AUNP@PAH-RB@PSS per cell, were irradiated with 1 W for 6
minutes, 0.5 W for 6 minutes, 0.05 W for 6, 4, 2 minutes and 0.025 W for 2 minutes
and assessed with a MTT assay, resulting in viabilities of 0.20+0.06, 0.23+0.05,
0.49+40.15, 0.4940.04, 0.64+0.17 and 0.77%0.18, respectively. In addition to this, UM-
SCC-1 cells were incubated with 0.073 nM AuNP@PAH-RB@PSS that had been
washed immediately before incubation and irradiated with 0.05 W for 6 minutes

resulting in a viability of 0.42+0.03 when assessed using MTT.
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Figure 5.8 - Effect of 6 minute irradiation on UM-SCC-1 cells following incubation
with 0.073 nM AuNP@PAH-RB@PSS with power; 1 W (orange), 0.5 W (green),
0.05 W (purple). The bars represent the mean of several experiments and the

error bars represent the standard deviation.

UM-SCC-1 cells containing 1900 AUNP@PAH-RB@PSS show a similar saturation of
killing as Hela cells containing 3300 AUNP@PAH-RB@PSS in the previous chapter.
This takes place as the maximum amount of 10, is produced by irradiation at 0.5 W
for 6 minutes, a further increase of the power to 1 W does not change the measured
viability. This is due to the bleaching of Rose Bengal molecules in AUNP@PAH-
RB@PSS, which limits 'O, production at higher powers. Despite a lower uptake of
AuNP@PAH-RB@PSS (1900) in UM-SCC-1 vs Hela cells (3,300) , the resulting plateau
saturates at a viability of 0.2 instead of 0.55. This shows that UM-SCC-1 cells are more
sensitive to reactive oxygen than Hela cells, as despite the lower maximum singlet

oxygen dose per cell more killing is observed.

When the power is lowered to 50 mW, we no longer bleach all of the Rose Bengal
and as the amount of light used in the experiments is further reduced we see an
increase in the viability reported, see figure 5.9. While the values for 4 and 6 minute
50 mW irradiations are similar, there is a large error associated with the 6 minute
measurement, so the viability results still show the characteristic killing reduction

with decreasing fluence.
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Figure 5.9 — Effect of 0.05 W (purple, yellow, blue) or 0.025 W (pink) irradiation on
UM-SCC-1 cells following incubation with 0.073 nM AuNP@PAH-RB@PSS for 3
hours. Irradiation times; 6 minutes (purple), 4 minutes (yellow), 2 minutes (blue,
pink). The bars represent the mean of several experiments and the error bars
represent the standard deviation.

5.6.3 Varying Incubation Conditions

UM-SCC-1 cells incubated with AuUNP@PAH-RB@PSS for 3 hours over a range of AUNP
concentrations: 0.586, 0.293, 0.147,0.073 nM were irradiated with 1 W for 6 minutes
and assessed with MTT assays resulting in viabilities of 0.07+0.02, 0.06+0.01,
0.05£0.02 and 0.20 #0.05, respectively. Changing the AuNP@PAH-RB@PSS
concentration of the incubation solution that UM-SCC-1 cells were exposed to

showed a similar trend to that seen in Hela cells, as shown in figure 5.10.

Similarly, comparing cells incubated with 0.293 nM AuNP@PAH-RB@PSS for 3 hours
to cells incubated with 0.073 nM AuNP@PAH-RB@PSS, irradiated with 50 mW for 6
minutes, shows a difference, with a factor 4 increase in concentration resulting in
viability of 0.25£0.02 instead of 0.49£0.15. However, as the uptake for the higher
concentration was not established, detailed conclusions cannot be drawn from this

— it may be that uptake doesn’t scale linearly with concentration.
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Figure 5.10 - Effect of 1 W irradiation for 6 minutes on UM-SCC-1 cells following
incubation with AUNP@PAH-RB@PSS for 3 hours. Concentration used; 0 (orange),
0.073 (green), 0.147 (purple), 0.293 (yellow), 0.586 nM (blue). The bars represent

the mean of several experiments and the error bars represent the standard
deviation

