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Abstract

Photodynamic therapy (PDT) requires a photosensitiser, light and oxygen to generate
reactive oxygen species and log¢ath. The hydrophobicity of photosensitisers can be

overcome using nanoparticles. Furthermore, nanoparticles can be functionalised with
cancerspecific ligands to increase selectivity towards tumours. The aim of this thesis

was toinvestigate theuseof nanoparticles for PDT of breast cancer.

Goldnanopatrticles (AuNPs) were functionalised with polyethylene glycol (PEG) and a
zinc phthalocyanine photosensitiser (Pc). Two Pcs differing ifetigeh of the carbon

chain that connects the Pc to the gottiree (C3Pc) or eleven (C11Pc) carbon atoms,
were exploredHuorescence emission intensity was higher for free C11Pc. Conversely,
on the surfaceof the AuNPs, it was higher for C3Pc. The higher fluores@mission
intensity of C3P®EGAUNPSs correlated whtan increased production of singlet oxygen
(*0y). SKBR3 cells internalised both nanosystems but cell death was enhanced with
C3PePEGAUNPSs (80%) due to metalenhanced fluorescences compared to C11Pc
PEGAUNPSs (106). The conjugatioof the AUNPsvith a breast cancespecific antibody

improved the internalisation and PDT efficaxfyboth nanosystems

The potential use of a carbohydrate, lactose, to target the galectieceptor on breast
cancer cells was studied. Lactose and either C3Pc or @Et®conjugated to AUNPs.
Two breast cancer cell lines, -BR3 and MDAMB-231, were used. While lactose
C11PeAuNPs only induced phototoxicity to-BR3 cells, lactos€C3PeAuNPs induced
effective PDT foboth cell lines. Evidence of targeting galeetiwas only observetbr

MDAMB-231 cells.

The use ofipconverting nanoparticle@JCNPsfunctionalised with the photosensitiser
Rose Bengal (RB) for neafrared PDT was investigated. Energy transfer between the
UCNPs and RB upon excitation at 8&0alloved the generation otO,. SKBR3 cells
successfully internalised the UCN#P&l induced effective PDT &6 > 3 k ¥e@dng to

minimal dark toxicity and effective cell death following irradiation.
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Chapterl

Introduction

Cancer is a serious health problem. It has a high incidextegcancer will be diagnosed
to 1in 2 people in the UKvith cancer cases becoming increasingly comohanto the
anageing populationand it is one of the pmcipal causes of death the world for both
men and woment:?2 Specificallylung, stomach, liver, colon and breast cancer lead the
number of cancerelated deaths yearlyTherefore, it is vital to find tr@ments for the

prevention and therapyf tumours.

Photodynamic action has been known for over 100 years, when it was inadvertently
discovered by Raab and von Tappejras described by Anaret al* and Ackroycdet

al.’ These authors realised that photodynanaction is a twostep process that
requires a photosensitising molecule and light, together with a suitable amount of
molecular oxygen in the environment, in order to induce tissue damage. The
investigation of photodynamic therapy has since then attracted gredéreést,
especially for the treatment of malignant tumout#lore recently, the combination of
nanotechnology and canceapecific targeting molecules with photodynamic therapy

has gained remarkable attention for an enhanced photodynamic effect.

In this chapter, a reviewfghotodynamic therapy will be explored. Additionally, the
choice of photosensitising molecules available for photodynamic therapy as well as the
photosensitisabn mechanisms that they undergo will be discussed. Targeted
photodynamic therapyiathe introduction of cancespecific targeting agents will also

be covered. Finally, a review on the use of different types of nanoparticles for

photodynamic therapy wilbe studied.

1.1. Photodynamic therapy and its mechanism of action

Photodynamic therapy (PDT) of cancer, sometimes referred to as photochemotherapy
of cancer, is a minimally invasive treatment that involves the use of two components,

a photosensitiser (PS) arvisible light-??2 Additionally, the presence of molecular



oxygen is essential for effec\WPDT. These three elements by themselves, PS, light and
oxygen, are no#toxic. During the treatment, the PS is activated with visible light.
Reaction of the excited PS with molecular oxygen leads to the production of reactive
oxygen species (ROS), capaifiéenducing toxicity to cells and tissu&¥. Advantages

of PDT over conventional cancer dteents include coseffectiveness, low systemic
toxicity, the prevention of toxic side effects such as the ones seen after chemotherapy
or radiotherapy(i.e., tiredness, weakness, nausea and vomiting, hair loss, dry skin,
peripheral neuropathy, infertility and problenns the heart, lungs and bladdeay well

as higher cure rates, and excellent cosmetic results following treatment, which is
especially importantfor skin cancer lesiorf$?2 PDT is particularly useful for the
treatment of ealy and localised tumours, due to the selective delivery of the PS
towards cancerous tisste Furthermore, PDT can be easily combined with other
therapies, such as conventional chemotherapy, for an improved destruction of
tumours® However, PDT also has its limitations. The main problem related to PDT is
the presence of skin photosensitiviiyg.,skin remains sensitive to light, for some time
following treatment® Additionally, corplete cure of metastatic tumours is more

challenging since irradiation of the whole body is not possible.

During photosensitisationF{gure 1.}, the PS is irradiated with light of a specific
wavelength, usually between 4@D0nm.1° The PS in the ground state)@bsorbs
light, whichprovidesenergyfor the PS taeach an electronically excited singlet state
(S). The Bstate has a short halffe (10°-10° s)'%, whichis unstable and thus prone to
quickly undergo deactivation. Deactivation can oceiar different pathways, either
radiative, such as fluorescence, or n@tiative, suchas intersystem crossing (ISC).
Both fluorescence and ISC occur from the lowest energy level within giat8&, which

the PS reachesia nonradiative vibrational relaxation (VR). Effective PS follow ISC,
which induces a change in spin multiplicity legpia a triplet excited state (J. The T
state has a longer halife (103-1s)'! than S, which allows the PS to go through the
next steps of photosensitisation. Two mechanisms of photosensitisation can be
followed, type | or type Il. Type | involves direct reaction between a PS in #iat@

and a substrate, which concludes with the formation of free radieeslectron or
hydrogen transfer. Upon reaction with molecular oxygefOf), ROS are formed,

including the superoxide anion, hydrogen peroxide, and the highly reactive hydroxyl



radical. Type Il involves the transfer of energy from the PS inite&fe to molecular
oxygen, producing a highly reactive ROS, singlet oxy@eh Allof these ROS induce
oxidative stress in the cells and tissues, which lead to cell death tumour

destruction® 7916
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Figure 1.1 SimplifiedJablonski diagranmcluding aschematic representatioof the PDT
photosensitisation mechanisms leading to the production of ROS. The arrows rept
excitation (red), fluorescence and phosphorescence (green), intersystem crossing |
non-radiative vibrational relaxation (black) and energy transfer (mcpl

It is generally accepted that the most common type of photosensitisation that leads to
PDTphotodamage is Type 4f.%13141"However, the ratio by which type | and type I
photosensitisation occur during PDT depends on several factors, including the choice
of PS, the subcellular localisation of the PS, the binglifigity between the PS and the
substrate and the presence 80,.5%'217As a result, in situatits where molecular
oxygen is not readily available, known as hypoxia and anoxia, type | is the pathway
followed for effective PD¥713Following production of the ROS, the PS decays back to
the ground state and thus multiple cycles of photosensitisation can take place during

PDT until the concentration of oxygen in the tissue is depléted.

Given that type Il is the most common mechanism followed in POsTis the most
important cytotoxic species that leads to cell death. In the ground state, molecular

oxygen presets two unpaired electrons (same spin) in the 2p antibonding orbitals.



However, upon excitation, singlet oxygen presents two paired electrons (different spin)
in the 2p antibonding outer orbital. Effective excitation®@6 to produce!O; requires

at least 94.%J/mol of energy(Figure 1.2° The halflife of 'O, in water isca.3> a <
but it is diminished in the cytoplasm tm.10-320ns2141524As a result, the maximum

radius d action forlO, within the cellular environment isa.10-55 nm.*24Considering

the diameter of a typical cell ranges between-I@0> Y'Y A G A& Sl aAAf &

localisation of the PS inside the cells is vital for an effective photodynamic ceifkill.
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Figure 1.2Energy level diagrams of molecular oxyg&) and the longived ng excited
state of singlet oxygen@.). Energy of at least 94&/mol is required for the transitior
from 3O, to 10,.

Following the production of ROS, there are three main mechanisms that can lead to
malignant cell death; direct photodamage, vascular shutdown and the activation of an
immuneresponse’”1217.18The ratio in which each of these mechanisms contribute to

tumour destruction is dependent on the localisation of the PS, the light dose and the

type of tumour being treated.

Photodamage refers to the direct killing of the tumour celisaaresult of the cellular
damage caused by the R&S here are three main cell death pathways that can be
followed in PDT, apoptosis, necrosis and autopHagy.The pathway followed
depends not only on the cell type but also on the localisation of the PS within the cells,
the light dose and the oxygen concentration available for the treatnfeit’

Additionally, the localisation of the PS within the cells will depend on the type of PS, its
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chemical properties and the concentration at which it is administéréichas been
reported that PS that locate in the mitochondria lead to apoptosis, whereas those PS
located in the lysosomes and the plasma membrane are most likely to induce necrosis
or autophagy?>?° Direct photodamage has its limitations because the distribution of
the PS within the tumour isiot always homogeneous. It is further limited by the
amount of oxygen in the malignant tissue, most of which is consumed during the PDT

treatment itself, which cameducethe direct damage to the cells.

Vascular shutdown refers to damagetrto the cancer cells themselves, but to the
blood vessels that surround them. These blood vessels are essential for tumour growth,
since they provide all the nutrients and oxygen the cells need. Therefore, damage to
the blood vessels can lead to cell deaPDT has been shown to induce microvascular
collapse, which in turn constraints the oxygen supply to the malignant tissue. As a
result, microvascular collapseanlead to vascular constriction, thrombus formation
and inhibition of tumour growth? Vascular constriction is easily identified because it

leads to haemorrhage and erythemia.

Finally, some studies have reported that leukocytes, lymphocytesnzamtophages
have been found in PBfeated cells and tissue. This implies that PDT could lead to the
activation of an immune response against tumour cells, which is characteristic for the
stimulation of an inflammatory reactiott:*#Inflammation is manifestviaa localised
grossoedema and it appears as a consequence of damage to the vascutattibas
been suggested that the mechanism followed by the PDT treatment depends on the

dose and the incubation time within the tissite.

The efficacy of PDT relies on several parameters, such as the selectivity of the PS
towards tumour tissue, the inteal between administration of the PS and light
irradiation and the wavelength of light and light dose used for the treatméithe
accumulation of the PS is partially selective towards tumour cells. The reasoning behind
this selectivity is nbcompletely understood but it is most likely related to the special
characteristics of the tumour such as the presence of leaky vasculature and the lack of
lymphatic drainage. The selectivity of PS towards tumour tissue will be further
reviewed insection 1.2.1% Additionally, the use of hydrophobic PS yields more

selective accumulation than hydrophilic PS, due to their rapid diffusion into tumour



cells®24 Further information on the types of PS and their selectivity towards cancer
cells will be reviewed isection 1.1.1 Light dosimetry is an important concept inPD
as it will determine the uniform distribution of light over the tumour, as well as the
potential irradiation of healthy tissu&?® An ideal dose should minimise irradiation of
the healthy cells surrounding the tumotfr Dosmetry is an important parameter in
deciding not only the light dose but also the fluence rate and the time of
photoexposure’ Additionally, the selection of the irradiation wavelength plays an
important role in PDF Blue light is the least efficient choice since it penetrates
biological tissue only slightlyh& most efficient wavelength range is between 600
1,200nm and the longer the wavelength used, the deeper the penetration into the
tissue and thus the abilityotreach deepetyingtumours. However, the production of
10, requiresrelatively high energy(94.5 kJ/mol) and only the range 66800nm is
energetic enough to induce its generation. As a result, the most efficient light is red
light.14

1.1.1. Photosensitisers

An ideal PS should have a series of properties in order to enhance its efficacy for PDT
while minimising sle effects. In order to produce ROS in sufficient concentrations,
efficient PS should have lagh quantum yieldfor the triplet state together with a
relatively long halfife.9131924C dzNJi K S NJY 2 B Eptidin mie&imumisiodd be
between 686850nm 591314.19.26This wavelength region ensures a deeper penetration
into the target tisue,ca.8 mm but reaching up to-3 cm under favourable conditions,

while providing enough energy for the effective excitation of molecular oxygen in order

to generate ROS!41°

One of the most impdant properties for an effective PS is thelectivitytowards the

tumour 8913.19.26As reported irsection 1.1 the mechanism by which some PS are more

selectively accumulated in the tumour is poorly understood. However, it has been
describedtodd S RdzS G2 aLISOAFTAOAGASA Ay (KS §dzy2 dz\
presence of leaky vasculature created around the tumour, a reduction in the lymphatic

RN AYIF3ISS  t26SN LI Ay GKS Gdzy2dzNna SEGNI

hydrophdoic PS for endothelial/cancer celsa low-density lipoprotein receptor
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mediated endocytosi8 These factors and the selective accumulation of PS in tumours
will be reviewed insection 1.2.1 Selectiity towards the target tissue wouldvoid

undesirable toxicity to the healthy tissue surrounding the tum&ur.

Another important property isow dark toxicity.5-%1314192hotosensitisers should not

be toxic, the toxicity of the treatment should only occur after light irradiation, with the
production of ROS. Havinginimal side effectsis also beneficict!*?6 This includes
limited in vivostability for afast biological clearancérom the human body so the
patient does not need to avoid bright light during the months following PDT (skin
photosensitivity)!®2426Furthermore, the PS should not cause mutagenic effects, which
are usudly related to the intracellular localisatictt® Therefore, to avoid this effect,

efficient PS wilhot be located inside the nuclews the cels?

The chemical properties of the PS are also key for their efficiency. PS shodthbkea
chemicallypure compound with a constant composition that will inducestiable PDT
treatment 891324.26additionally, the solubility of the PS is another factor to consideér.
Hydrophobic photosensitisers are efficient for the reaction with the lipid bilayers of the
cell membrane, as well as the selective delivery towards tumour tissue. However,
hydrophilicity is required for an effective delivery and transport of the PS through the
body. As a resulamphiphilicity is an important property for P5.

The administration of the PS is also important as it should not lead to toxic effects such
as allegic reactions. Furthermore, the administration of the PS should be fairly easy
and painfree. The pairfree property should be extended throughout the irradiation
period 228 Other important considerations are theost® and availability'®, as well as

the potential to use PDT with other therapies. Consequently, ideal PS should not
prevent combination therapy. Fa@xample, in order to use PDT in combination with
fluorescence diagnosis, the PS should have at least ghrmeescence emissiof
According to the time when they were developed and their characteristics,
photosensitisers can be divided in two maroups; first generation photosensitisers

and second generation photosensitisers.



First generation photosensitisers

First generation photosensitisers refer tadmatoporphyrin derivatives (HpD) mainly.
The structure ohaematoporphyrinand its parent compound the porphyrin, based on

a tetrapyrrole backbone, are shownHigure 1.3*

HO
(A) (B) OH

O"“oH o O

Figure 13. Chemical structure ofA) porphyrin and(B) haematoporphyrin, from which
haematoporphyrin derivative (HpD) and Photofrin® are derived.

The modermeriod of PDT started with Schwartz and Lipson in 1960 at the Mayo Clinic
(USAY:6101218The treatment ofhaematoporphyrinwith acetic acid and sulfuric acid
produced a watessoluble mixture of porphyrins known abkaemat@orphyrin
derivative (HpD), which was found to have tumour localising properties. The discovery
of the activation of HpD using red light led to the development of HpD for PDT in a
variety of clinical triald®*?>HpD waghe first approved photosensitiser for PDT and it
was later purified, to remove the least active porphyrins, to porfimer sodium,
commonly known as Photofrinf® Photofrin was initially approved i@anada for the
prophylactic treatment of bladder cancer in 1994.Since then, it has been approved

in more than 125 countriégor a variety of lesions including nemall cell lung cancer,
oesophageal cancer, eadyage gastric cancer and eagiage cervical cancét3Even
though Photofrin is nottoxic, reliable, paifiree and still successfully used in the clinics,

it suffers from a series of disadvantades:!3.14.1%.20.2Photofrin is a complex mixture of
more than 60 compounds, making its reproducibility quite challengiddPhotofrin

absorbs light at 63@m with a low extinction coefficient, which means the penetration



into the tissue is limited taca. 5 mm.tt1319 Additionally, the tumour selectivity is
limited and the PS is slowly cleared from the body, leading to skin photosensitivity for
ca. 2-3 months®11.13141920Ag 3 result of these drawbacks, improved PS were

developed, with are known as second generation photosensitisérs.

Second generation photosensitisers

The second generation of photosensitisers offers certain advantages over the first
generation, such as a shorter period of skin photosensitivity, a longer irradiation
wavelength (67800nm) that allows for a deeper penetration into the tissue, an
improvedtumour selectivity and higher quantum yields of the triplet excited state and
thus of'O; production!2°Within the porphyrins, a special type of second generation
photosensitiser is Saminolevulinic acid (B\LA), Figure 1.4 5ALA is a naturally
occurring prodrug, involved in the biosynthesis atm®¢32°During the biosynthesis

of haem 5-ALA is a precursor of the photosenstigprotoporphyrin IX (PpIXFigure
1.45®This is an example of endogenous photosensitisatfoYt The administration of
5-ALA leads to a porphyri&e phenomenon by which an excess of PplX is secreted and
accumulated within cancerous tiss&&!'5-ALA offers several advantages over HpD,
including a shorter photosensitivity period of only R4fast biological clearance and
the possibility of oral and topical administrati®f.On the other hand, B\LA also
presents some drawdrks, the main one being its hydrophilic character, which prevents
efficient internalisation and limits its action to superficial tumoBifidowever, the
synthesis of novel-BLAesters is becoming increasingly popular as a way to increase
the hydrophobicity of the compounand avoid this problemincluding the BALA hexyl
ester Hetvix® and the methyl estaminolevulinate Metvix® Additionally, 5ALA PDT
can be painfuf® Nevertheless, RLA is clinically approved for actinic keratoses of the
face and scalp, basaell carcinoma, brain, bladder, head and neck and ggalgical

tumours1%14
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Figure 14. Chemical structure fA) 5-aminolevulinic acid (ALA) andB)the active
photosensitiser protoporphyrin IX (PplX).

Second generation photosensitisers include several families within the tetrapyrrole
backbone, such as phthalocyanines, naphthalocyaniobiyrins, bacteriochlorins,
texaphyrins, and purpurins:?° Figure 1.5shows the parent compound of the most
commonly employed families. These parent compounds give riseatty derivatives

that are used as photosensitisers in PDT.

© (D)

Figure 15. Chemical structure dfA) phthalocyanine(B)naphthalocyaning(C)chlorin and
(D) bacteriochlorin.

10



Phthalocyanines are the most promising secgheration photosensitiser’S. Their
monomeric form has a strong absorption bandcat 680nm with a high extinction
coefficient. Furthermore, phthalocyanines can be modified by addition of a central
metal ion, such as Zhor APF*, which can further increase the triplet quantum yield
leading to an increased production &5,.1® The silicon phthalocyanine Pc4 is being
used for clinical trials in the United States for the treatment of cutaneowsllT
lymphomat* Zinc phthalocginines are gaining interest fam vitro investigations and

they are being tested in clinical trials in combination with liposomal formulatibns.

There are a couple of clinically approved PS belonging to the chlorin family. The best
known chlorin approved for treatment is tetrathydroxyphenyl)chlorin (mMTHPC), also
known as Foscan®. The chlorin mTHPC is 100 times more potenthehairst
generation P®hotofrin and it leads to effective PDT using low concentration and light
dose!! In Europe, mTHPC is clinically approved for the treatment of neck and head
cancers* Other examples include the benzopbiyrin derivative known as
verteporfin, and chlorin €6, a naturaltyccurringchlorophyll derivativeé Theuse of
verteporfin, commercialised as Visudyne®, has been clinically approved for the
treatment of agerelated macular degeneration in ophthalmology since 2001 in more
than 60 countrie$:?” Another photosensitiser that belongs to the chlorins is tin
etiopurpurin (Purlytin®). Tin etiopurpurin is clinically approved in the USA for PDT of
Odzii yS2dza YSGlFadlradAO oNBIl &l elGs git@Smdoh | y R
cancerous diseasés.Purlytin is derived from the porphyrins but its structure,
especially the addition of tin metahllows for a longer absorption wavelength (650

680nm), thus making it a more efficient PS.

Other second generation PS not derived from the tetrapyrrole backbone have been
investigatec?* Molecules that act as PS and can be classified as syntheticndyedei
phenothiazinium salts,d®e Bngal, squaraines, boredipyrromethene (BODIPY) dyes,
phenalenones and transition metal compounds. Within the phenothiazinium salts, the
most commonly used PS is methylene blgeyre 1.9, which is especially used for
antimicrobial PDT rather thaanticancer PDT. The PS Rose Berfgguie 1.9,
belonging to the xanthenes, is widely used as a photoactive dye with interest in

antimicrobial PDT, anticancer PDT and tissue bonding applicafions.
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Figure 16. Chemical structure dfA) methylene blue angB) Rose Bengal. Ref. 24.

Natural products can also be used as PS for PDT. The most widely studied ones are
hypericin, hypocrellin, riboflavin and curcuntthEven though the selectivity towards
tumour tissue is improved in the second generation of photosensitisers, it is still
limited. In an attempt to increase the PS selectivity to the tumour, third generation
photosensitisers are being develop&d**° Third generation PS are based on the
conjugation of the PS to biological ligands for targeted PDT, which will be reviewed in

section 1.2.1

1.2. Nanopatrticles for photodynamic therapy

Effective PS are ually hydrophobic in nature, as mentionedsection 1.1.1 in order

to interact with the lipid bilayers of the cell membrane and be efficiently internalised
by the cells’ As a result, the PS delivery and intravenous administration into the body
becomes challenging as the PS can easily aggregate in agqueous solutions, leading to a
decrease in quantum yield and thusduced'O, production?®2° Additionally, the PS
selectivity towards tumour tissuen vivo is limited, even for the most recently
developed third generation PS, which incorporate a targeting ligand on their
surface?!?° Therefore, there is a need to develop PS delivery systems that allow the
solubilisation of the hydrophobic PS in aqueous media while increasing the selectivity
towards cancerous tissi®. The use of nanoparticles as vehicles foe thelective
delivery of PS in PDT has received significant attention over the pai ¥6ars®
Nanoparticles are ideal candidates for PDT due to their small siZ@0{im), their high

surface areao-volume ratio, their photophysical and photochemical properties as well
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as the extensive possibilities for size and shape coAtr81-3>Nanoparticles can be
made water soluble while the RBey carry retain its hydrophobic propertié$This
provides the amphiphilicity the PS needs in order tawtate through the blood and
maintain its monomeric active form without aggregati®¥t*2°3132 Furthermore,
nanoparticles enhance the sekdvity towards cancerous tissueia the enhanced
permeability and retention effect (EPR}>2832, which will be discussed isection
1.2.1 The selectivity towards cancer cells can be further improved by the addition of
chemical and/or biological ligands with strg binding affinities towards certain cell
receptors overexpressed on the surface of tumot#r&34 This is known as targeted

PDT and will be further discussedsiection 1.2.1

The high surface arem-volume ratio of nanoparticles allows for their
functionalisation with many different ligands. The nanoparticles can thus
accomnodate a high number of PS molecules, which increases the amount of PS
delivered to the cancer cells and results in an enhanced productid@.cind other
ROS830Other advantages of the use of nanoparticlesR®T include the possibility of
specificallycontrolling the release of the PS into the target tissue and the possibility to
obtain multifunctional nanoplatform332532Multifunctional nanoplatforms are those
nanoparticles functionalised with different ligands to allow for theranostic
applications,i.e., perform diagnosis and therapy at treame time. Theranostics can
refer to the use of the nanoparticle system for both imaging and PDT. Additionally, PDT
can be combined with other therapeutic modalities such as photothermal therapy

(PTT), chemotherapy and magneticajlyided therapieg>3?

The nanoparticles used for PDT can be divided into two categories, passive and active
nanoparticles, based on their participation in the photosensitisation prote¥s°As
defined by their name, passive nanoparticles are only carriers of thé3PBassive
nanoparticles can be either biodegradable or Amodegradable, the main difference
between them being that biodegradable nanopatrticles effectively release the PS into
the cytoplasm whereas nebiodegradable nanoparticles induce the gesgon of ROS
without releasing the P%:2329:32.353Bjodegradable nanoparticles include liposomes,
dendrimers, synthtic polymerbased micelles and natural macromolecute® Non-

biodegradable nanoparticles offer some advantages over the biodegradable type,
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mainly their resistance tohanges in pH and temperature, the tunability in size, shape
and porosity during synthesis and the resistance towards microbial att&éReNon-
biodegradable nanoparticlesnglude metallic nanoparticles, silica nanoparticles,
magnetic nanoparticles, cerarmased nanoparticles and polyacrylamiblased
nanoparticles’®>320n the contrary, active nanoparticles are involved in the production
of ROS and can be further classified into nanoparticles that act as PS by themselves and
nanoparticles that generate an energy transfer to the3P&ctive nanopatrticles that

act as PS include titaniudioxide (TiQ) nanoparticles, zinc oxide (ZnO) nanoparticles
and fullerene<®3235These nanoparticles have unique absorption properties that allow
them to induce the generation of R@5The second class of actinanoparticles are
those nanoparticles that not only carry the PS but are also involved in energy transfer
processes. These include upconverting nanoparticteay activatable nanoparticles,

quantum dots and twephoton absorbing nanoparticles.

This section will focus on a review on the use of gold nanoparticles and upconverting
nanopatrticles for PDT of cancer, which are the two types of nanoparticles explored

duringthe investigations reportedh this thesis.

1.2.1. Targeted photodynamic therapy

As it has been mentioned throughoWhapter 1 the selectivity of PS towards
cancerous tissue is limited. Such selectivity can be increased by the conjugation of the
PS tonanomaterials. The increase in selectivity with the use of nanoparticles is called
passive targeting. Passive targeting refers to the preferential internalisation of
nanoparticles by cancer cells due to the specific properties of tumours in contrast to
hedthy tissue, the enhanced permeability and retention effect (EPR). The EPR effect is
related to the appearance of fenestrations in the tumour vasculature as well as the lack
of lymphatic drainagé’ The uncontrolled growth of cancer cells requires increasing
amounts of oxygen and nutrients in order for the cells to survive. As a result, new blood
vessels need to be rapidly created, a process knownngggenesis. Angiogenesis
leads to the formation of abnormal, leaky, disorganised and loes@iyected blood

vessels with an increased vessel permeabififif:*” The increased permeability
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appears a fenestrations with sizes of 1@D0nm2° Conversely, fenestrations in the
vasculature of healthy tissue are less thannb® in size. Therefore, nanoparticles
permeate through tumour vasculature more easily than healthy tisétialthy tissue

is continuously drainesliathe lymphatic vessels, allowing for the regeneration of the
interstitial fluid. However, tumours present a reduced, minimal lymphatic drainage.
Therefore, once nanoparticldmve been internalised, they will be retained due to the
inability of tumours to renew and clean the interstitial flifit*®-3"The EPR effect plays

an important role in tumour selectivity. Even thduthe tumour biology is essential for

the development of the EPR effect, the physicochemical properties of the PS also
influence the effectiveness of selective uptaka EPR’ One of the limitations of the

EPR effect is the high variability in vascular permeation in different human tumours.
Gastric, pancreatic and highly metastatic cancers typically show low vascularisation,

which restricts the nanogrticle accumulatiorvia EPFE8

As it was mentioned irsection 1.2 the use of nanoparticles further provides the
opportunity to use biological ligands in order to increase the potential selectivity that
occurs through the EP&fectin a complementary manné¥.The use of biomolecules

for the selective targeting of cancer cells is known as active targ€&titige>’In
contrast to third generation PS, nanoparticles can be functionalised withipieu
targeting ligands on their surface, which increases the selecti/itie idea for active
targeting is the use of ligands that specifically recognise certain receptors
overexpressed otthe surface of cancer cells but not on healthy c&f.The most
typically used receptors for activargeting are, as shown iRigure 1.7 the human
epidermal growth factor receptor 2 (HER2), the folate receptor, the transferrin
NBOSLIi 2NE ydzOf S2f Ay ZclusieK Setermigants 44 y(GBIANA v & =
carbohydrates and endogenous lectiis33” One of the carbohydrates is the
ThomsenrFriedenreich carbohydrate antigen (T antigen), overexpressed in more than
90 % of primary tumours® The lectinJacaln, specific towards the T antigehas been

used as the targeting ligand in previous studie¥.
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Figure 1.7 Schematic representation of a cell membrane, showing some of the cance
receptors that can be used for selective targeting. It should be noted that these rece
are not all preset in all cancer cell types. The figure was adapted and modified from
28.

The HER2 receptor is overexpressedanl0-34% of aggressive breast cancers. It is
usually targeted by using a monoclonal antibody, since it has binding affinities in the
nanomolar rangé® The HER2 receptor and its role in canegélt be discussed in
Chapter 3 The folate receptor, found overexpressed in more thar®®0f ovarian
cancers, has been widely chosen for active targetiadplic acid due to their selective
interaction?>33 The transferrin receptor, upgulated in several malignancies, has
become an important target due to its specificity to the glycoprotein transferrin, which
is typically used as the targeting ligafid®4'Nucleolin has been targeted in previous
studies using the vascular targeting F3 peptide as well as nuctgadtific apamers,
singlestranded oligonucleotides with high specifici®’**4 ¢ KS h @i Ay I SANAY
transmembrane proteins used as angiogenionfarkers that are overexpressed in
tumours?® The peptide argininglycineaspartic acid (RGDjn its cyclic form,s
recognised by most intgins and thusthe peptideused as the targeting ligand in
cancer research>® The expression of CD44 glycoproteins in tumours leads to
increased metastatic poter#l#’ As such, these receptocan be used for targeted PDT
since they selctively bind hyaluronic acitl.Finally, endogenous lectins have also been
targeted on cancer cell surfacehe overexpression of lectins and carbohydrates and

their use for targeted PDT will be revieweddmapter 4.
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1.2.2. Gold nanopatrticles

The following review on gold nanoparticles (AuNPs) for PDT is an up to date version of
a contribution to a textbook on preclinical and clinical PDpublished earlier this
year?® The use of gold anoparticles (AuNPs) in biomedicine, especially PDT, is
advantageous because of their excellent biocompatibility and thetogit nature of

the gold core*® Additionally, AUNPs are highly stable and readily synthesised with good
control over the nanoparticle size. The ed&savhich the surface can be modifiedth
chemical and biological ligands is a further advant&j®.The strong interaction
between gold and sulfur allows for the sesembly of thiolated species on the gold
core. As a result, surface modificatiohAuNPs is typically performed in this manfer.

The functionalisation of AuNPs with PS induces an enhancement in the production of
10,, due tothe interactions between the PS and the metanoparticle Therefore,
AuNPs enable the administration of low doses of the drugs, which in turn leads to a

reduction in the possible side effects of the therdpy.

The first time that AUNPs were functionalised with a PS for PDT was reported by Russell
and coworkers®>% The authors synthesised-2nm AuNPs functionalised with a
thiolated zinc phthalocyanine containing a @ercaptoalkyl tether (C11Pc). The phase
transfer eagent tetraoctylammonium bromide (TOAB) was used to assemble the
C11Pc on the surface of the AUNPs. Additionally, TOAB enabled the solubilisation of the
AuUNPs in polar solvents to facilitate drug administrafidthe authors reported that

the C11P@AuUNPs producedO, with a 50% increase as compared to the free C11Pc.
This was confirmed by the significantijgher 'O, quantum yield of C11P&uNPs

6 p=0.65)thani KI & 2 F (i K $=0.Z5NJh® indreage tquantum yield in

the presence of the AUNPs was assumed to betdueteractions between C11Pc and
TOAB? In vitro studies using HelLa cervical adenocarcinoma cells proved that the
C11PeAuNPs were effectively internalised by the cells after a 4 h incubgti®dhe
internalised C11RPAUNPs were irradiated for 20 min with a 69® diode laser, to
induce the generation dfO, for PDT. Following PDT treatment, the cells incubated with
the C11PAuUNPs exhibited a considerable decrease in cell viability (43 %), improving
that of the free C11Pc (7). Additionally, the PDT efficacy was further confirmed
visually by the drastic change in cell morphology due to cell deathpoptosis®* The
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promisingin vitro results led toin vivostudies for the treatment of a subutaneously
implanted amelanotic melanoma, a common type of skin cancer, in thicameriret

al. successfully showed inhibition of the tumour growth following application of the
PDT treatment, just 3 h after nanoparticle administration. Even though the €11Pc
AuNPs inhibited tumour growth, it was apparent that opsonisation of thePGALNPs

by the reticuloendothelial system (RES).,removal by the phagocyte$o the liver

and spleen occurred. Such opsonisation reduces the average lifetime of C11Pc in the
serum, which is key for the success of the PDT treatment. Moreover, the accumulation
of AuNPs in both the liver and spleen could lead to undesired toxicétyo#rer side

effects>?

In a similar approach, Nomboweé&al.preparedca.5 nm AuNPs functionalised with 1,6
hexanedithiol tetra substituted zinc phthalocyiae (ZnPc), stabiliseda the phase
transfer reagent TOAB. The ZnPAuNPs were testedn vitro in MCF7 human
malignant breast cancer cells, where they were shown to induce good phototoxicity
and an increas@ cell deathas compared to studies withealthy fibroblast cells. The
major drawback ofhis system was that the use of AUNPs only induced a moderate
increase in PDT efficacy as compared to the free ZnPc. The authors attributed this
observation to the limitedO, production in PBS containing?2 v/iv DMSO, likely to be

due to the quenching effds of aqueous environments. It was suggested that the
synthesis of hydrophilic AuNPs would solve this problem and thus improve the PDT

efficacy>®

Not only phthalocyanines haveebn conjugated to AuNPs for PDT; porphyrins have
also been studied. The first time a porphyrin was conjugated to goldpaaticles was
reported by Ohyamat al.>® The authors successfully synthesised gold nanoparticles
coated with a porphyrin monolayetiaa porphyrin tetradentate passivaftFollowing

that, the first studiesusing porphyrin coated gold nanoparticles for P@@re
performed by Gamaleigt al.>” This group synthesised4b and 45nm AuNPs
functionalised with laematoporphyrin (Hp) and stabilised with polyvinylpyrrolidone.
The HpAUNPs were more effective at producing ROS than the free Hp in solution,
which was correlated with a higher PDT efficawyitroin MT4 TFcells and Jurkat human

T-cell leukemia, especially using the @ sized particle$’ The functionalisation of
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the 14.5nm  AuNPs with the photosensitiser 5,10,15,26tetrakis(3
hydroxyghenyl)porphyrin (nTHPP) in a multilayer system was performed by Reum

al. viaa layerby-layer technique’® This technique allows for an effective control of the
PS concentration, not only by the number of AUNPs, but also by altering the number of

mTHPP monolayers around the AuNPs.

Zarubaet al. conjugated two porphyrifbrucine quaternay ammonium salts to -3
mercaptopropanoic acid modified AuUNPs as potential agents forPIDitro andin

vivo studies in PE/GRJ34 basaloid squamous cell carcinoma cells showed
inconsistenciesin vitro studies showed a loar PDT efficacy for the AuNP conjugates
than for the free porphyrirfbrucine PS, possibly due to the aggregation of the AuNPs in
cell culture media. Howevein vivostudies induced reduction and complete regression
of the tumours when the AuNPs were usé&tie authors speculated that the interaction
between AuNPs and plasma proteins, mainly human serum albumyoenhanced

the accumulation of the AUNPs in the cancer oglsan improved EPR effett.

The prodrug BALA, which leads to the generation of the photosensitiser PplX, has
achieved particular success in PDT. The hydrophilic character-AbfA5makes
penetration through lipophilic biological barriers, such asroelinbranes, difficult. The
diagnostic success of-ALA is thus related to the disruption of epithelial barriers
observed in neoplastic diseases, which facilitatéd & penetration through the skffi.