5.7 Irradiation of UM-SCC-1 p53 WT and UM-SCC-1 pBABE Containing
AuNP@PAH-RB@PSS

5.7.1 Irradiation of UM-SCC-1 p53 WT and UM-SCC-1 pBABE

UM-SCC-1 p53 WT cells incubated with 0.073 nM AuNP@PAH-RB@PSS for 3 hours
were irradiated with 1, 0.5, 0.05 W for 6 minutes and 0.05 W for 4 and 2 minutes.
These were then assessed using an MTT assay resulting in a viability of 0.13+0.06,
0.331£0.13, 0.45+0.10, 0.57+0.07 and 0.71+0.11 respectively, see figure 5.12. 50 mW
irradiations all showed disrupted cellular morphologies observed using optical
microscopy, as seen in figure 5.11. The black spots correspond to dead cells, and

there is a clear sparsity of cells in 5.11A.

140



Figure 5.11 - Sections of wells containing UM-SCC-1 p53 WT cells 24 hours after
incubation with 0.073 nM AuNP@PAH-RB@PSS for 3 hours and irradiation with;

A) 0.05 W for 6 minutes, B) 0.05 W for 4 minutes, C) 0.05 W for 2 minutes and D)
no irradiation. Scale bar in all images represents 0.5 mm.

UM-SCC-1 pBABE cells incubated with 0.073 nM AuNP@PAH-RB@PSS for 3 hours
were irradiated with 0.05 W for 6, 4 and 2 minutes. These were then assessed using
an MTT assay resulting in a viability of 0.33+0.12, 0.48+0.05 and 0.71+0.23,

respectively.

A similar trend to that seen in UM-SCC-1 is present in its isogenic cell lines UM-SCC-
1 pBABE and UM-SCC-1 p53 WT and can be seen in figure 5.12. Based upon viability
alone there is no significant difference between the effect of irradiation on these cell

lines at a given fluence.
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Figure 5.12 - Effect of 0.05 W irradiation on UM-SCC-1 (black), UM-SCC-1 p53 WT

(red) and UM-SCC-1 pBABE cells following incubation with 0.073 nM AuNP@PAH-

RB@PSS. The bars represent the mean of several experiments and the error bars
represent the standard deviation.

However, it must be noted that the different cell lines have significantly different
uptake of NP (figure 5.1), and hence the amount of SO generated under the same
irradiation conditions varies significantly. When this is accounted for, a significant
difference between cell lines emerges. As UM-SCC-1 p53 WT has the lowest uptake
per cell of all the cell lines, it becomes clear that far fewer AUNP@PAH-RB@PSS are
required in each cell to deliver a fatal dose. UM-SCC-1 pBABE has the highest
AuNP@PAH-RB@PSS uptake and requires the most AUNP@PAH-RB@PSS per cell to
deliver a toxic dose of singlet oxygen to the cell, this is graphically represented in
figure 5.13, which shows (1-viability) scaled by the cellular content of AUNP@PAH-
RB@PSS. It should be noted this makes the simplifying assumption that the effect of
irradiation is proportional to the amount of 0, produced, i.e. the number of
AuNP@PAH-RB@PSS present, which is used here solely for the purpose of producing
a simplified graph. Clearly the presence of p53 makes the cells much more sensitive
to SO/PDT, whereas the "control" cell line PBABE has a similar behaviour (within the

experimental uncertainties) to UM-SCC-1 itself.
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Figure 5.13 — (1-viability)/ (AuNP uptake) in 0.05 W irradiations following
incubation with 0.073 nM AuNP@PAH-RB@PSS in; UM-SCC-1 (grey), UM-SCC-1
p53 WT (red) and UM-SCC-1 pBABE (blue) cells. The bars represent the mean of

several experiments and the error bars represent the standard deviation.