The conjugation of BALA with AuNPs for an improved delivery and cytotoxic effect in
PDT has been the subject of several stufft€Xuet al. synthesised 24m cationic

gold nanoparticles electrostatically functionalised witABAS! The use of these-BLA
AuNPs had several advantages over fredL® related to selectivity andO;
production. In vitro studies in K562 chronic myelogenous cells showed an increased
delivery of 5ALA with a high selectivitpif tumour tissue for the BALAAUNPSs. The
authors attributed the increase in selectivity to the higher negatie&a potential of
tumour cells over healthy cells, which enables their binding to the cationic AuNPs.
Additionally, the production ofO, by PpK was reported to be higher wher&_A was
combined with AuNPs, as compared to free PpIX. The surface plasmon absorption band
of the AUNPs might contribute to an increased absorption of light by the system, which

thus results in a higher generation’@,. The ability to produce mor€d;, by the SALA
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AuUNPs also significantly improved the PDT effi€a@ye use of BALA functionalised
AuNPsfor the treatment of skin cancer, M&m metastatic melanoma cells, was
reported by Mohammadiet al.®? The results of this study were similar to those
obtained by Xuwet al. since the ideal incubation time was found to bé 4rd the
phototoxic damage following PDT was twice as high for the AUNPs as compared to free
5-ALA®2 Other research grouf3®* have studied the cooperative effect when AuNPs
and 5ALA are used in combination but without actual conjugation between the two. It
was reported hat the combination of AuNPs withALA for PDT is beneficial since it
requires a smaller amount ofALA to induce good phototoxicity. As a result, the PS
can be used in reduced quantities, which can avoid the potential harmful effects of high

concentratbns on healthy cell%

PpIX has also been directly combined with AUNPs for®PDKhaing Oet al. studied

the effect of the AuNPs sizendhe enhancement of ROS production using 19, 66 and
106nm AuNPs electrostatically functionalised with P@IXIn solution, the
enhancement othe generation of ROS was found to correlate with the increase in
AuUNP size, with the 10@m producing the highest levels of RO8e sizedependence

of ROS generation waspeculated to be relative to the localised plasmonic field of
AuNPs, which is larger in AuNPs of bigger sktewever,in vitro studies withMDA:
MB-231 human breast adenocarcinoma cells showed that ther6AuUNPs performed
the best, producing both theiphest ROS and the highest toxicity. This effect was
attributed to the low uptake of the large (106n) AuNPs by the cells. Nevertheless,
the use of AuNPs of any size induced a higher degree of cytotoxiéi®2g>ell death)
compared to free PpIX (22% cell death)®® In another study, PpIX was used to
functionalise smaller AuNPs 1ffnh diameter) via 6-mercaptel-hexanol ligands
attached to the surface of the AuNPs. The conjugates were tastedro with HeLa
cervical cancer cells and were found to be goativery vehicles to produce a high
photodynamic cytotoxicity. The major drawback of this method was the limited
selectivity towards the tumour site, which the authors suggested could be improved by
the use of active targetingf. Ashjariet al. further evaluated the combination of PplIX
conjugated to AuNPsia cysteine®’ The ircrease in ROS production as wellrasitro

cytotoxicity, 24% cell death for free Ppbersuss9 % cell death for the Ppleysteine
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AuNPs, was found to be a result of the energy transfer from the surface plasmon of the

AUNPs to PpIX on their surfate.

Studies with other photosenstisesich as bacteriochlorins are less widespread but
have also been reportetf. As an exanple, Pantiushenket al. reported the synthesis

of a thiolated bacteriochlorophyll a. The combination of this PS with AuNPs increased
the circulation time in the blood of rats bearing sarcomalMand increased the

specifity towards the tumour tissue due the EPR effe¢

Use of polyethylene glycol for steric stabilisation

From the aboe studies, it is apparent that using AUNPs as drug carhias a positive
effectin PDT of cancer. However, one of the biggest limitations is the opsonisation of
the nanopatrticles by the reticuloentiwelial system (RES)hich leads to a short half

life in the serum and thus rapid clearance from the body. A solution to this problem is
the modification of the AuNPs with water soluble polyethylene glycol (RE@Oh is
approved for human intravenous applicatié¥! PEG provides steaHlike properties

to the AUNPs and it has a high resistance to protein adsorgtiéi°As a result, the
conjugates are not easitpken upby the RES, which leads to an increased circulation
time in the blood.This is a clear advantage since rapid clearance by the RES limits the
potential of the functionalised AuNPs for selective accumulation within the tumour
tissue through the EPR effect, which in turn leads to the accumulation of the AUNPs in

the liver, kidng and spleert>3!

The Burda groufy’?74 focused on the use of 5 nm P@&ed gold nanoparticles
functionalised with a silicon phthalocyanine (Pc4). Pc4 wascowgalently bound to

the AuNPwiaa N‘Au bond to the terminal amine group on the Pc4 axial ligand. This
bond is relatively weaknd the production of stable BReAUNP conjugates is possible
due to the stabilisation provided by the PEG ligafi{dREG stabilises the AUNPs by steric
repulsion to avoid aggregation. Furthermore, PEGvigles stabilisation to the HEc
ligand through van der Waals interactions taking place at the PEG end closest to the
surface of the AuNP%.The result is a cagype structure which can deliver the
hydrophobic Pc4 within cells. @manoparticles enter the tumour tissuea the EPR

effect and then Pc4 is released into lipid membranes of the €elfdnitial in vitro
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studies using HelLa cancer cells were promising, showing a negligible dark toxicity of the
particles but with a phototoxicity of 9%. The biggest improvement as compared to
the use of Pc4 alone was that the incubation time requitechccumulation within the

target tissue was only 2 h for the nanoparticles, ratherntha days when non
conjugated P4 was administered® This research group extended their wobly
studying the excretion pathways of the nanoparticles over-day period. The
conjugates were injected in mice, where they were shown to produce no adverse
effects, and their pathway was followed using fluorescence. It was suggested that even
though sane of the AuNPs were retained in the spleen and liver, the most likely

excretion route was through the renal and hepatobiliary systéns.

Localisation of phthalocyanirgold nanoparticleconjugates has also been studied
vivoby Cameriret al. over an 8week period’®> PEGlated AuNPs funiinalised with a
selfassembled C11Pc photosensitiser (CiRBGAuUNPs) were intravenously
administered to C57/BL6 mice bearing a subcutaneous B78H1 amelanotic melanoma.
The C11RPEGAUNPs were initially found in the serum in high quantities, which is
advantageous for a good cytotoxic effect. The mice were treated with light either 3 h
or 24 h following injection of the AuUNPs. The optimum results were obtained with light
irradiation after 3 h, which induced vascular damage to the tumour leading to the mice
staying tumousfree for18 days Most importantly, 40 % of the mice showed no tumour
regrowth and complete survivalp to 45 days after the treatmerit The fate and
excretion of the AuUNPs was also investigated. The CRE@AUNPS, initially located

in the serum in high concémations, started to move towards the liver and the spleen

1 week after administration. At this time period, there was a maximum accumulation
in these organs, which was later decreased byarih the liver and 3®b in the spleen

8 weeks after administratio These results suggest that AuNPs are internalised
selectively within the melanoma and subsequently eliminataéd the bilegut

pathway/>

Active targeting for PDT

Another sgnificant advantage of using P@&ed AuNPs is that the terminal carboxylic
acid moiety of the PEG can be functionalised with chemical and/or biological ligands

for active targeted PDT. Stuchinskagtaal. used aniHER2 antibodies conjugated to
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C11P&PEGAUNPSs in order to target humaapidermal growth factor receptor 2 (HER2)
positive breast cance’®.The antibody was attached to the PEG on the surface of the
AuNPsvia an amide linkage between the amine groups of the antibody and the
terminal carboxyl group of the PEG ligand. These AuNP conjugates werenusgd

in HER2 positive S¥R3 human breast adenocarcinoma cells, HER2 negative MBA
231 human breast cancer cells and healthy mammary epithelial-M@Fcells. Cell
cytotoxicity was gnificantly higher for the HER2 positive BBR3 cells (60 % cell death)
as compared to either HER2 negative MB-231 breast cancer cells (2b cell death)

or the healthy MCHOA cells (7 % cell death). Therefore, it was concluded that the
internalisaton of the AuNPs is enhanced by the selective binding of theHHER2
antibodies to the HER2 receptdisObaid et al. used the same C11MREGAUNPSs
conjugates to prove the targeting ability of the lectin Jacédwards the T antigen
overexpressed in HI9 human colorectal adenocarcinoma céfg’ Nanoparticle
uptake by the colon cancer cells was effectively enhanced with the Jacalin targeting
agent. Moreover, the higher selectivity to tumorigenic cells inducesigaificant
increase in PDT efficacy (9B% cell death§? Both the antiHER2 antibody and the
Jacalirconjugated C11PBEGAUNPSs were found to locate in the acidic organelles,

the lysosomes, inside the cells following receptoediated endocytosid® A
comparative study between the two ftgeting agents, arHER2 antibody and Jacalin,
was performed in both SRR3 and HT29 cells*® The levels of cytotoxicity induced by
both biomolecules were comparable. However, the main défifice was seen in dark
toxicity, since the altHER?2 antibody AuNP conjugates were less toxic than the Jacalin

AUNP conjugates in the absence of light.

The use of peptides as targeting agehtis been studied particularly for brain tumours.
Glioma cancer cells overexpress the epidermal growth factor receptor (EGFR) on their
surface, which can be specifically targeted using EGF peptides. The Burda group
conjugated EGF peptides their previowsly developed REPEGAUNPsvia the PEG
ligand/27® In vitro studies showed that the drug wataken up by the cells through
receptormediated endocytosis, with the particles just acting as delivery vehicles and
not being internalised by the cells. More importantly, vivo experiments in mice
showed that the conjugates successfully go throughktle®d-brain barrier (BBB). The

accumulation and selectivity towards the tumour was reported to be 10 times higher
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when the EGFR targeting agents were present. Moreover, only 4 h incubation with the
conjugates after drug administration was required for segsful PDT2 The EGR
conjugated AuNPs stayed longer in circulation than the untargeted AuNPs and were
specifically delivered into the tumour tissue as well as the fi¥&ven though the EGF
targeted AuNPs circulated longer in the serum, the conjugates were efficienttedc

from the body 7 days after administrationa the spleen and urinary tract$.Brain
tumours were further targeted by the Broome group using transferrin as the targeting
ligand>® The authors used Bm AuNPs loaded with Pc4 and a seven amino acid
transferrin peptide (T&p) to target the overexpressed trafesrin receptor in glioma
cells. The targeted AuNPs were internalised by the cells dmigfter incubation, a 3

fold improvement compared to the untargeted AuNPs. The enhanced internalisation
correlated with an improved phototoxic effect following PB®th in vitroandin viva

with the targeted AuNPs being able to induce effective cell death at concentrations 10
times lower than the untargeted AuNPIn an attempt to increase selectivity even
further, the Broome group attempted the use of dual targeted AuNPs. The authors
functionalised PcAUNPs with both BG peptides and F,.”” Even though the dual
targeted AuNPs showed a considerable improvement over untargeted AuNPs in PDT
efficacy andn vivodelivery crossinthe BBB, there was only a slight enhancement over
the single targeted AuNPssing either Tfp, or EGF peptides alorié The use of
transferrin as a targeting agerwas also explored by Yu etl..’® These authors
synthesised AuNPs functionalised with a polymer layer to which the PS methylene blue
and transferrin were attached. HelLa cells overexpressing the transferrin receptor
effectively internalised these targeted conjugatéa receptormediated endocytosis
three times as much as the nawnjugated AuNPs, which in turn improved the

photodynamic efficiency?

The proteinmucleolin, found overexpressed in the cytoplasm and plasma membrane of
some cancer cells, was targeted using the aptamer AS1411, a guatine
nucleotide??"°In order to bind to the nucleolin receptors on the cells, AS1411 adopts
the stable Gquadruplex structure. @Guadruplex structures have been shown to bind
intercalatively to cationic porphyrins. Aet al. synthesised 183m AuNPs and
functionalised these particles with a thiolated AS1411 aptamer conjugated to the PS N

methylmesoporphyrin IX (NMMY.In vitro studies with HeLa human cervical cancer
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cells, that overexpress nucleolin, showed a high amount of the particles bakeg

up. The incubation of those same cells with ramjugated AuNPs showed significantly
less uptake, highlighting that the selectivity towards the tumour was increased by the
AS1411 aptamet?

A special type of active targeting was reported kstlal.® The authors took advantage

of the glutathione (GSHesponse within cells, which consists of the cleavage of
disulfide bonds and it has been reported to be overexpressed in tumour cells as
compared to healthy cell3.herefore, the activation of the GSEsponse is a potential
platform to deliver drugs more selectively to cancer cells. In this studgt Bi.
developed a GSkesponsive nanoplatform for the selective delivery of the PS
pheophorbide A (PheoA&§.PheoA vas conjugated to a thiolated heparin (H), selected
for its good water solubility and biocompatibility as well as its-arftammation, anti
angiogenesis and antiimour cell proliferation propdies. The PheoM was attached

to the surface of 3dim AuNPsThe conjugation of PheoA with the AuNPs inleiththe
fluorescence and the photactivity of the PS due to fluorescence resonance energy
transfer (FRET) between the ligiatcited PheoA and the AuNPs, which act as FRET
acceptors.In vitro studies were pedrmed using A549 adenocarcinomic human
alveolar basal epithelial cells, which have a higher level of GSH activity as compared to
healthy lung cells. The vitro studies revealed that internalisation of PheoA was
enhanced by the conjugation to the AuNPsll¢wing internalisation, GSH induces the
release of HPheoA by breaking the thiol bond between the PhaétdAnd the AuNPs.
Consequently, PheoA regains its photoactivity and, upon irradiation with light, can
induce phototoxic effects to the cells. Theseuks were further confirmedn vivoin

A549 tumourbearing SKH1 mic8.

Other gold nanostructures

Other gold nanostructures, including gold nanorods, gold nanoclusters and gold
nanostars have also been considereddasg carriers for PDT. Huaegjal. have used
silica coated fluorescent gold nanoclusters 6SMONCs) functionalised with the
photosensitiser chlorin e6 (Ce¥).The silica coating was used to enhance the
photostability and chemical stability of the fluorescent AuN@szivoexperiments in

mice showedhat the PDT efficacy and thus the tumour regression was improved using
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the Ce6SiQ-AuNC conjugates as compared to Ce6 alone. Furthermore, the use of NIR
fluorescencesnabledthe location of the AUNGs be monitoredduring PDP! Liet al &
functionalised gold nanorods (AuNRs) with a sulfonated aluminium phthalocyanine
(AlPcSyiaelectrostatic interactions. The conjugation of AIPcS to the AuNRKEedsn

a 5fold increase bits fluorescence due to metainhanced fluorescence. The AlPcS
AuNRs were effectively taken up by QGY liver cancer cellwamdshown to provide
improved PDT efficiency as comparedte free AIPc8? An aluminium phthalocydne

was also used by Hat al.and attached to gold nanorings in a laymrlayer approach

for effective PDT The use of endoperoxides as a chemical souré®gpfor PDT was
explored in combination with AuNRS&.Chemical generation ofO, by these
endoperoxides has the potential to avoid the problems related to the tumour inherent

hypoxia and tissue penetration in order to enhance the effects of ®DT.

The use of targeted PDT with gold nanostructures other than spheres has also been
reported. The use of folic @tin combination with either PptXuNR® or Chlorin e6

gold namcluster$® has led to an enhanced and selective internalisation by cancer cells
and thus improved PDT efficien@dditionally, Kucet al. used AuNRs to target A549
human lung carcinoma malignant celidjich overexpress the epidermal growth factor
receptor (EGFR) on their surfa&teThe AuNRs were functionalised with the PS
indocyanine green and aAEGFR antibodies. These conjugates were shown to be

efficient PDT agents as well as probes for bioimaging in the NIR fégion.

Combination therapies

The combination of PDT with other therapies for the treatment of cancer is gaining
particular interest.The combination of PDT with immune system activation has been
described as promising for the treatment of metastatic breast cancer. Marrathe
synthesised a hybrid nanoparticle platform composed of polymeric particles
conjugated to a ZnPc photosensitisevhich were then coated with AUNP5The

l dzbt & 6 SNB T dzy O-fukire-gurine/X-GpSHrimidine-pykmidined -Q
oligodeoxynucleotides (CpGDN). The CpGODN is a singlstranded DNA
immunostimulant capable of activating dendritic cells and thus initiating an immune

responseln vitro studies using 4T1 metastatic mouse breast carcinoma cells showed
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not only a high photodynamic effect following PDTE£2.8 nM), but alsoubstantial

immune activatiorf®

The combination of AUNPBDT with chemotherapy is also being increasingly studied.

Liet al.loaded the PS chlorin e6 and the chemotherapeutic agent doxorubicin (DOX) in
mesoporous silica coated AuNPdleLa cells effectively internalised the conjugates

into the cytoplasm, allowing for the delivery of DOX into the nucleus for effective
chemotherapy. Following laser irradiatio at 660nm, the combination of
chemotherapy and PDT induced agol@¥ 1.152> Ak Y[ = | O2y ameRtSNI} of S
from either chemotherapy (5=3.215> Ik Y[ 0 2N3.2825 8k WL b LIS NF 2 NI ¢

individually®®

The largest interest in combination therapies in conjunction with AUNPs lies with the
simultaneous use of photothermal therapy (PTT) and PDT. PTT involves the uge of ligh
absorbing molecules or nanopatrticles, the photothermal agents, that lead to the
heating of the local tumour environmefi:°! Following light absorption, the excited
photothermal agent releases energy naadiatively through vibrational modes, which
induces an increase in the kinetic energy of the mxatspecies around the
photothermal agent and thus an increase in temperattfrelhe combination of
PDT/PTT with AuNPs has been investigated in a variety of stiéfidsanget al.
synthesised a hybrid nanaaterial composed of & nm AuNPs encapsulated with the

PS PheoA, which was conjugated to hyaluronic %cithe AUNPs act as the PTT agent,
the PheoA is responsible for the generation of RO®F, and hyaluronic acid is the
targeting agent towards the overexpressed CD44 receptor on lung cancer cells. The
hybrid nanomaterial was selectively internalised by the tumdareceptormediated
endocytosis only 3 h after administration and it inducszll death levels of 78 %
following combined PDT/PTiit vitro.®2 Hariet al® used the PS acridine orange (AO),
which mainly accumulates in lysosombsvitrostudies with MCH breast cancer cells
showed that A@QAUNPs were internalised twice as much as free AO. As a result, the
efficacy of the PDT/PTT cancer therapy was improved, inducing« 8fecell deat®
Chenet al.created coreshell micelles formed by the combination of polymers with the
dye 5,10,15,24Qetrakis(pentafluorophenytp1H,23Hporphine (PF6), which acts ¢éhe

PS% Furthermore, the micelles were decorated with AuNPs as effective PTT agents.
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The cells were readily intealised by A549 lung cancer cells and induced@o8Cell
death following combined PDT/PYT.

The combination of PTPDT with other gold nanostructures has also been extensively
studied®>1%4 Kuo et al. used indocyanine green functionalised AuNRs for combined
PTT/PDT. The intediran of the two therapies was found to effectively enhance the
cell kiling as compared to the use of PDT on its #danget al® effectively
combined near infrared (NIR) fluorescence imaging with PTT/PDT of cancer. The
authors used AuNRs with PEG conjugated to the PS aluminium (Ill) phthalocyanine
tetrasulfonae (AlPc9. In vitrostudies in squamous cell carcinoma (SCC7) cells showed
that the use of AUNRs improves byald the internalisation as well as the selectivity
towards cancerous cells as compared to free AlPefich results in an improved
photodynamic activity. Thes@ vitro results were further confirmedh vivothrough

the treatment of female athymic nude mice with implanted SCC7 squamous cell
carcinoma cells. Acute apoptosis and tissue loss was observedide treated with

the AIPcZAUNR followed by PDT, reducing tumour growth by 9The effect was
intensified with dual PTT/PDT therapies, reducing tumour growth by up 8635 he

main drawback in this study was the need of two different laser sources for PDT
(670nm) and PTT (81@m)>°> NIR combined PTT/PDias also demonstrated for
AuNRs conjugated to a silicon naphthalocyanine with similar positive réSults.
Addtionally, Thamet al. further improved the effective use of AuNRs for PTT/PDT by
using an external targeting agent, hyaluronic acid, which targets the CD44 receptors
overexpressed on cancer cellOther studies with gold nanosheftsgold nanoring¥,

gold nanostar¥°and gold nanocagé¥ have also shown the improved destruction of
cancer cells when PDT and Rir€ used in combination. Within these studies, it is
important to note the advantage of the gold nanocages functionalised with the natural
PS hypocrellif® In this study, the authors were able to perform PDT and PTT
simultaneously using a single laser source at m®) which could induce the
generation of!0, and the production of heat at the same tim#&.More importantly,

the ability to magnetically dde the drugs to the tumour cells is an additional
improvement for combined PTT/PDT. Bhatal. developed gold nanopopcorns with

an iron oxide core, which were functionalised with a silicon naphthalocydfiriene

iron oxide core provides the paramagnetism that allows the nanopopcorns to be
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selectively guided towards the tumouvga an external magnet for effective PTT/PDT.
Indeed, the use fothe external magnet induced a 928 cell death compared to only
73.7% when PTT/PDT were performed without the external guitihgThe
combination of PDT with other techniques such as sudagleanced Raman scattering

(SERS) imagitt§ 195197 for theranostics, or gene delivéfffis also being studied.

Use of AUNPs as phasiensitisers

A particularly exciting development is the possibility of AuNPs and other gold
nanostructures to act a¥O, generators by themselves without the presence of 8%/
when exposed to light irradiation. The first observation of this effect was reported by
Vankayalaet al. in 20111 These authors reported that the irradiation of metallic
nanoparticles, including AuNPs, at their surface plasmon absorption band induced the
generation of'0,.1%° Since then, other groups have reported similar observations.
Misawaet al. showed how AuNPs contribute to the production of ROS, includag
following UV and Xay irradiation!'° The authors highlighted the possibiliof using
AuUNPs in combination with-bdy radiological and PDT destruction of tumotifsliang

et al.showed how AuNPs (4tm) and AuNRs could act as PS and induce the production
of 1O, when exposed to oneand two-photon excitationt'* EFHusseiret al.compared

the ability to produce'O; by AuNPs and silver nanopiates (AgNPS)? Even though

both AuNPs and AgNPs were able to induce the generatidé@,pAgNPs were found

to have a more powerful effecthe better action of AQNPs was thought to be dne

the higher absorption efficiency of AQNPs in the therapeutic window as compared to
AuNPs*?Recently, Chadwiakt al.investigated the reasons why metallic nanoparticles
are able to actas PS!% These authors found thatthe behaviour of metallic
nanoparticlesas P&l & RdzS (2 (GKS LINBaASyOS 2F WK2i
refers to the electrons found in the conduction band, which can reach very high
temperatures when they absorb lightoin a short laser puls€2 The use of AUNPs as

PS has several potential advantages over conventionally used PS. The most important
one is the high extinction coefficients of AUNPs, betweéntiBnes higher than that of

conventional PS, which could lead to an inceshproduction of:0,.109
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1.2.3. Upconverting nanoparticles

Upconverting nanoparticles (UCNPs) have been classified as active nanoparticles for
PDT because they actively participate in the generatioAGeff? Even though the
UCNPs are unable to produé®, by themselves, UCNPs are active in the energy
transfer to the PS, which then allows the productiort@fand other RO% UCNPs are
excited with neatinfrared (NIR) light, which is followed by themission of higher
energy visible light®3'Ths property is achieved by the use of raarth metals, mainly
lanthanides, doped into a solid state host lattiéé! A description on the synthesis of
UCNPs, the choice of host lattice and dopants, as well as the mechanisms of

upconversion will be discussed@hapter 5.

The visible light emission of UCNPs following excitation with NIR radiation can be used
to excite a PS located near the surface of the UCNPs, which thus leads to the generation
of 'O, (Figure 1.8.3%%2 As a result,lie use of NIR light for the excitation of the UCNPs
allows for a deeper penetration into the tissue, reaching tumainast are situated
further from the skin surfacé’*%31The functionalisation of UCNPs with a PS can be
achieved by different techniques, including the encapsulation of the PS in a silica layer
that surrounds the core of the UCNPSs, the covalent linkage of the PS to the UCNPs, the
physical adsigption of the PS to the surface of the UCNRehydrophobic interactions,

the direct coating of the UCNPs with a layer of PS, and the use of electrostatic
interactions®®32as shown irFigure 1.8 Theuse of UCNPs for PDT requires ttetse
nanoparticlesare biocompatible and selective towards the cancer tisSughe
biocompatibility and water dispersibility of the UCNPs can be achigisedeveral
methods of surface modification, including the use of a silica layer and the
functionalisation of the UCNPs with wateoluble polymersisch as PE@\dditionally,

the energy transfer between the UCNPs and the PS should be high enough to allow for

an efficient photosensitisation and the PS itself should not leak from the nanopé&fticle.

30



lO 3
(A) DT 2 O, (B) Silica layer PS layer

Covalent

UCNP Electrostatic
linkage

interaction

Physical adsorption

NIR light

Deep tissue penetration

Figure 18. (A) Schematic representation of the production &9, due to the energy
transfer taking place between the UCNPs and the PS. Following irradiation with NIF
the UCNPs emit visible light, which can be used for both excitation of the PS that le
the generation ofO, and for bioimaging(B) Schematicepresentation of the different P<
loading mechanisms on the surface of the UCNR&) The photosensitiser is shown i
red. Figure adapted from Refs.-3Q.

The use of UCNPs for PDT with or without active targeting

A. Silica layer

In 2007, Zhang and emorkers reported the usef silicacoatedUCNPs for PCiér the

first time.!'* These authors synthesised sodium yttrium fluoride (NRYFCNPs
codopedwith ytterbium (YB*) and erbium (Ef) with a size ranging between06
120nm due to batcko-batch variations. The UCNPs were coated with a silica layer, in
which the photosensitiser merocyanine 540-8¥0) was embeddedidditionally, the
UCNPs were conjugated with aMiUC1/episialin antibody, selective towards the
MUC1/eisialin receptor overexpressed on the surface of MO¥ breast cancer cells.
Irradiation of these UCNPs with a 9 laser induced the emission of light .
537nm andca.635nm, which was used to excite-B¥0 to stimulate the production

of 1O,. In vitro studies in MCH/AZ cells showed the selective targeting of the UCNPs
followed by effective PDT aft®6 min NIR irradiation, which induced cell death for the
samples treated with the functionalised UCNPSThis group also exploretié use of
other photosensitisers embedded in the silica layer for efficihtproduction. The
use of tris(bipyridine)ruthenium(ll) (Ru(bpy) was found to be efficient for the

generation of'0, and thus a potential candidate for use in PIT.
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Even though the use of a silica layer for the encapsulation of the PS in the UCNPs has
shown great potential in PDT, it is limited by a series of erobF?116117 The
incorporation of PS within the silica shell is variable and difficult to control because of
the weak interaction between the PS and silica, maiolyscsting of hydrogen bonds
and van der Waals forcé€$11¢11'The site of action ofO; is also limited imce the silica
layer blocks theexit of the O, from the cellst!’ Additionally, the possibility of UCNPs
aggregation is high due to the low stability of amorphous silica in physiological
conditions®? As a result, the PDT efficiency for siammted UCNPs is loW#81" A
possibility to enhance the PDT efficacy of siioated UCNPs is to modify the
interaction ketween the PS and the silica layer to lead to stronger covalent bonds, so
the incorporation of the PS on the silica layer will be improved and more easily
controlled!'® Yanget al. combined a naturally occurrinPS, hypericin, toa. 20nm
silicacoated NaYHYB*, EF*) UCNPsiaa strong covalent interactioft® The covalent
interaction was possible due to the conjugation of hypericin with- (3
isocyanatopropyltrighoxysilane (TESPIC). HyperitESPIC was then-hgdrolised

and caecondensed with tetraethoxysilane (TEOS) andr{Bnopropyl)triethoxysilane
(APTES) to allow the covalent conjugation between hypericin and the silica layer on the
surface of the UCNPs. Thathors found that the"O, production for this system was
significantlyhigher than for the UCNPs where hypericin was directly encapsulated
within the silica layer, primarily due to the higher loading ability of hypenan
covalent conjugation. For selective tumour uptake, the UCNPs were further
functionalised with folic acid to selectively target the overexpressed folate receptors
on cancer cells. Indeeth vitro studies showed a higher uptake in HeLa cervical cancer
cells as compared to healthy human embryonic kidney 293T cells. Furthermore,
following NIR irradiation (980m) for 10min, the folic aciehypericin functionalised

UCNPs were effective at inducing cell dedthapoptosis for the HelLa cell liA&.

Another method to enhance the PDT efficacy of siticated UCNPs is the use of
mesoporous silica materiafé!'’ Mesoporous silica (mSiDprovides improvedvater
solubility than amorphous silicainceit allows for a greater efficiency of energy transfer
and it has a large surface area and porous structaté’-1'8uoet al.developed 90hm

NaYEk (Y, EF*) UCNPs coated with a mesoporous silica shell and attached a ZnPc into

the pores of the mSig}!’ In vitro studies in MB49PSA bladder cancer cells showed
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efficient intracellular'O, production, which led tdO,-induced apoptosis following
irradiation at 980nm, as confirmed by changes in the morphglag the cell nucleus,
DNA fragmentation, and cytochrome c release from the mitochondria. The main
drawback with this system was the increase in dark toxicity concomitant with an
increase in the concentration of UCNPSIn another study, Xet al. used vitamin B
(VB) as a PS, given its porphytike structure!'® VB, was conjugated to the 20m

thick mSi@shell onca.20 nm NaYEF(YB*, EE*) UCNPs. The PDT effect was evaluated
in MDAMB-231 human breast adenocarcinoma cells. The authors reported that the
980nm PD¥induced cell death was dependent on the concentration oz, Mighin the

UCNPsas well as the irradiation time to which the cells were expo'séd.

A problem associated with the use of a m8&yer to load the PS is the high chance of
PS release when the surface of the mesoporous silica layer is unmddffiechrder to
avoid the leaking of the PS from the UCNPs, ¢ét@l. added a crostinked lipid as the
outer layer in the mSi@coated UCNPS2 The lipid layer was made of an amphiphilic
polymer, PEG linked to octadegpaternised polyglutamic acid (OQPGA), to which the
peptide arginineglycineaspartic acid (RGD) was attached (RREBOQPGA). The use

of RGBPEGOQPGA not only avoided the releasf the PS from the UCNPs thanks to
the presence of OQPGA, it also increased the circulation tirntteed CNPs within the
serum withthe presence of PE@dditionally, theRGBPEGOQPGAlsoenhanced the
selective uptake of the UCNPs by cancer cells duthe presence of the targeting

f A3dlYyR wD5® ¢KS wD5 LISLIWIARS Aa aStSoOouaags
HeLa cervical cancer cellé.The result was a triphkayered system made of a 2fn
NaYEk(YB*, EPY) core, a 2%1im mSiGshell in which the PS ZnPc was encapsulated, and

a crosslinked lipid outer layer with great potential for PDT treatmétt.

One of the first investigations af vivoPDT with UCNPs was performed with mSiO
coated UCNPs, as reported by ldrisal.*?° The authors synthesised NaY¥B*, EFY)
UCNPs covered by a mgsBell, in which two PS, 840 and ZnPc, were embedded for
a dualPS approach. The combination afa PS within the same nanoparticle system
enhanced the production dfO,, which was higher than for UCNPs functionalised only
with either M-540 or ZnPc alone. The higher productiod@f correlatedin vitro with

a higher PDT efficacy in BE® melanoma dis. Additionally, the authors injected
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C57BL/6 mice bearing melanoma tumours with the duattionalised UCNPs fan
vivotherapy. Following NHRDT at 98@m, the tumour gowth rate was shown to be
slower than forthe control groups not treated with th UCNPSs. In order to improve the

in vivoefficacy, the UCNPs were further functionalised with PEG and folic acid. The
addition of PEG increases the circulation in the blood, as previously mentioned, while
the presence of folic acid selectively targets thesrexpressed folate receptors on the
surface of melanoma cells. The authors found that the active targeting was important
to strengthen the therapeutic efficacy and significantly reduce tumour growth in the
treated mice. Unfortunately, complete tumour rezgsion was not possible under these

conditions1?°

B. Polyethylene glycol

The use of PEG for the waisolubility of UCNPs has also beeported!?%12> PEG
does not only provide aqueous solubility, it also induces biocompatibility and increases
the circulation time of the UCNPs in the serum, as previously mentioned. The first
report on the use of PEG for UCNPs was published in 2009dynignal.'?! These
authors synthesise@60nm NaYEk (Er) UCNPs loaded with tetraphenylporphyrin (TPP)
and an outer layer of PEGockpoly(caprolactone) (PEGPCL),as potential
candidates for NHRDT?! In vitrostudies were first performed by Shanal.'?2 Their
UCNPs were similar to those reported by Ungual. but using a slightly different PEG
copolymer. PE®-PCL was substituted by PBIBckpoly(DL)lactic acid (PEHEPLA)

due to its higher stability in physiological conditidd$The 100nm NaYE(YB*, EFY)
UCNPs loaded with TPP and REH®A_A were tested in HelLa cervical cancer cells. The
UCNPs were shown to induce no dark toxicity. However, followingn8v8IIRPDT
(45min irradiation at 134V/cn?) those celldreated with the functionalised UCNPs
presented 73% cell deati?? The use of PEG without conjugation to other copolymers
was reported by Gonzale&éjaret al.'?3 Theseauthors described the synthesis c.
30nm oleatecapped NaYF(YB*, EP*), which they cosed with PEG for water
solubility. Additionally, a diiodo substituted BODIPY PS was embedded in the PEG coat.
These BODIPREG functionalised UCNPs wesleown to generate O, following
irradiation at 975n1m. In vitrostudies in human neuroblastoma &Y 5ells confirmed

ca.50% of the treated cells died following PDT (di#n irradiation at 239nW) via
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apoptosis. Furthermore, the BODHPEG functionalised UCN§sowed only limited
dark toxicity with10% death in the absence of NIR irradiatiéh.