5.7.2 Discussion

In the context of cancerous cells, the loss of p53 and the tumour supressing function
it brings to cells is the most common genetic event for all cancers.! More specifically,
the loss of the p53 gene means that cells become more reliant on aerobic glycolysis
and increased glucose uptake, known as the Warburg effect.!* This shift in
metabolism enables the cell to offset the increased levels of ROS present after
tumourgenesis as the glycolytic process increases production of antioxidant
intermediates compared to cellular respiration. Considering this, it is not surprising
that UM-SCC-1 and UM-SCC-1 pBABE, which are p53 null, are least affected by singlet
oxygen mediated photodynamic therapy, requiring more AUNP@PAH-RB@PSS and
consequently singlet oxygen production to overcome the increased antioxidant
systems present. By contrast, the restoration of the TP53 function in UM-SCC-1 p53
WT leads to increased sensitivity to singlet oxygen as the upregulation of antioxidant
systems due to glycolysis is no longer present, so the cells require less AUNP@PAH-
RB@PSS to create a cytotoxic dose. This effect is in agreement with studies treating
UM-SCC-1, UM-SCC-1 pBABE and UM-SCC-1 p53 WT with ionising radiation (which
is ROS mediated), where cytotoxicity was increased in UM-SCC-1, but not in UM-SCC-

1 p53 WT, when glycolysis was inhibited.?
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In addition to the down-regulation of the antioxidant system compared to p53-null
cells, TP53 also mediates several apoptic pathways; as the primary route of cell death
proposed here is through apoptic pathways, this may play a significant role in the
increased effect in cells containing restored p53 function.'*1> However, despite the
lack of p53 in UM-SCC-1 and UM-SCC-1 pBABE, it is significant that AUNP@PAH-
RB@PSS mediated PDT still causes cell death, albeit requiring higher doses of singlet
oxygen. While TP53 status is strongly linked to apoptosis, there are p53-independent
pathways and pro-apoptic proteins can be induced independently of p53.1618 As
AuNP@PAH-RB@PSS are directly targeted within endosomes and lysosomes, it is
possible that a p53 independent apoptic pathway is triggered which is mediated by
lysosome permeabilization.'%2?0 It has been shown that there is both a p53 dependent
and independent apoptic pathway when a lysosome localised photosensitiser is
irradiated.?! In cytotoxic treatments that damage the nucleus and DNA of cells, p53
mediates lysosome permeabilization as part of the apoptic pathway, but it is possible

that the AUNP@PAH-RB@PSS PDT treatment is p53 independent.??

From our results it is impossible to conclude whether it is the upregulation of
apoptosis or downregulation of antioxidant systems in cells containing p53 that
increase the efficacy of the photodynamic treatment with AUNP@PAH-RB@PSS.
However, clearly the transfection of p53 into cells significantly increases the
sensitivity of UM-SCC-1 cells to photodynamic therapy which can be quantified when

accounting for the differing uptake between cell lines.

The effect of TP53 status upon PDT treatment has been reported in literature
previously, with most research showing that TP53 has significant effect upon
cytoxicity.?3726, The results presented here show a significant effect by TP53, however
significant killing still occurs in p53 null UM-SCC-1 and UM-SCC-1 pBABE. This is in
good accordance with the literature reports, however it is significant that at the same
dose of light and AuUNP@PAH-RB@PSS (during incubation) the cytotoxic effect is
indistinguishable and it is only when uptake has been determined that the significant
role of TP53 status can be elucidated. While the 10, sensitivity may be reduced by
the loss of p53, this loss also creates an increased metabolic demand, which offsets

the protection offered by the Warburg effect by allowing increased NP uptake.
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The 1.9 factor increase in sensitivity to 10, we report between UM-SCC-1 and UM-
SCC-1 p53 WT in figure 5.13, is similar to values reported in literature for other cell
experiments using PS dyes which showed an enhancement of killing ranging from a