The investigation on the use of PEGytht¢CNPs fan vivoPDT was first reported by
Wanget al.'?* Oleatecapped NaYH¥®*, YI5*, EF*) UCNPs of 30m in diameter were
functionalised with the amphiphilic polymer Pig&fted poly (maleic anhydridalt-1-
octadecene), to which the PS chlorin e6 was attachatlydrophobic interactions. The
synthesised UCNPs were shown to induce good pbatoityin vitrofollowing 980nm
NIRPDT (10nin irradiation at 0.8N/cm?). The promising resulis vitrowere further
tested in vivousing Balc/c mice bearing 4T1 murine breast tumour. Intratumoural
injection of the functionalised UCNPs was followed 9480nm NIRPDT (30nin
irradiation at 0.5W/cm?). Out of the 10 treated mice, the tumours of 7 were completely
eliminated over a 2veek period reaching survival periods of more than 60 dalfse
fate of the functionalised UCNPs was also studied, readhimgonclusion that the
UCNPs are initially locatearound the injection site butnove towards the liver and
spleen two weeks later due to opsonisation e RES system. Complete clearance
from these organs was seen 60 days after injection. The advantdgessng NIRPDT
was further investigated by blocking the tumours on the mice usimgrBthick pork
tissue. While PDT using a @@ laser induced no reduction in tumour growth,

980nm-PDTled to aslower tumour progressiaf?*

The use of an inorganic photosensitiser, titanium dioxidezjTwas reported by Zhang
and coworkers!?>'26 Coreshell 25nm NaYF (YB*, thulium (Tm**)) UCNPs were
synthesised and functionalised with a thin layer of;TEXcitation at 98@m confirmed
the production of hydroxyl radicals, superoxide anions and hydrogen peroxide, but not
10,, showing thafTiG follows Type | photosensitisatidi® However,in vitrostudies of
this nanosystem only induced &8 % cell death. As a result, the authors conjugated
the UCNPs with maleimielREGsilane for further stability and PDT efficadéyIn vitro
studies withoral squamous carcinoma cells showed significantly enhancedeah d
when the PEG was present, reaching values of up & @&ll death Additionally, the
authors performedn vivostudies by intratumourally injectinigmale balb/c mice with
the UCNPsThere was significant decrease in tumour growth following PDT,c@sibe

with the PEGJCNP$2°
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C. Other functionalisation methods

The Gu group investigated the use of the polysaccharide chitosan as a potential ligand
to induce hydrophilicity to UCNPs, due to its low toxicity and high
biocompatibility!?”1?6The authors synthesised oleatapped NaYHYE*, EE*) UCNPs

and functionalised them with amphiphild-succinyb @ctyl chitosan (SOC) and ZnPc
viahydrophobic interactiond?’ Following excitation at 980m, efficient production of

'O, by energy transfer from the UCNPs to the ZnPc correlated with a good phototoxic
effect in vitro in MCF7 human breast adenocarcinomallsewith no dark toxicityln

vivo studies were performed on female Kunming mice bearing a S180 tumour model.
PDT treatment at 986m for 15 min (0.AV/cm?) in mice treated with the UCNPs
reduced the tumour progression rate by ¥6as compared to the sadifireated mice.
During the 14day period over which the mice were monitored, there was not one
death for the ZnPSOGUCNPs treated mice, whereas the control groups showed 14
day survival rates of 567 %’ To further enhance the selectivity towards tumour
tissue, the Gu group conjugated their ZHFFOEAUCNPs with folic acid® The presence

of folic acid was proven to be essential for an enhanced internalisateoreceptor
mediated endocytosis, botim vitroandin viva'?®In another study, Zhoat al.used Q
carboxymethylated chitosan (OCM®&) coat NaYF (YB*, EF*Y) UCNP$°® The PS
pyropheophorbide a (Ppa) was then loaded with the targeting peptiadéicRGD. Two

cell lineswith either high expression of @i A yUBBMIGMAmAN glioblastoma
cancer cells, or low expressiontofdi A yMCBE7=hindlay beast cancer cellsvere
tested forin vitro PDT efficacy. The presence ayclicRGD on the UCNPs, which
aSt SOUuA@Ste GFrNBEBSGa (GKS h@gi AyiuSBoMmcoy 2y UfF
UCNPs being internalised by the MG cells much better than M&7 cells. This
translatedinto an improvedPDT efficacy for the USMG cells, reaching cell death

values of up to 506 following 980m NIRPDT (5 min irradiation at 0\&/cm?).12°

The use of the prodrug-BLA conjugated to UCNPs for PDT was evaluated by Punjabi
et al.’*® The authors used a shell of calcium fluoride gCtd-coat cubic Na¥FYB*,

EP*) UCNPsc@. 26 nm), to which 5ALA was attached using a covalent hydrazone
linkage. The use of CaRcreases the stability and biocompatibility of the system and

prevents the leakage of the PS. The hydrazone linkage betwa#dmmand the UCNPs
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is pH sensitive, whicallows for the release of-BLA inside the cells due to the low pH

in cancer In this study, the red emission of the UCNPs was maximised by modulating
the amount of YB in the system, finding that 8% is the ideal concentration. The
optimal functionalied UCNPs were studidgd vitro and in viva In both cases, the
functionalised UCNPs following 986 NIRPDT (0.%/cm?) were found to induce
good phototoxicity. Additionally, the use of NF®T was advantageous over direct
excitation of 5ALA given that R light can penetrate pork tissue placed between the

laser and the tumour up to 1.@m thick!3°

Other studieson UCNPs for PDT have explored the use of nucleotides as templates for
their synthesi$® and the use of electrospun fibres to encapsulate UGRRshich
would stabilise the emission of the UCNPs. Even though the most common types of
UCNPs synthesised and reported for PDT involve the host lattice, Naxstigations

on otherstructures such as LiFlYave also beereported.t33134

The use of UCNPs for PDT and bioimaging

As it can be seen figure 1.8the visible light emitted fronthe UCNPs can not only be
used to excite a PS for PDT, but also for tumour imaging. Therefore, numerous studies
have become interested in the insigation of the simultaneous use of imaging and
PDT:35147 Silcacoated UCNPs have been reported to be potential candidates for
multimodal imaging and PO However, as specified earlier, the use of silica
results ina low loading of the PS within the system and thus low PDT efficacy. As a

result, the use of other watesolubility methods, such as PEG, are encouraged.

The Zhang group developed @t NaYF (Y, EF*) UCNPsmade hydrophilic by
addition of 2aminoethyl dihydrogen phosphate (AEBhd covalently conjugated to

the PS Rose BenddtAdditionally,a PEG ligand was attached in order to include the
targeting molecule folic acid for the selective detection of cancer cells. This nanosystem
was found to be internalised by JAR choriocarcinoma cells, which overexpress the
folate receptor, and cell viabiliy was decreased onlyafter 980nm NIRPDT
(1.5W/cm?). As a result, the synthesised UCNPs hold great potential for theranostics
acting as dual agents for cancer cell imaging and thef&y.a similar study, the Zhang

group used NaYKRYB*, EF*) UCNPs functionalised with poly(allylamine) (PAAm) for
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water-solubility and covalently conjugated to a monomaitofullerene acting as P,

A PEG ligand and folic acid targeting ligand were also included in the system. Similar
results were obtained as the functionalised UCNPs were only internalised by fola
receptor overexpressing HelLa cells, leading to efficient cell death followingr880
NIRPDT (1.3W/cnm?).1*® The use ofca. 31nm PEGylated corshell NaYF(YB,
ERY@NaYF(YB*, EF*) UCNPs conjugated with chlorin €6 by physical adsorption was
reported by Cheret al.'® These UCNPS were easily internalised and effective at
inducing cell death following 98@m NIRPDT (1.%/cn¥) in vitrowithout the need of

a targetingagent!# The main problem with these studies was the high radiation doses
needed for effective PDT, much higher than the 880 continuouswave laser
maximum permissible skin exposure of OWW&m? permitted by the American
National Standardor Safe Use of Laset!3° In order to reduce the high radiation
doses needed, the Zhang group synthesised a similar system to those previously
reported; ca. 30nm NaYF(YB*, EFY) UCNPsnade hydrophilic by addition of PAAM

and covalently conjugated to the PS ZAf@s previously, PEG was attached in order

to include folic acid for targeted PDT. This system could be sinedusly used for cell
imaging,due to their emission at 540m, and PD;Tdue to their emssion at 6601m,

used to excite ZnPc. Promising results hathitroandin vivowere obtainedviafolate
targeting by using a much lower laser dose of 0A8@n?. The ability to kill cells at
such low doses was possible due to the addition of the dopimgY* at high

concentrations (2%6), which led to enhanced red luminescence emiskion.

Other groups have also reported the use of polyrmeated UCNPs foin vitro
theranostics'*?'4’ Douet al.developed NaYKYB*, Tn#*) UCNPs made hydrophilic by
the addition of (3aminopropyl) triethoxysilanéAPTES) and covalently conjugated to
chlorin e6%? Even though the UCNPs were efficiently internalised by-M@&man
breast cancer cells, good PDT efficacy. 50% cell death) was only achieved with
higher radiation doses of 2.43 W/érf2 Improved results werelatained by Yuaet al.
using a Géptamer for targeted imaging and PE*¥ The G4aptamer was created by
linking a guaningich DNA fraction with the sgc8 aptamer that selectively binds the
protein tyrosine kinase 7 (PTK7) overexpressed on the surfac€GRICEM
lymphobhkstic leukaemiaells. The conjugation of the &fptamer to 15nm sodium

lutetium fluoride NaLuk) (G&*, YB*, EF*) UCNPsllowed for the attachment of the
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PS TMPyP4, a porphyrin derivative. Thea@mer has a high affinity for PTK7,
(ke=0.8nM), which induced effective targeted bioimaging as well as effective targeted
PDT. Indeed, CEM cells reached up to 88.6ell death following 980m NIRPDT
(0.5W/cm?). The use of the targeting G¥ptamer was proven to be essential simedls
without PTK7 werexpression only reached 186 cell death at the same
concentration!*® Duattargeting bioimaging and PDT was reported by Wetraj. with

the use of 3aminophenylboronic acid (APBA), specific towards polysialic acid, and
hyaluronic acid, specific towards CD44 receptétShese authors synthesised NaYF
(YB*, G&*, Tn?") functionalised vith APBA anda hyaluronated fullerene, where
fullerene acts as the PS. The authors concluded that the use of aadgating
nanosystem was beneficial for the increased selectivity towards cancer cells over
singletargeting nanosystem¥?* The use of amphiphilic polymers for the stabilisation
of UCNPs, with or without targeiy ligands, have also been shown to be good

candidates for combined bioimaging and PEFF#’

The use of multimaging modalities has beme an important area of researcin
particular,the combination of imaging from the emitted luminescermdféJCNPs (UCL)
with magnetic resonance imaging (MRI) has been explored. Imaggnthe non
invasive MRI requires the presence of contrast agét#t$he lanthanide gadolinium
(Gd) has magnetic properties due to the seven inner 4f unpaired electrons shielded by
outer electrons, which enhances the electronic relaxation time and magnetic moment
of Gd*® Therefore, the use of UCNPs doped with®*Gapens the possibility for
multimodal imaging including M52 Qiao et al. developed NaGdHY*, EFY)
UCNPsaated with Cafand a shell of mSi3* The PS, eitherd@matoporphyrin or
silicon phthalocyanine dihydroxide (SPCD), was covalently attached to the pores of the
mSiQ shell. The PDT treatment and UCL imaging were bothdfaarbe efficient in
HeLa cells. Additionally, the magnetic relaxivity) @nd relaxation timet() were
comparable to those of commercially available contrast agents based on Gd. The T1
weighted MR images were of good quality and slightly better for WENPs
functionalised with SPCE® In another study, the Gd was present in the shell rather
than the core of the UCNP® Park et al. synthesised roghaped NaY/F(YG,
EPY)@NaGdFUCNPs conjugated to PEG for wagelubility and the PS chlorin efa

physical adsorption. This nanosystem was testedvoin balb/c mice injected with a
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U87-MG glioblastoma tumour and was proven to be efficient for PDIydighted MRI

and UCL The combination of active targeting with PDT/MRI/UCL was reported by
Zhanget al.*>° The authors prepared NaGdfb®*, Tn¥*) UCNPS covered with a silica
shell and a shell of the PS Ti®urthermore, the UCNPs were modified with APTES, to
which the targeting ligand folic acid was conjugated. This nanosystem was
biocompatible and efficient for the treatment of M&@Rumoursvia 980nm NIRPDT

(0.6 W/cm?during 20 min), reaching cell death values of up t&@8 vitroand 88.6%
tumour reductionin vivoas compared to control samples. Additionally, Gd efficiently

acted as a good Meighted MRI agent°

The use of Gd as a MRI contrast agent in combination with UCNPs has been reported
in different structural system®%?Weiet al.used UCNPs based on a ZnO host lattice
doped with G&', EF*and YB*.*>1 Ther; of this nanosystem was found t@larger than

that of commercially available @ghsedcontrast agents. As a result, the ZU@NPs

(Gd*, EP*, YB") have been shown to havegreat potential for Tiweighted MRI.
Additionally, in combination with methylene blue, the nanosystem can alsséeé for

PDT due to its low cytotoxicity in the absence of 880light!>! In anotherstudy by Li

et al, the UCNPs were based on a.Gghost lattice doped with Y& and E#*.1%?
Similarly, in combination with either methylene blue oARA, the nanosystem was

found to be a useful agent fmombined PDMRI?

Other possibilities for th synthesis of MRictive UCNPs include the use of an iron
oxide (FeOs) corel®® Zenget al. synthesised NaYFY*, EF*) UCNPs containing a
FeOs core to whichthe PS AlPaSvas electrostatically attached. The functionalised
UCNPs were effective for Tizzighted MRI, due to the presence of:Bg UCL imaging
and PDT, reaching values of up to%cell deathin vitro following 980nm NIRPDT
(20mW/cn? for 3 min)1>3Huanget al.studied the use of N&¥bR:xUCNPs loaded with

a shell of strontium tloride (Srk) for combined MRI and computed tomography (CT)
due to the high transverse relaxivity of the®Yions!%*In combination with ZnPc, the
nanosystem couldlso be used for 918m NIRPDT***Finally, the use of UCNPs doped

with manganese (M) has also been studied as a potential contrast agent for'ARI.
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The use ofombination therapies with UCNPs

The synthesis and application of multifunctional UCNPs to perform various cancer
therapies simultaneously is an importaativance PDT has been combined with gene
therapy by Wangt al.**® Theseauthors synthesiseda.30 nm oleatecapped NaGdF

(G, YB*, EF*) UCNPs functionalised with a multilayer of various polymers. For PDT,
the PS chlorin e6 was attach&d hydrophobic interactions. For the gene therapy, a
small nterfering RNA (SiRNA) was bound to the functionalised UCNPs. The siRNA is
selective towards the oncogene pélige kinase 1 (PIk1), overexpressed in numerous
types of cancer. The downregulation of Plk1l with sSiRNA leads to the activation of cell
apoptosislin vitrostudies in HeLa cancer cells showed that the combination oh&80
NIRPDT (0.8V/cm? for 20 min) with gene therapy induced higher levels of cell death

than either of the therapies on their owA®

Asdiscussedvith the AUNPs explained isection 1.2.2 the combination of PDT with
PTT has received increasing interfest UCNP3°1%° Chenet al. synthesised NaGdF
(YB*, EFY) UCNPs modified with bovine serum albumin for biocompatildititythe
addition of the PDT agent Rose Bengal and the PTT agent IR825alasblliitng dye
was performedvia hydrophobic interactions. Two lasers were required to induce PDT
(980nm at 0.4W/cm?) and PTT (808m at 0.5W/cm?). While either therapy alone only
induced partial tumour destructiom vivg combination of the two therapies induced
severe tumour damag®’ The combination of PTT and PD3ingthe same laser
irradiation would be beneficial. Therefore, ldeal. prepared 25nm PEGylated siliea
coated NaYRYB*, EF*) with a ZnPc embedded in the silica layer and modified with
gold clusters that would act as the PTT agéffthe combination of PDT/PTT with a
single laser light (986m at 15.9W/cm?) was possible for enhaed cell killing, leading

to 20% more cell death than PTT alomdowever, the main drawback of this method
was the high laser power qgeired for effective therapy®® Additionally, Lwet al. also

performed PDT/PTT with a single 98 laser using a Tibased compound®®

The combination of PDT and chemotherapy is an effective method to induce enhanced
cancer cell death. Chemotherapy drug release can be achigyédfbrent methods,
including pHsensitive UCNFP$° polymer degradation due to the NIR light activation of

UCNP¥¥164or the cmbination of the two'®>1%Tianet al. synthesisecta. 20-30 nm
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NaYE(YB* EF0 ! / bt & Y 2 Rylddex8iRand conjulfatet to the PS chlorin
e6 and the chemotherapeutic drug doxorubicin (D@xhydrophobic interactions®®

At acidic conditias, DOX becomes more hydrophilic and it is easily released from the
UCNPs. This psensitive release mechanism is advantageous for tumours since tumour
tissue presents low pH in its surroundings. The authors confirmed that the combination
of PDT and pidhemotherapy induces more cell death following NIR irradiation than
either of the therapies aloné® The use of biodegradable polymers for the release of
DOX has also been investigated. The Chang group developedsiieal NaYR Y,

Er*) UCNPs to which the PS Rose Benuitlze polymer poly(1,4phenyleneacetone
dimethylenethioketal) (PPADT) conjugated to DOX were covalently attdéhgeng

et al. chose to covalently conjugate silicaated NaY(Mn)HYB*, EEY) UCNPs witla
PEGylategbolymer, the PS chlorin e6 and D&XZhanget al. selected the polymer-4
(2-carboxyethylsulfanylmethyh3-nitro-benzoic acid (CNBA), which was attached to
the PS hypocrellin A ged silicacoated NaYFA(YB*, Tnt*) UCNPSE In these three
cases980nm irradiation induces the biodegradation of the polymers, which in turn
enableghe release of DOX into the cells. Release of DOX, together with the generation
of O, by the respectie PS, induces more cell death than either chemotherapy or PDT
alone in all three studie®*1¢* A noveltype of plymer degradation was reported by
Zhanget al.'®* These authors used chlorin e6 covalently conjugated to sitieded
NaYEk (YB*, EFY) UCNPs, to which a thioketal linker and DOX were attached. In this
case, the degradation of thioketal is not directly related to the NIR excitation, rather it
depends on the generation of ROS by the PS, which isdiecbreakage of the
thioketal linker ad allows the release of DOX into the environméfit. The
combination of pHand NIRsensitive release mechanisms for DOX and targetdd cel
delivery have been investigated. Yuaral.used DOX covalently linked to a PEGylated
conjugated polyelectrolyte (CPE) to hydrophobically encapsulate s;NXB¥F, Tn?*)
UCNPs, which were further functionalised with the targeting ligapdic RGD'%®
Additionally, Zengt al. conjugated a PEGylated APTES polymer tg-cd@ted NaYF
(YB*, Tn?*) UCNPs further functionalised with folic a&fflln these two examples, the
release of DOX was triggered by both the excitatiaih WIRlight and the presence of

an acidic environment. Furthermore, the cancer cell uptake was enhanced by the

inclusion of targeting agents in both systetfi3!6In another study, Yist al.reported
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a similar release mechanis.In this case, silicaoated NaGdHYB*, Tn?*) UCNPs
were functionalised with ai®. layer, hyaluronic acid and DOX. Hyaluronic acid acted
not only as the targeting ligand but also induced the release of DOX due to its
degradation when conjugated to the hyaluronidase (Hyal) enzyme. The presence of
Hyal, together with an acidic envirorant, induces the degradation of hyaluronic acid
and thus DOX releas¥’

To end this section, it is important to mention that the combination of more than two
therapies is also being investigated. The combination of PDT, chemotherapy and
radiotherapy was reported by Faet al. for an enhanced therapeutic effect as
compared to moneor duaktherapeutic approache&? Additionally, the combination

of PDT/PTT with chemotherapy has also been reported by the Lin ¢ibtpThese
authors not only combined these three therapies together, they also opened the

possbility for multimodal imaging (UCL, CT and MRI) within the ssstem.169.170

The use of 808 nm NFDT

The majority of UCNPs used for biomedagplications, including PDT, use*Mbn as

the energy donot/* As a result, the excitation wavelength is usuably 980nm, as
seen throughout this section. The main problem associated with this wavelendid is t
notable absorption of water, which leads to an overheating effect and limits the
penetration depth!’* The absorption of water is minimised aA. 800nm and the
development of UCNPs with excitation within tihegjion is being studied. The use of
neodymium ion (N#&) as the energy donor facilitates excitation at 808 and thus a
minimal overheating effect and increased penetration depttSeveral investigations

on thedevelopment of UCNPs for PDT at 8®8 have been reported’*

Ai et al. synthesised chlorin e6 functionalised cegieellshell UCNPs based on NaXYbF
(NEY@NaGdEF (YPB*, EF)@NaGdFand compared their excitationtaconventional
976nm with excitation at 80&im.1" The use of 808m as the excitation source not
only reduced the laser toxicity at longer irradiation periods, it also allowed for a deeper
penetration. Studies fiothe production of'O, using a 15nm thick pork muscle tissue
located between the UCNPs and the laser showed that only excitation atr80@as

able to generatéO, under such conditions, suggesting that deeper penetration is only
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possible with the shodr wavelengtht’* A similar approach was reported by Wagig
al.!’? These authors synthesised Rose Bengal functionalisedsbeieshell UCNPs
based on NaYRYP", holmium Ho*))@NaYE(NF)@NaYE Comparison between
excitation at 808ym and 98(hm yielded better results and lower overheating effect
for the shorter excitation wavelengti2 The Lin group also shodehe superiority of
808nm excitation using a core NaXFB*, Tn?*) covered by four shells NaGdFB),
NaNdEk (YB*), NaGdkand a final mSigshell functionalised with the PS Tit3® The
nature of this nanosystem allowed for enhanced PDT at08and also for
multimodal imaging, UCL, MRI and @TTheir work was further improved by the
functionalisation of UCNPs with two PS, ;Tédd hypocrellin A, which was able to

inhibit tumour growthin vivomore effectively than UCNPs with one single'®S.

1.2.4.Conclusions

Numerous studies highlight the advantages of using nanoparticles for PDT. Gold
nanoparticles are easily synthesised with great potential for surface functionahsati
Upconverting nanoparticlesffer further advantages due to their ability to convert NIR
light into visible light, which offers an increased penetration depth to redetper

lying tumours. The functionalisation of both AUNPs and UCNPs with water solubl
moieties such aBPEGenables the delivery of hydrophobic photosensitisers in aqueous
media. Additionally, the use of PEG increases the circulation time in the serum while
preventing opsonisation by thRESAs a result, th@Sis selectively delivered ia the

tumour viathe EPR effect.umour selectivity can be further enhanced by conjugation

of the nanoparticles with active targetirigands.Both AUNPs and UCNPs hold great
potential for combination therapies. For AUNPs, the combination of PDT withd®T T
been particularly studied for improved tumour destruction. For UCNPs, the use of PDT
in combination with PTT and chemotherapy has been shown to induce effective tumour
death. Additionally, UCNPs can be doped with ions with magnetic properties and thus
be used as contrast agents for MRI. The use of UCNPs for theranostics is not only limited
to MRI because UCNPs can also be used for UCL and CT imaging. It is clear that
nanoparticles, especially AUNPs and UCNPs, will play an important role in the future of

photodynamic therapy.



1.3. Thesis outline

The research presented in this thesis focuses on the use of gold nanoparticles
functionalised with two different zinc phthalocyanine derivatives for photodynamic
therapy. Additionally, the use of upconverting nanopegs for photodynamic therapy

was investigated.

A detailed description of the materials, instruments and experimental procedures
performed throughout this research is givenGnapter 2 The comparison of two zinc
phthalocyanines conjugated to gold nanopeles for PDT is reported @hapter 3 The
comparison of the two photosensitiseleads to the investigation of metanhanced
fluorescence as a potential approach to improve PDT efficacy. Additionally, the
targeting of breast cancer with artlER2 anltiody is explored. Cell viability assays and
confocallaser scanning microscopy are used to study the internalisation and PDT

efficacy of the synthesised functionalised gold nanoparticles for PDT.

Chapter 4describes the use of lactose as a potential targeting ligand for the galectin
receptor in breast cancer cells. The expression of galdciimtwo breast cancer cell
lines, SBR3 and MDAMB-231 cells, is quantified with an InCell enzylim&ked
immunorbent assay (ELISA). Gold nanoparticles functionalised with lactose are
synthesised and their PDT efficacy assessadell viability assays. Additionally, the
potential selective targeting between lactose and galedtion the surface of the

breast caner cells is investigated.

The use of upconverting nanopatrticles for PDT is explor&hapter 5 Upconverting

nanoparticles functionalised with Rose Bengal, kindly provided by Markus Buchner
FTNRBY 5N ¢K2YlF&a | ANBOKQAa 3N dgidank)lareliseS | yA O
for PDT in breast canceelts. Multiphoton microscopy isequired for the visualisation

of the UCNPs internalisation by the cells. Additionally, the PDT efficacy of the
functionalised UCNPs is investigated in vitro using cell viadmiitgrys andonfocal laser

scanning microscopy

Finally,Chapter 6provides a summary of the results and final conclusions for the
research reported throughout this thesis. Suggestions for future experiments to

continue research in this area are described.
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Chapter 2

Experimental

This chapter details the materials and experimental procedures used for the

experiments described throughout this thesis.

2.1. Materials and instruments
2.1.1. Starting materials and solvents

All reagents were of analytical grade, used as received and purchased from-Sigma

Aldrich (UK) unless otherwise stated. Tetrahydrofuran (THF), toluene, sterile deionised

water (dHO) and sodium hydrogen orthophosphate dehydratefiN&Qi2HO) were

purchased fran Fisher Scientific (UK). Sodium dihydrogen orthophosphate dihydrate
(NakPQIi2H:0), sodium chloride (NaCl), phosphate buffered saline (PBS) tablets,

foetal bovine serum (FBS), 75 Thunc Easy tissue culture flasks with porous caps,

Nunc 6well multidishét = b dzy’ O b dzy Of avglhwhitp-botformizbidE EléxS dc
bottom microplates, 18 mm diameter glass coverslips, Nunc cryo tubes (1.8 mL), a
cryogenic freezing container and InCell ELISA colorimetric detection kit were purchased

from Thermo Fisher Scientific ! Yo ® [/ 2&adF Nu aidSNAtS RAaLRA
sterile centrifuge tubes and sterile disposable serological pipettes were purchased

from Corning B.V. Life Sciences (The Netherlands). Trypsin 0.25 % with
ethylenediaminetetraacetic acid (EDTA), trypsibnp 22 6AGK 95¢! S DAO6O
t NPoSaun az2eoSlky (NBLBAAY Argeknkdium dodthidingh O/ h, Q&
3t dzi YAYST alO/h, Qa p! YSRAdzy O2ylHfrideyAy I LI
5dz2 6 SO002 Qa a2 RATASR-gathnine @00aMy, Rddideypyrdvata 9 a 0 > |
YR [ @&2{ Sy a-288mMiNBVSQ) werb &l purchased from Invitrogen

(UK). Mammary epithelial basal medium (MEBM) and its supplements bovine pituitary

extract (BPE), hydrocortisone, human epidermal growth factor (hEGH)suioh were

purchased from Lonza (UK). CellFBéue® cell viability assay and ApoTok 2 ¥ ¢ N& LX S E

assay were purchased from Promega (UK). Millex GP syringe driven filter units
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(022>Y0 6SNB LIzZNOKFaSR FTNRBY aAiffALRNB [/ 2NL
cabonate (NaHC¢) was purchased from BDH Laboratory Supplied Poole (UK).

+ A O & LI Yy kDagMWEO; #ESmMIembrane) centrifuge columns were purchased
FNRY { I NI2NRARdza { S R-thig-. -carboyil goigekhylerie! giydokd ¢ K S
(3,000Da; PEG) was purchastedm Iris Biotech GmbH (Germany). TRIBIEG®acid

(sPEG) was purchased from Stratech (UK). Staurosporine free base (> 99 %) was
purchased from LC Laboratories (USA). Rat monoclonaEesBi2 antibody, rabbit
monoclonal antigalectinl antibody and recoiminant human galectii protein were

purchased from Abcam (UK). Holey carbon film 300 mesh copper grids were obtained

from Agar Scientific (UK). A JDS Uniphase 633 nm HElaan (HeNe) laser (1QW)

was purchased from Edmund Optics (USA). A r@80nearinfrared (NIR) laser

(200mW) was purchased from Picotronic (Germany).

SKBR3 human breast adenocarcinoma cells were purchased from LGC Standards and
kindly provided by Prof Dylan R. Edwards (Norwich Medical School, University of East
Anglia, UK)MDAMB-231 human breast adenocarcinoma cells and MG/& human

mammary epithelial cells were purchased from ATCC in partnership with LGC

Standards.

2.1.2. Instrumental techniques

The instrumental techniques used were ultravieliible (UWis) spectrosapy,
fluorescence spectroscopy, transmission electron microscopy (TEM), confocal laser
scanning microscopy, mubhoton microscopy and timeesolved luminescence

spectroscopy.

U\Avis spectra of the samples were recorded using a Hita&tiQJspectrophotoreter

at room temperature. Quartz cuvettes with afn path length were used. Fluorescence
excitation and emission spectra of the samples were obtained using a Hitd&I0I0F
fluorescence spectrometer in quartz cuvettes with am path length. For the plat
assays, absorbance, fluorescence and luminescence measurements were performed

using a CLARIOstar® (BMG Labtech) microplate reader at room temperature.
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TEM images were obtained using a JEOL-ZIEM Electron Microscope operating at
200 kV. The samples veedeposited on holey carbon film 300 mesh copper grids.
Assistance of Dr Colin McDonald (School of Chemistry, University of East Anglia,

Norwich, UK) to obtain the TEM images is gratefully acknowledged.

Centrifugation of Eppendorf tubes (1.5 mL) and liddsy 1 pnn O2f dzyya o1l &
using a Beckman Coultér f f S F-BER centrifuge. Centrifugation of biological
samples in 150 mL centrifuge tubes was performed using an Eppendorf 5810R

centrifuge.

Confocal microscopy was performed using a Carl Zeiss LSM 510 META confocal laser
scanning microscope. The images were acquired with aggachromat 63x/1.4 Oil

DIC objective and processed using ImageJ/Fiji software.

Multi-photon microscopy was performedising a TriM Scope |l mujthoton
microscope (LaVision BioTec, Bielefeld, Germany). The images were acquired with a
63x/1.4 NA PlanApochromat objective lens (Carl Zeiss Ltd., Cambridge, UK). The images
were processed using InspectorPro and ImageJ/Hijwace. Assistance of Dr Paul
Thomas (School of Biological Sciences, University of East Anglia, Norwich, UK) to obtain

the multi-photon microscopy images is gratefully acknowledged.

Timeresolved luminescence spectroscopic measurements were performedttonob
information regarding the singlet oxygen quantum yields of the phthalocyanine
nanoparticle conjugates, with the kind assistance of Prof Andrew Beeby (Department
of Chemistry, University of Durham, Durham, UK). The samples were irradiated at
355nm usng the third harmonic of a Qwitched Nd:YAG laser (Spectra Physics GCR
150-10) with pulse energies between 0-0300mJ/pulse. The luminescence was
collected at 90 ° and passed through a narrow bpads interference filter at
1,270nm. The luminescent gnal was detected by a germanium photodiode (North
Coast EE17P) previously cooled with liquid nitrogen. The signal was recorded and

averaged over-32 shots with a digital oscilloscope (Tektronix TDS320).
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2.1.3. Buffer solutions and imaging medium

Phosphate buffered saline (PBS) was prepared iimmM phosphate buffer (PB)
containing NaCl (150 mM) and calcium chloride dihydrate §@&8D; 100> a 0 ® ¢ K S
10 mM PB was prepared using NB&-2HO and NgHPQi2HO stock solutions
(200mM). The pH of the PB&as adjusted to 7.4 using aqueous solutions of sodium
hydroxide (NaOH; ®) and hydrochloric acid (HCI; 0.6 M).

Phosphate buffered saline for the biological experiments {BB®as prepared by
dissolving 10 PBS tablets indH(1L). The solution was siésed by autoclaving at
110°C for 10min. The final PBS solution contained.NRQ (8 mM), potassium
phosphate monobasic (KPIQ; 1 mM), NaCl (16M), potassium chloride (KCIn3\)
and a pH of 7.3.

MES buffer was prepared in @bl containing AN-morphdino)ethanesulfonic acid
(MES; 50nM) and Tweer20 (0.05 %). The pH of the MES buffer was adjusted to 5.5
using aqueous solutions of NaOHW$and HCI (0.6 M).

LYIF3Ay3 YSRAdzY oFaSR 2y Ilyl1Qa olflyOSR &
experiments waprepared in dbO containing NaCl (126M), KCI (3nM), CaGI2H0

(2 mM), magnesium chloride hexahydrate (Mi&tO; 1mM), NaHPQ (1 mM),

NaHC®(1 mM), 4(2-hydroxyethyl)piperazind-ethanesulfonic acid (HEPES;@8l),

D-glucose (1InM) and bovine sem albumin (BSA; hg/mL). The pH of the imaging

medium was adjusted to 7.4 using an aqueous solution of NaOH (1 M).

Prior to use, all buffer solutions and imaging media were sterilised by filtration through
alffSE Dt a&NAy3IS RNAGSY FAEGSNI dzyAda onodH

2.1.4. Cell culture

SKkBRo KdzYly oNBlFad FRSy20FNOAy2YF OStfta SN
phenol redfree medium containing-glutamine and supplemented with FBS (10 %).
MDAMB-231 human breast adenocarcinoma cells were routinely culturetig

glucose DMEM phenol refdtee medium supplemented with-glutamine (1%), FBS
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(10%) and sodium pyruvate (1 mM). MCBA human mammary epithelial cells were
routinely cultured in MEBM medium supplemented with BPE (2 mL), hydrocortisone
(0.5 mL), hEGB.6mL), insulin (0.51L) and cholera toxin (1a@W/mL). All cells were

grown in an incubator at 37 °C under &5CQ@atmosphere.
2.1.4.1. Cell passage and cell count

SKBR3 cells, MDAVIB-231 cells and MGEOA cells were defrosted by rapidly warming

a ciyo tube containing 1 mL of the cells in freezing mediun9@omplete cell culture
medium and 1® culture grade DMSO) in a water bath at 37 °C. The cells were
transferred to a centrifuge tube containing complete cell culture medium (9 mL). The
cells werecentrifuged at 21°C at either 1,000 relative centrifugal force (rcf) for 5 min
for the human breast adenocarcinoma cell lines, or at &3@or 7 min for the MCF

10A cells. Following centrifugation, the supernatant was discarded and the pellet
containirg the cells was resuspended in the appropriate complete cell culture medium
(12mL) and transferred to a 7&wW Nunc Easy flask. Subcultures were made by

dislodging the cells from the flask surface by trypsination, as explained below.

SKBR3 and MDAMB-231 cells were subcultured (1:4) every 5 days, when they
reached near confluence in the 75 ¢ffasks. The culture medium was discarded and
the cells were washed with PEBS(5mL). The cells were dislodged from the flasks by
addition of trypsin 0.25 % (1xPEA (5 mL) and incubation for 5 min at°® under a

5% CQ atmosphere. Trypsin was deactivated by addition of the respective culture
medium (5 mL) and removed by centrifugation at 800 rcf for 5 min at 21 °C. The pellets
containing the cells were then raspended in their respective complete cell culture

medium and transferred to two 75 ¢hiNunc Easy flasks.

MCF10A cells were subcultured (1:3) every 5 days, when they reached near confluence
in the 75 cmflasks. The culture medium was discarded and tHis @eere washed with
PBSB (5mL). The cells were dislodged from the flasks by addition of trypsin 0.05 % (1x)
EDTA (5 mL) and incubation for 15 min af@74nder a 8% CQatmosphere. Trypsin

was deactivated by addition of soybean trypsin inhibitom(% 1 mg/mL in PBS) and

removed by centrifugation at 130 rcf for 7 min at 2Z1. The pellet containing the cells
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was then resuspended in complete MEBM medium and transferred to tveori?Slunc

Easy flasks.

Following trypsination, cells resuspended in comgletilture medium were counted

with a Neubauerhaemocytometer. The haemocytometer was cleaned with%&0

ethanol and the coverslip assembled. The sample>(200 61 & (G KSy LIALISGES
chamber. Under the microscope, the haemocytometer gridlines are.Sgelts in the

four sets of sixteen corner squares are counted with a hand tally counter. The average

of the four sets was then multiplied by 4@ give the final result in cells per mL.
2.1.4.2. Freezing cells for logrm storage

SKBR3, MDAMB-231 and MCHOA cells were trypsinised as explained above in
section 2.1.4.1 Following trypsin removal, the cells were resuspended in freezing
medium (10.5 mL). Freezing medium consists of 90 % complete cell culture medium
and 10% culturegrade DMSO. Each cell line was placed in 1.8 mL Nunc cryo tubks (1
per tube). The cryo tubes were placed in a cryogenic freezing container previously filled
with isopropanol and stored a80 °C overnight. The following day, the cryo tubes were
removedfrom the cryogenic container and stored in a sample box eithe8@fC or in

liquid nitrogen.