factor 1.3 to0 2.23°%7

It is well known that Hela cells are exceptionally robust cells, so the increase of
AuNP@PAH-RB@PSS mediated phototoxicity in UM-SCC-1 cells may simply be that
the UM-SCC-1 cell line is more susceptible to damage from singlet oxygen. Hela cells
do express WTp53; however, its function is limited by the human papillomavirus HPV-
E6 which explains the significant difference in killing between UM-SCC-1 p53 WT and
Hela cells.?® Despite the differences in viability between the 4 cell lines, there is a
strong cytotoxic effect present in all cells. As the HeLa genome is highly varied and in
many cases distinct from the human genome due to variation since it was
immortalised, it is significant that AUNP@PAH-RB@PSS displays toxicity in UM-SCC-

1 cell lines.
5.7.3 Therapeutic Implications

Irradiations of UM-SCC-1 cells incubated with AuUNP@PAH-RB@PSS still achieve high
levels of cell killing despite the increased protection from the Warburg-type
phenotype. As HNSCC cells show an 80% prevalence of TP53 mutations, it is essential
that any photodynamic agent can overcome this antioxidant activity, and despite the
reduced sensitivity to ROS this is offset by the increased uptake of AUNP@PAH-
RB@PSS by p53 null cells. The increased uptake allows a similar effect on viability of
treatments at similar AuNP concentrations and provides methods of increasing
uptake in cancerous cells compared to the surrounding healthy cells. Cells with
increased glycolytic function show increased GLUT transporter activity and so the
potential for glucose functionalised AuNPs further enhancing uptake could provide
an exceptional method to exploiting the unique dual selectivity of PDT to distinguish

between cancerous and healthy cells around the edges of a tumour bed.?>3°
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5.8 Conclusion

The results presented in this chapter show that no significant killing could be
observed using AUNP@cit in UM-SCC-1 cells, however a strong cytotoxic effect was

reported using AUNP@PAH-RB@PSS.

When applied the treatment against isogenic cells UM-SCC-1 p53 WT and UM-SCC-1
pPBABE and the amount of 0, required to kill cells was significantly reduced when
p53 status was introduced. This may be due to the upregulation of apoptosis or
increased sensitivity to 10, when cells revert from a glycolytic metabolism (with no
p53 function) to a respiration-based metabolism (with reintroduction of p53). This is
consistent with literature reports for other PS, however due to the increased uptake
of AUNP@PAH-RB@PSS in UM-SCC-1 compared to UM-SCC-1 p53 WT, identical
incubation conditions yielded roughly the same toxicity despite the reduced 10,

sensitivity in UM-SCC-1 cells.
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6 Conclusion

AuNP@cit and novel AuUNP@PAH-RB@PSS were synthesised and characterised using
UV-vis, C-potential and DCS to allow precise determination of the capping layer
thickness. Rose Bengal was loaded into the polyelectrolyte PAH through use of EDC
chemistry. Despite extensive purification using dialysis, this was unable to separate
electrostatically and covalently bound Rose Bengal. The loading of RB did not affect
the layer-by-layer coating of AuNP using PAH-RB, however the electrostatically
bound Rose Bengal was displaced by the addition of PSS. This resulted in AUNP@PAH-
RB@PSS. The synthesis showed characteristic surface charge switching and the

amount of Rose Bengal loaded on each AuNP was estimated using DCS.

The effect of 532 nm irradiation on Hela cells exposed to AuNP@cit and
AuNP@CALNN showed two distinctive pathways to cause cell death. Firstly, via
photothermal heating of Hela cells to above a threshold temperature 45-50 °C which
occurred when cells contained large amounts of AuNPs. This pathway could be
predicted by temperature simulations. The second route takes place when cells do
not reach this temperature threshold, and the cellular localisation of AuNPs
significantly affects the efficacy of the treatment for this pathway. We suggest that
this route is AuNP-mediated PDT, through the generation of 10, by AuNPs. There is a
large variability of efficacy in this route which we attribute to the heterogeneous
nature of cellular uptake of AuNPs. It was shown that the confluency of cell cultures
significantly affected their AUNP uptake, and we present a technique for analysing
the irradiation results which takes into account the local confluency of cells. It is
shown that more densely packed cells, which take up less AuNPs, are less affected by
PDT treatment which provides further evidence that cell size plays a key role in

determining AuNP uptake.