2.2. Gold nanoparticle enhancednd selective targetingphotodynamic

therapy of breast cancer cells
2.2.1. Synthesis of C11Pc/C3PEGAUNPs

Two zinc phthalocyanines (Pc) composed of either a three caatmon chain (C3Pc)

or an eleven carboiatom chain (C11Pc) connecting the macrocycle to the sidée,

Figure 3.5 were kindly provided by Dr Isabelle Chambrier (School of Chemistry,
Universiy of East Anglia, Norwich, UK¥)Gold nanoparticlescé. 3-5 nm; AuNPs) were
synthesised by sodium borohydride (NaBteduction and functionalised with a mixed
monolayer of PEG (3,073 Da) together with either C11Pc or C3Pc; using a previously

describedmethod® but with modifications.
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C11Pc (2.48g; 095 Y2 f 0 2 NJY/Aort O1 dappPrHY 2f 0 6 SNB  RA
@AY[ O FYR €SFG (2 aGANI F2NIp YAYy i NR2Y
dissolved in dry THF (@L), added to the phthalocyare solution and stirred at room
temperature for 5min. Gold (Ill) chloride trihydrate (HAWGHO; 1.2mg; 3.0> Y2 f 0

was dissolved in dry THF (1.2 mL), added to tREE@& mixtures and stirred at room
temperature for a further 5nin. Finally, a solutionfdNaBH (1.5mg; 39.65> Y2 f 0 ¢ | a
prepared in dBHO (1.2 mL) and added to the-PEGHAuUC] mixture rapidly and under
vigorous stirring. The reaction was stirred overnigia. (7 h) at room temperature in

the dark at moderate speed.

The resulting solution was a mixture of free Pc, AuNPs functionalised with Pc only,
AuNPs functionalised with PEG only and AuNPs functionalised with both Pc and PEG.
To purify the mixture, excess dry THF (5.4 mL) was added rapidly and under vigorous
stirring, followed by centrifugation in Eppendorf tubes (1.5 mL) at 1fp60for 2min

at 4°C. The supernatant was collected and the brown pellet containing AuNPs
functionalised only with PEG was discarded. The solvent mixture in the supernatant
was evaporatedy rotary evaporation under reduced pressure at 70 °C. At this point,
MES buffer (5 mL) was added and the mixture was solubilised using an ultrasonic bath.
The solution was centrifuged in Eppendorf tubes (hl5 at 14,000 rpm for 3@in at

4 °C. The pedit containing free Pc and AuNPs functionalised only with Pc, and thus not
soluble in an aqueous solution, was discarded. The supernatant containing-Bie@c
AuNPs was collected, filtered through a Millex GP syringe driven filter unitX0Y28

and storedat 4°C.

The synthesised FREGAUNPs were characterised using -U¥ and fluorescence
spectroscopies and TEM. The-W¥ extinction spectrum was recorded between 300
800 nm. The fluorescence emission spectrum was recorded using an excitation
wavelengthof 633nm between 653850 nm. The fluorescence excitation spectrum was

recorded, using an emission wavelength of 780 nm, betweeR7EM0hm.
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2.2.2. Functionalisation of RREGAUNPs with antHER2 antibody

C11PePEGAUNPs and C3MREGAUNPs were furthefunctionalised with antHER2

antibody. The antibody was conjugated to the PEG on the surface of the AisNRs

terminal carboxyl groups in the PEG ligand using a previously reported method but with
modifications®# The conjugation was performeda an amide linkage through &8-
Dimethylaminopropyho @thylcarbodiimide  hydrochloride  (EDC) and - N
hydroxysuccinimide (NHS) coupli®.5/ 6énody >[ 0 FYyR bl { O6M®PH Y
PGPEGAUNPs in MES buffer fiL;ca.2>a t O0 | yR AGANNBR F2NJ
GSYLISNF GdzNB Ay (GKS RENJ ® 9EOS&& 95/ kbl { sl
500 columns at 14,00pm for 30 min at #C. The NH&ster functionalised RPEG

AuNPs were redispersed in PBS (1 mL) andlagtwH | YU A 0BgR)wasp >[ T\
addedto give a final antibody concentration of 65 nM. The solutions were stirred

overnight €a.17 h) at room temperature in the dark.

Following overnight incubation, unbound aMER2 antibody was removed by

dzf G NI FAEGNI GA2Y Ay O Augihgzaldd g0 rpm form3dioa& t dzYy a ¢
4c/ ® ¢KS glFakKSa Fd GKS o020G2Y 2F 0KS OQAQI a
ldzbt & LISttSGa NBGFAYSR Ay GUKS @GAQGLFALAY N |
500> VP ¢KA& LIZNARFAOF GA2Yy & in8adtibédy was BB LIS (G SR
The end point was measured using the-\d¥absorbance of the washes between 200

500nm to monitor the decrease in antibody absorption band¢cat250nm. The final

AuNPs pellets were redispersed in ABESS a O/ h, Q& pl!ng ¥SRA dzYy

glutamine and the samples were stored at 4 °C.

2.2.3. Nanopatrticle characterisation by TEM

The size and morphology of the AuNPs was characterised using TEM. A droplet of the
AuUNPsS(266[ 0 AY a9{ o0dzFFSNJI 6l a LI} I OSRoergygfli 2 I K2
and left for 2min to allow the AuNPs to sediment onto the grid. Excess MES buffer was

then removed by gently poking the side of the grid with filter paper. The grid was left

to completely dry before imaging.
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2.2.4. Determination of extinction cofficients of C11Pc and C3Pc

C11Pc (2.27 mg) was dissolved in THRL(Rgiving an initial concentration of 443a ®
C3Pc (24.5g) was dissolved in THFn@R) giving an initial concentration of 2,094a &
This initial C11Pc and C3Pc solutions were then durthiluted with THF to obtain
concentrations ranging from-B>a ® ¢KSaS RAfdziA2ya 6SNB
flasks (2nL). The dilutions were analysed by-ld¥ spectroscopy between 3@D0nm
starting with the lowest concentration. A calibration curie688nm was created and

a value for the extinction coefficient for each phthalocyanine was obtained.

2.2.5. Fluorescence quantum yields of free Pc anePE€AUNPS

The fluorescence quantum yield for both the free Pc and thélPGAuNPs were
obtained usng U\is and fluorescence spectroscopies. Zinc 2,9, &f3-tert-butyl-
29H,31Hphthalocyanine (ZnPc) was used as a reference, as it is known to have a

fluorescence quantum yield of 0.33 in toluehe.

Free C3Pc (0.52 mg) was dissolved in THF (2 mLjet@awgiinitial concentration of
111> a ® PBGAUNPSs dissolved in MES buffer at an initial concentration of 26
were used. Free Cl1Pc (2:2g) was dissolved in THFn(2) to give an initial
concentration of 443 a ® /-RE@AuUNPs dissolved in MES fauf at an initial

LINJ

concentration of 1.3>a GSNB dzaSR® ¢KS NBFSNBYyOS aily

dissolved in toluene (BL) to give an initial concentrationof 4¢la @ ! f £ al YLX S &

further diluted to give concentrations ranging fromM0®H > a ® oBsAv@i® R A f dzi

analysed for each sample. The-d¥ absorption spectra of all samples were recorded
and the absorbance intensity at 6400 was noted. Then, the fluorescence emission
spectra of the samples, using an excitation wavelength of 640 nm, were recorded

between 666850nm.

The fluorescence quantum yields were obtained by the creation of a calibration curve
of integrated fluorescence intensity.€., area under the curveysabsorbance at the
excitation wavelength, 646m. The calibration curve produces a straight line with
gradientm and intercept 0. The gradient is proportional to the fluorescence quantum

yield of the sample. By comparing the gradient of the unknown sanpliée gradient

63



of the reference standard, the fluorescence quantum vyields can be estimated. The

equation used to calculate the fluorescence quantum yields is shoa&ciion 3.2.3

2.2.6. Synthesis of control PEBINPS

The synthesis of AUNPsa(2-4 nm) functionalised with PEG (PBGNPs) of a similar
sizetothe PPEG dzbt & ¢l & LISNF2NXYSR® t 9D oOomMpdH Y3IT
dHO (15 mL) and left to stir at room temperature. Then, HABRIO (1.2mg;

30>Y2f 0 ¢l & RA&mD,fades R théd BEG ¢olutidn anaistirred at room
temperature for 5min. A fresh solution of NaBL.5mg; 39.65> Y 2 f 0,0 J0ysmLR |

was prepared and added to the PEHBuUC] mixture. The reaction was stirred for a

further 4 h at room temperature. Purificatioof the AUNPs was then performed. Firstly,

the THF was evaporated by rotary evaporation under reduced pressure at 60 °C. The

final solutonindkh 61 & GNI YAFSNNBR G2 OGAGFaLAYn pn
14,000rpm for 10 min at £C. The PEGBUNPs wee resuspended in MES buffer
(16.7mL) and filtered through a Millex GP syringe driven filter unit (8.220 ® ¢ KS |

I+

vis extinction spectrum was recorded between ZEInm. The PE@GuUNPs were

stored at room temperature.

2.2.7. Measurement of singlet oxym production

Production of singlet oxygeA@,) was measured using the singlet oxygen probe 9,10
anthracenediybis (methylene) dimalonic acid (ABMA). ABMA (0ng3 was dissolved

in methanol (MeOH; &1L) to give an initial concentration of 0.562\.

The PPEGAUNPs (512 [ 0 Ay a9 { 0dzf TS NiLagmSuvetse | OSR A
together with ABMA ([ Pam FyR I YIFI3ySGAO a0GANNBNI ot
through the solution and the quartz cuvette was stoppered. The fluorescence emission
spectrum of he initial solution was recorded using an excitation wavelength of 380 nm

between 396600nm. The sample was then irradiated at 633 nm using a 10 mW HeNe

laser for 40min with continuous stirring. The laser was placedcBDaway from the

cuvette. The fluaescence emission spectrum of the sample was recorded evein.5
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2.2.8. Singlet oxygen quantum yields

The singlet oxygen quantum yields of the free Pcs as well as tREGAUNPs were
measured. The assistance of Prof Andrew Beeby (Department of Cherbisiversity

of Durham, Durham, UK) is gratefully acknowledged. Perinaphthenone was used as the
reference sample as it is known to have a singlet oxygen quantum vyield of 1.0 in

toluene’

The free C3Pc and C11Pc, as well as perinaphthenone were disadiviegne. Three
RAfdziAzya 2F SIFIOK alYLXS gAGK Foaz2nnmbl yOS
were prepared. For each set of dilutions, the samples were placed in a 1.5 cm stoppered
quartz cuvette and irradiated at 355 nm using the third harmorfi@a d@switched

Nd:YAG laser with pulse energies in the range -.0dmJ per pulse. The
luminescence was collected at 90and passed through a narrow bapdss
interference filter at 1,270im. Only light with a wavelength of 1,270 nmg. the
luminescere signal from*O,, will be collected. Detection was performed with a
germanium photodiode, which had been previously cooled with liquid nitrogen for
1.5h. The luminescence signal frof@, was recorded and averaged ovef32 shots

using a digital oscille®pe. The intensity 3, (l.o,) emission was recorded at different

laser power intensities, ranging from 1:28.1mV.

ThelO; quantum yields were obtained by the creation of a calibration curvecpf/$
intensity of light absorbed by the samplg) (The calibration curve produces a straight
line with gradientm, which is proportional to théO, quantum yield. By comparing the
gradient of the unknown samples to the gradient of the reference standard:Ghe
qguantum yields can be estimated. The equatissed for the comparison is shown in

section 3.2.5

The measurement ofO, quantum vyield for the REEGAUNPs was more challenging.
The AuNPs were dissolved in an aqueous solution, MES buffer. Aqueous solutions lead

to the quenching of theid, signal. As a result, the signal was too low to be able to

estimate a value for théO, quantum vyield. In an attempt to minimise the quenching

effect and increase the intensity of the) signal, C11PEEGAUNPs and C3MREG

AuNPs were dissolved in@. Fbwever, the signal in J® was also too low to estimate
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a value for the'O, quantum yields. C11AREGAUNPs and C3MREGAUNPs, dissolved

inDh 6SNB RAfdziSR (2 Fy | 0a2NblyO% OI t dzS
production was recorded with pulse erges of 4.0mJ and 4.5nJ. To confirm that the

low signals seen were due to the productiont©fby the samples, both AUNPs samples

were deoxygenated by bubbling He through them fomi&. The signal was again
recorded after the removal of the majorityf the oxygen in the solutions had taken

place.

2.2.9. MTT cell viability assay

SKBR3 human breast adenocarcinoma cells were trypsinised and counted as
described insection 2.1.4.1 The cells were seeded onto two whitettom Nunc

bdzy Of 2y n p - weltlaNifirdpl&&s atdec concentration of 20Xk®lls/mL

(100>[ kSt f 0P ¢KS OSfdax8heatNEC Anded dzh QRS R T 2 NJ

atmosphere.

The culture medium was removed using a micropipette and the cells were washed once

with PBSB (100> [ 0 ® nopiirficle gamples, antiER2 antibody conjugated or non

conjugated C11PEPEGAUNPs and C3HREGAUNPSs at various Pc concentrations in
FBSFNBS aO/ h, Qa p! -YBahezereenyadded (§O4 kF S[f £ 0 @
Additionally, a solution of staurosporin€lk mM in DMSO) dispersed in FiB&

aO/ h, Qa p! YSRguWahine QY [T AwAy=Za§ ol a | faz2 dza-
control for cytotoxicity? Control cells without any AuNPs loaded were treated with- FBS

TNES alO/ h, Qa p! -Y@dRkadtie 0OIRB yeid incybated Wvith[the

samples and controls forf8at 37°C under a 8 CQatmosphere.

Following incubation with the AuNPs, the samples were removed and the cells were
washed withPBB (100> [ 0 G KNBS GAYSad ¢KS Odnplétes 6 SNB
aO/l h, Qa p! YSRAdzY -glmamme and suppléegted lwkhyFBS 3 [
(10%). At this point, one of the plates was irradiated at 688using a 10nW HeNe

laser fitted with a biconvex diverging lens fom@ per well. The laser was located

50cm alove the 96well plate, giving an irradianad 29 mW/cm? and a total light dose

of 10.5J/cn?. The plate not being irradiated was kept covered in aluminium foil in the
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dark. The cells were further incubated .48 h at 37°C under a 8% CQatmosphere

prior to measuring cell viability.

MTT reagent (f4,5,dimethylthiazeR-yl)-2,5diphenyltetrazolium bromide) (18 [ T

5mg/mL in PBS) was added to each well and incubatedtat87°C under a 86 CQ
atmosphere?® The medium was then removed from the wells using a micropipette

and the MTT formazan crystals were washed with-PBSO mnn >[ 0 2y OS | YR
culture-grade DMSO 2089[ 6 ® ¢KS O2ydSyita 2F GKS gStfa
020G2Y bdzy O adeyw®vtelnyiooplgtes.{TheNbsorbance intensity was

then measured at 568m. Background absorbance was corrected by subtracting the
F0a2NblyOS YSIFadaNBYSyd FTNRBY alO/h,Qa p! YSF
viability was calculated as a percentag@ofi-treated, nonirradiated cells. All samples

were analysed in triplicatesStatistical significance between means was determined
usingatwel I A f SR tftedtdrik 8 yalugs X 0.05 were considered signifitant.

2.2.10. CellTiteBlue® cell viabity assay

SKBR3 human breast adenocarcinoma cells and MOR human mammary epithelial
cells were trypsinised and counted as describedgastion 2.1.4.1 The cells were

seeded and treated with the AUNPs samples as detailsdgtion 2.2.9

Following inabation postPDT treatment, CellTitBlue® reageft(20>[ 0 6l & | RRSR
to each well and incubated foritat 37°C under a 3% CQatmosphere. Fluorescence

emission was then measured at 594 nm following excitation atrB61Background

fluorescence was ¢ddNBS OG SR o6& adzo iN} OGAy3a Ffd2NBaoSy
medium alone incubated with CellTit&lue®. Cell viability was calculated as a
percentage of nosireated, nonirradiated cells. All samples were analysed in

triplicates. Statistical significancbetween means was determined using a tteded

{ G dzR StystiafdiP values < 0.05 were considered signifitant.
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2.2.11. Confocal laser scanning microscopy

For imaging experiments, 80 OSftfa GSNB OdzZ G§d2NER Ay
containing phenol red and supplemented witlglutamine (1%) and FBS (26). SK

BR3 cells were trypsinised and counted as describeskrtion 2.1.4.1 The cells were

then seeded ato 18mm diameter glass coverslips inside Nuagdl multidishes at a
concentration of 2x1fcells/mL (3 mL/well). The cells were incubateddar48h at

37°C under a 8% CQatmosphere.

The culture medium was removed and the cells were washed oitbeRBSB (1mL).

The nanoparticle samples, aiER2 antibody conjugated or neonjugated C11Rc
PEGAUNPs and C3MRREGAUNPs (0.15a 2 N> a1 dPHOU-FANBS Ca D/ h,6 Q&
medium supplemented with-glutamine (1%), were then added (thL/well). Control

cells not loaded with any AuNP samples were treated with-FBSS S a O/ h, Qa
medium supplemented with -glutamine (1%). The cells were incubated with the

samples and controls forf8at 37°C under a 8 CQatmosphere.

Following incubation with the sanmgs, the cells were washed with RBS1mL) three

GAYSad ¢KSe& GgSNB GKSY NBadzaLISYRSRL Ay 02Y

supplemented with iglutamine (1%) and FBS (10 %). At this point, the cells were
irradiated at 633 nm using a 10 mW HeNe laser fitteth a biconvex diverging lens
for 6 min per coverslip. The namadiated plates were left covered in aluminium foil in
the dark. Following irradiation, the cells were further incubated for 19 h &C3under

a 5% CQatmosphere.

For imaging in the contal microscope, the 18m coverslips were placed in a Ludin
chamber, which was securely tightened. Tdadls in thecoverslips were washed with
imaging mediumda. 1 mL) three times and finally resuspended in imaging meddam (

1 mL). The Ludin chamber was fitted on a heating stage at 37 °C in the confocal
microscope. A 638Bm HeNe laser was used to excite the Pc on the AuNPs and the
fluorescence emission was collected in the red channel with an6b®ng pass filter.
Differential interference contrast (DIC) images were collected simultaneously using a
488nm argonion laser3* To test for dead cells, the dead cell marker propidium

A2RARS 41 & dzASR® t NPLIARAdMzZY A2RARS o0p >[T
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medium (1ImL) The solution was directly added to the coverslips, which had been
previously placed in the Ludin chamber and mounted on the heating stage. The
propidium iodide solution was incubated with the cells at 37 °C for 5 min in the dark. A
543nm HeNe laser wassed to excite propidium iodide and the fluorescence emission

was collected in the pink channel with a band pass filter betweer@HNmM?*31>

2.2.12. Colocalisation studidsy confocal laser scanning microscopy

For imaging experiments, $R3 cells 6 NB Odzf §dzZNBR Ay aO/ h, 6 Q:
containing phenol red and supplemented witlglutamine (1%) and FBS (28). SK

BR3 human breast adenocarcinoma cells were dislodged from the flasks by
trypsination and counted as explainedsaction 2.1.4.1 The cellsvere then seeded

on 18mm diameter glass coverslips and treated with @hER2 antibody conjugated
C11PePEGAUNPs and C3REG dzbt & ondmp >a $e@Qion22.81 RS & ONR

but no irradiation was performed.