In order to use more realistic cancer cell lines, we developed a new protocol for
irradiation which used lower intensity light and was initially tested on Hela cells
containing AuNP@cit. The effect of irradiation was assessed using a more widely
used viability assay, however the lower intensity light necessitated increasing the
amount of AuNPs contained in cells to observe a PDT effect. The amount of 10,
required for inducing cell death was consistent between these two protocols.
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The low quantum yield and high heating of these particles limited the PDT effect. In
order to increase the PDT effect, AUNP@PAH-RB@PSS were used and their uptake
was quantified using ICP-OES. The presence of Rose Bengal on these AuNPs
significantly increased the PDT efficiency, with significantly lower irradiation and
incubation conditions required for achieving cell killing. The photobleaching of Rose
Bengal meant that under most irradiation conditions the key determinant of whether
enough 10, was generated was the amount of AUNP@PAH-RB@PSS uptake. We were
able to successfully model these data, and it was shown that cells exposed to higher
concentrations of AUNP@PAH-RB@PSS were significantly more sensitive to PDT than

cells containing less AUNPs, even when using significantly higher irradiation intensity.

PDT mediated by AuNP@cit and AUNP@PAH-RB@PSS was used on isogenic cell lines
UM-SCC-1, UM-SCC-1 p53 WT and UM-SCC-1 pBABE in order to investigate the role
of the p53 gene on the efficacy of PDT. AuUNP@cit mediated PDT was unable to affect
cells in the conditions used, however AuUNP@PAH-RB@PSS PDT was successfully used
against all cell lines at the same incubation and irradiation conditions. However, upon
determination of AuNP uptake it was shown that UM-SCC-1 p53 WT was significantly
more sensitive to 0, than UM-SCC-1 and UM-SCC-1 pBABE. We attribute this to the
different p53 statuses of the cell lines, which may have implications for it use against
tumours. p53 also affects uptake, in a way that counterbalances the increased 103
sensitivity. However, this may be due to differences in sub-cellular localisation of

AuNPs and so TEM analysis of cells containing these AuNPs would be useful.

The use of AuNPs, both with and without Rose Bengal, show promise for use in PDT.
However, we have shown that the cellular localisation of AuNPs plays a key role in
the efficacy of PDT. As such, care must be taken in selecting the correct capping layer
for different applications to ensure good AuNP internalisation. This could be done via
attaching biomarkers such as glucose which are overexpressed by cancerous cells, or
by attaching tumour specific antibodies. This would be particularly important for

AuNPs without Rose Bengal due to their low quantum yield.

AuNP@PAH-RB@PSS is a promising, cheap and easy to synthesise AuNP, however
further work on optimising the synthetic protocol to maximise covalent bonding
between PAH and Rose Bengal would increase its efficacy. This could be done by
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introducing sulfo-NHS into the EDC coupling reaction, which has been shown to
significantly increase the efficacy of coupling. While only 2 polyelectrolyte layers
were used in here, it has been shown in literature that up to 20 layers can be added
to AuNPs, which could drastically increase the amount of Rose Bengal on each AuNP
and would allow lower concentrations or irradiation powers to be used which would

be beneficial.

While the heterogeneous nature of AUNP uptake can be accounted for using models,
it would be beneficial to quantify the distributions for individual cell lines and AuNPs.
This could be done using single cell-ICP which would allow accurate assessment of
AuNP uptake of a single cell basis. As well as providing uptake data, the measurement
of AuNPs and cell death markers could be combined using mass cytometry or flow
cytometry. This would allow the accurate experimental determination of the amount

of AuNPs required by cells for killing, and hence the amount 103 required to kill cells.
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Appendix 1
Beam profile
Firstly, the Gaussian profile of the laser beam can be defined using equation A1, and

thus the intensity at distance r from the beam centre at power P can be calculated,

where d is the 1/e? diameter,

gp -s8r?
I(r,P) =——=e d?
rP)=—7
Equation Al

Generation of Singlet oxygen by Rose Bengal

The photon flux (photons s mm) generated by the laser at I(r, P) can be calculated
by equation A2, where E is the energy of a photon at wavelength A, equation A3.

I(r,p)

Iph(r,P) = i

Equation A2

_hc

E
A

Equation A3
The absorption cross section (mm2) of Rose Bengal can be calculated by equation

A4, where NA is Avogadro’s number and € is the extinction coefficient.

In (10)
NA

&

Equation A4

Thus, the excitation rate of a Rose Bengal molecule at distance r from the beam
centre and laser power P, exc(r, P) (s1), can be calculated by the product of equations

A2 and A4.
exc(r,P) = Iph(r,P) o

Equation A5
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The amount of 'O, generated at (r, P) over an irradiation time t, SO(r,P) can be
calculated by the product of ®SO, the quantum yield of singlet oxygen production
by Rose Bengal, the excitation rate (A5) and time t. However, the maximum number
of excitations of Rose Bengal (maxexc) before it bleaches limits the amount of 0,

that can be produced, yielding the following equation for SO(r,P):
SO(r,P) = ®50 X min (exc{r, P} t, maxexc)

Equation A6

Lognormal distribution of AUNP uptake by cells

As shown in the literature, the AuNP uptake is described by a lognormal distribution
of AuNPs within a cell population where the mean uptake is NP_per_cell, as defined

by equations A7 and A8.1

Nmax = eln(NP_per_cell)—0.5w2

Equation A7

—(In(NP)-In (Nmax))?
2w?

NP w~2m

Fvp) ==

Equation A8

Determination of cell death

Whether a cell with n AuNPs in it dies when irradiated for a time t at distance r from
the beam centre at laser power P, can be determined by calculating the total number
of Singlet oxygen produced, equation A9. This combines A6, i.e. the number of 0,
produced by a single AuNP, with the number of AuNPs within the cell (n) and the
number of Rose Bengal molecules per AUNP (RBperNP). If this value exceeds the

required 10, dose for cell killing, KillingSO, then the cell dies, equation A10.
TotalSO(r,n,P) =n RBperNP SO(r,P)

Equation A9

0, TotalSO(r,n, P) < KillingSO

kill(r,n, P) = { L TotalSO(rmP) > KillingSO

Equation A10
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Viability

Thus, a theoretical viability can be defined, which calculates the viability of the
experimental well with experimental parameters (power (P), 1/e2 beam diameter d,
well diameter D), € (extinction coefficient of Rose Bengal), average AuNP uptake per
cell and width of the uptake distribution w, maximum excitations of Rose Bengal
before bleaching, the required 10, dose for killing, and the number of Rose Bengal
molecules per AuNP, equation All. This averages over the full well area, thus
accounting for the varying beam intensity, and over all cells with different AUNP
uptake.

Viability (P) = 1 — 2m f,"* J;” kill(r, NP, P)f(NP) dNP r dr

n(5)?

Equation A1l
Use of this model in AuNP@cit
In order to model the effect of AUNP@cit, € and ®SO are changed to appropriate
values for AUNP@cit. The amount of 10, generated at (r, P) over an irradiation time
t, SO(r,P) can be calculated by the product of ®SO, the quantum yield of singlet

oxygen production by AuNP@cit, the excitation rate (A5) and time t, equation A12.

As AuNPs are photostable there is no limitation on the number excitations.

SO(r,P) = ®S0 exc(r,P) t

Equation A12

As there the AuNP acts as the PS, equation A9 can be simplified as the number of

Rose Bengal molecules per AuNP is no longer needed, equation A13.
TotalSO(r,n,P) =n SO(r,P)

Equation A13

This can then be applied described above in equation A10 and All to define a

theoretical viability.
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