For the colocalisation studies, LysoSemsor D NS S-¢89 &ds Sised to mark the

I OARAO 2NRIYyStftSa AyaARS GKS OSf mEfm t NRA 2 NJ
DMSO) was added to the coverslipsinthe 6 f £ LJ | §S&a O2y Gl AyAy3a a(
(2 mL) supplemented with-glutamine and FBS (20). The cells were incubated with

[ @a2{ Sy a2 NumibatELyundérz Bd COatmosphere. For imaging, the

coverslips were placed in a Ludin chamber, which was mounted on a heated stage in

the confocal microscope, as explainedéattion 2.2.11A 458 nm argo#ion laser was

dza SR (G2 SEOAGS (KS [eaz2{Syaz2Nu DNBSy | yR i
the green channel with a band pass filter between $25nm. Simultaneously, a

633nm HeNe laser was used to excite the Pc on the AuNPs hendluorescence

emission was collected in the red channel with a 660long pass filter. Additionally,

DIC images were also collected at the same time using a 458 nm-iargt@ser.
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2.2.13. InCell ELISA for the detection of the HER2 receptor ecBFSKcells

An InCell Enzyme Linked Immunosorbent Assay (ELISA) was performed to study the
targeting ability of antHER?2 antibody towards the HER2 receptor overexpressed on

the surface of SIBR3 cells!® SKBR3 cells were dislodged from the flasks by
trypsination and counted as describedsaction 2.1.4.1 The cells were seeded onto a

clearo 2 G 02Y Dbdzy O b dzy Ofvell ynicropjate &t dzN@hter&tiondod
10x160St ft akY[ omnn >[kgStftod ¢KS OSt @ ¢SNB
CQ atmosphere.

The culture medium was removed and the cells were washed wittBRBS0> [ 0 2y OS @
The nanoparticle samples, aiiER2 antibody conjugated or neonjugated C11Rc

PEGAUNPs and C3MREGAuUNPs (0.26a t OO0 -TNHSCafd/ h, Qa p! Y
containing kglutamine, were then added (59 k 6 St f 0 ® | RRAGAZ2Y I f f &
staurosporine (1 mM in DMSO) dispersed in-FB$ES a O/ h, Qa p! YSRA dzy
Lglutamine(50>[ T Hn >av ¢l & dzaSR a | LRaArxidArgdsS O:
not loaded with anyAuNP samples were treated with FBNBE S a O/ h, Q& p! Y
containingtlAf dzi I YAYS opn >[0d ¢KS OStta 6SNB AyO
for 3h at 37°C under a 8% CQatmosphere.

During the incubation period, the required buffers for the INERIISA were prepared.

Tris buffered saline (1X; TBS) was prepared by addition of 20X TB8.Y2dbdHO

(47.5 mL). Formaldehyde 4) was prepared by addition of Me&ide formaldehyde

(16 %; 1.5nL) to 1X TBS (4mL). Permeabilisation buffer was prapd by addition of

SurfactAmps X100 detergent (11¢[ 0 G2 wm- ¢. { &émMm Y[ O0OP v dzS
prepared by addition of hydrogen peroxide@; 30%; 380>[ 0 (2 wm- ¢.{ Owm
Washing buffer (1X) was prepared by addition of 20X TBS (7.5 mBudadtAmps

20 detergent (1.5 mL) to dB (141mL). Finally, the solution in which the primary

antibody was diluted (blockingiashing solution) was prepared by addition of blocking

buffer (3 mL) to washing buffer (1Xp&.).

Following incubation with théuNPs, the samples were removed and the cells were
washed with PB8 (100> [ 0 G KNBS GAYSa |yR NBadzalLISYyRSR
(100> [ v O 2 y-glutamiyieAayicasupplemented with FBS ¢a). The first part of
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the assay involved fixing the cells prioraddition of the primary antibody. From this

point onwards, all incubation steps were performed with gentle shaking of the
microplate and the plate contents were always removed using a micropipette to
minimise cell loss. The culture medium was removed &ntly I f RSK& RS o6n 23T
was added to each well and incubated with the cells fonl® at room temperature.

The formaldehyde solution was removed and the plate was washed with 1X TBS
(100>[ 0 GHAOSD® t SN¥YSIFOAf A&l GA2Y addsduBatiNI 6 mnn
with the cells for 15 min at room temperature. The permeabilisation buffer was

removed and the cells were washed with 1X TBS$1p00 2y OS® v dzSy OKA y 3
6mnn >[0 ¢la RRSR G2 SIFEOK ¢Sttt |yR AyOdzn
temperature. The quenching solution was then removed and the cells were washed
with1IXTBS (109 0 2y OSod Cc2tft2¢Ay3a GKS TrRENYSIAT ]

added and incubated with the cells for &fin at room temperature.

While the cells werebeing incubated with blocking buffer, the atHER2 primary

antibody solution was prepared. AdtiO wH | YiA02R& 6p >[T ™M Y3Ik)
0.02% sodium azide) was diluted in the blockimgshing solution (L) previously

prepared, as explained abfvz (G2 3IAGS | TFAYIE O2yOSydNI i
incubation of the cells with blocking buffer, the blocking buffer was removed and anti

HER2 antibody (58 [ PIm Y[ 0 ¢ & | RRS Repetif sighal Coitrolg St f ®
wells,i.e., cells not incubatd with primary antibody, were incubated with blocking

gl aKAYy3a azfdzirazy 6pn >[0 AYyadSIR® ¢KS YAON
cells were incubated with the primary antibody overnigte.(17 h) at 4°C.

The second part of the assay involviie development of an absorbance intensity

signal for the levels of HER2 present in each sample. Following overnight incubation

with the primary antibody, the blockingrashing solution was removed and the cells

GSNBE 61 AaKSR 6AGK 41 KtngsdHRP aohjligattlJ2®H mn w I A[ 0
diluted with washing buffer (6 mL). The diluted HRP conjugate¥1pQ0 ¢l & | RRSR
each well and incubated with the cells for 30 min at room temperature. Following
incubation, the HRP conjugate was removed and the plate washed with washing

0dzZF FSNI ounn >[ 0 GKNBSHIIANISESD 1€ &KESo $1y020 B R ANY $ S6

was added to each well and the plate was covered with aluminium foil. The plate was
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then incubated for 20nin at room temperature inthedark. a . a4 G2 L) a2t dziA 2y
was then added to stop the reaction between the TMB Substrate and the HRP
conjugate. The absorbance intensity was measured atddBackground absorbance

was corrected by subtracting the absorbance measurement from thespexfic

signal controls. All samples were analysed in triplicates.

The third part of the assay involved the whalell staining of each well so the values

of the HER2 receptor could be normalised to cell number. The plate contents were

emptied and the platavas washed with df® (200> [ 0 (G 6 A OS® WKCglldza DNB S
Stan (100-[ 0 6l & F RRSR (2 SI On aprBoimftempeyatre.A y O dzo |
The stain was then removed and the plate was washed witOd200> [ 0 FA DJS (A Y ¢
to remove all excess stain. Ean buffer (100>[ 0 ¢l & | RRSR (2 SI O
incubated for 10min at room temperature. The absorbance intensity was then

measured at 61%m. Background absorbance was corrected by subtracting the
Foa2NblyOS YSIFad2NSYSyd T NERsdmpeOwereamlyisedp! Y SR
in triplicates. To obtain the values of HER2 expression normalised to cell number in

each well, the corrected absorbance values at d60were divided by the corrected

absorbance values at 615 nm.

2.2.14. ApoToDf 2 ¢ NRALX SE I aal @

SKBR3 cells were trypsinised and counted as describedeiction 2.1.4.1 The cells

were seeded ontotwowhitd 2 G G 2 Y b dzy O b dzy eliamenoplages gt dzZNJF | O S
a concentration of 18x¥OSf f ak Y[ omnn >[ kg St f a8t KS OSTt |
at 37 °C under a % CQatmosphere.

The culture medium was removed using a micropipette and the cells were washed once
withPBSB (100> [ 0 ® ¢ KS Yy I y 2 LI-HER2aaibo8y canjugated cBriox | y G A
conjugated C11PBEGAUNPs (0.16 a / mmt OU-PECGAURPs(0d% & t OO A Y
FBSFNBS a0/ h, Qa p! -BafihazvereGreryaided (BN ykF S[f £ 0 @
Additionally, a solution of Staurosporine (1 mM in DMSO) dispersed iffréd8S

a0/ h, Qa p! YSRguahine QY [T AwA ya § dalpdsitvef a2 dza !

control for cytotoxicityvia apoptosis. Control cells without any AuNPs loaded were
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treated with FBE NBES a O/ h, Qa p! Yi&anindzThe @alls/vieteA y A y 3

incubated with the samples and controls foh&t 37°C under a 8 CQatmosphee.

Following incubation with the AuNPs, the samples were removed and the cells were
washed withPB8B (100> [ 0 G KNBS GAYSad ¢KS OStta oSNB
aO/l h, Qa p! YSRAdzY -glmamme and suppléegted lwkhyFBS 3 [
(10%). At his point, one of the plates was irradiated at G338 using a 10nW HeNe

laser fitted with a biconvex diverging kerior 6min per well, giving an irradianaef

29 mW/cn and a total light dose of 10.5cn¥. The laser was located 5fn above the

96-well plate. The plate not being irradiated was kept covered in aluminium foil in the

dark. Following irradiation, the cells were further incubated for withdr dr 48h at

37°C under a 8% CQatmosphere.

The ApoToDf 2 ¢ NRALX SE | aal &2 The dssaybuiey glyeys NF 2 NI S
phenylalanyaminofluorocoumarin  (GRAFC) substrate and bkaanylalany
phenylalanyirhodamine 110 (bi®\AFR110) substrate were thawed in a water bath at

37 °C. The Caspa&do® 3/7 substrate and buffer were thawed at room temgpere.

Once all the reagents had reached room temperature, the Viability/Cytotoxicity
reagent was prepared by adding-BFC susbtrate (18 [ 0  |-AARR180/sudbstrate

(10>[ 0 G2 GKS mB).AThe mixdudzTwhsS Witexixed to ensure a
homogeneais distribution. The Viability/Cytotoxicity reagent @ 0 ¢l a | RRSR
each well and the plate was mixed by orbital shaking at 300 rpm fee86nds. The

plate was then incubated at 3TC under a 8 CQatmosphere for 1 h. Fluorescence

intensity was tlen measured at two wavelength sets. The fluorescence emission from

the viability component was measured at 50 following excitation at 400 nm. The
fluorescence emission from the cytotoxicity component was measured ansR0

following excitation at 485mm.

The Caspas6&lo® 3/7 reagent was prepared by adding the Casfds® 3/7 buffer

(10mL) to the bottle containing the lyophilized Casp&e® 3/7 substrate. The

reagent was thoroughly mixed before use. The Casf®ie® reagent (109 0 6| & G KSYy
added b each well and the plate was mixed by orbital shaking atr60 for 30

seconds. The plate was incubated at room temperature fom8@ The luminescence

signal was then measured using an integration time of 1 second.
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2.3. Targeted photodynamic therapy odbfreast cancer cells using lactose

phthalocyanine gold nanoparticle conjugates
2.3.1. Synthesis of lactos€11PeAUNPs

Gold nanoparticles (AuNPs) were synthesised by Ma&Hiction and functionalised
with a mixed monolayer of C11Pc and lactose. Initiglywersion of the method
described irsection 2.2.¥or the synthesis of CL1FRREGAUNPSs was used but replacing
the PEG ligand with the thiolated lactose ligand.

Cl11Pc (2.481g; 0.95> Y2t 0 ¢ & RA & a ni)@RiReft fotir & ddm ¢ | C
temperature. Then, lactose (2 mL; 1.31 mM in@Hwas added to the C11Pc solution

and stirred at room temperature for &in. HAuGI3HO (1.2mg; 3.0>Y2f 0 4| a
dissolved in dkD (1.2 mL), added to the C11Rctose mixture and stirred at room
temperaturefor a further 5min. Finally, a solution of NaBf.5mg; 39.65 Y2t 0 ¢ | a
prepared in d:O (1.2 mL) and added to the previous mixtures rapidly and under
vigorous stirring. The reaction was stirred overnigia. (7 h) at room temperature in

the dark at malerate speed.

The resulting solution was a mixture of free Pc, AuUNPs functionalised with Pc only,
AuNPs functionalised with lactose only and AuNPs functionalised with both Pc and
lactose. To purify the mixture, excess dry THF (6 mL) was added rapidiynaed
vigorous stirring, followed by centrifugation in Eppendorf tubes (1.5 mL) at 1800

for 2min at 4°C. The supernatant was collected and the brown pellet containing AUNPs
functionalised only with lactose was discarded. The solvent mixture inughersatant

was evaporated by rotary evaporation under reduced pressure at 70 °C. For further
purification, more excess THF (5.4 mL) was added, followed by the same centrifugation
and evaporation steps as explained previously. Once all the THF had beena¢edp

MES buffer (3 mL) was added and the solubilisation was assisted using an ultrasonic
bath. However, most of the solution appeared white, which suggested there was no Pc
attached to the lactosuNPs. The solution was centrifuged in Eppendorf tubes
(1.5mL) at 14,000 rpm for 3@in at 4°C. The pellet containing free Pc and AuNPs
functionalised only with Pc, and thus not soluble in an aqueous solution, was discarded.

The supernatant containing the lacteB&AuNPs was collected and filtered through a
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alftft SE Dt &a&8NAy3aS RNADSY TFAf iRRANRIyvaréd o1 OHH
characterised using UMs spectroscopy between 3@D0 nm. The yield for the
resulting lactoseC11PeAuNPs was low as the solution looked colourless and the UV

vis extirction spectrum showed a small absorption band for C11Pc at 698 nm.

In an attempt to increse the loading of C11Pc on trecloseAuNPs, the amount of

lactose used was reduced. Additionally, the amount of THF in the reaction mixture was
increased to providea higher solubility of C11Pc in the mixture. C11Pc (2g3
095>Y2f 0 ¢l & RA&A&2 tn#)SaRd leftyo stk hitoont tendperatuved n p

Then, lactose (inL; 1.3ImM in dRHO) was added to the C11Pc solution and stirred at

room temperature for Gmin. HAUGI3HO (1.2mg; 3.0>Y2f 0 ¢l & RA&aa2f SR
(1.2 mL), added to the C11Rxtose mixture and stirred at room temperature for a

further 5min. Finally, a solution of NaBH..5mg; 39.65 Y2f 0 ¢ & LB LI NBR
(1.2 mL) and added to the g@wvious mixtures rapidly and under vigorous stirring. The

reaction was stirred overnighté.17 h) at room temperature in the dark at moderate

speed. The purification of the mixture was performed in the same way as that
described above for the initial symtic method. The resulting lactosg11PeAuNPs

G6SNB FAfGSNBR (GKNRdzAK | aAaffSE Dt &a&NAy3S
characterised using UWs spectroscopy between 3@D0nm. The final solution was

stored at 4 °C.

2.3.2. Synthesis of laose-C3PeAUNPs

Gold nanoparticles were synthesised by NaBgtluction and functionalised with a

mixed monolayer of C3Pc and lactose. C3Pc (2.22mgr0v98 f 0 61 & RA&az2ft @S
THF (1.45 mL) and left to stir at room temperature. The synthesis folldhved

improved method for the synthesis of lacte€41PeAuNPs described at the end of

section 2.3.1 where the amount of lactose within the reaction mixture was reduced

while the amount of THF was increased in order to increase the loading of Pc

immobilisedon the surface of the lactos@uNPs.
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2.3.3. Nanopatrticle characterisation with TEM

The synthesised lactoge11PeAuNPs and lactos€3PeAuNPs were characterised

using TEM, as described previouslgeation 2.2.3

2.3.4. Measurement of singlet oxygerrgduction for lactosePcAuNPs

Production of*O, was measured using the singlet oxygen probe ABMA, as previously

explained irsection 2.2.7

2.3.5. Synthesis of C11Pc/C3sREGAUNPS

Gold nanoparticles were synthesised by NaBgtluction and functionalisd with a

mixed monolayer of either C11Pc or C3Pc and tRiEG®acid (sSPEG), a PEG ligand

with a chain simulating the length of the lactose ligand. C11Pc 243 mgz X% f 0 2 NJ
C3Pc (22¥3T noddpp >Y2f 0 6 SNBmLRehdlEtAf sied iRomA Yy R NE
temperature. Then, SPEG (083 T Moy >Y2{ 0 D1 mRiaddadtd SR A\
the phthalocyanine solutions and stirred at room temperature fonis. HAUGI3HO
(1.2mg;3.0>Y2f 0 61 & RO &2 ;i) @RI taithe BEEG mixtes and

stirred at room temperature for a further gin. Finally, a solution of NaBKL.5mg;

39.65> Y2t 0 gl a LINB.RInNI&Raddey to tRd previous mixtures rapidly

and under vigorous stirring. The reaction was stirred overnight 17 h) atroom

temperature in the dark at moderate speed.

The resulting solution was a mixture of free Pc, AuNPs functionalised with Pc only,
AuNPs functionalised with sSPEG only and AuNPs functionalised with both Pc and sPEG.
To purify the mixture, excess dry TEF4 mL) was added rapidly and under vigorous
stirring, followed by centrifugation in Eppendorf tubes (1.5 mL) at 1fBA0for 2min

at 4°C. The supernatant was collected and the brown pellet containing AuNPs
functionalised only with SPEG was discardBge solvent mixture in the supernatant

was evaporated by rotary evaporation under reduced pressure at 70 °C. For further

purification, more excess THF (5.4 mL) was added, followed by the same centrifugation
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and evaporation steps as explained previouslyc®all the THF had been evaporated,
MES buffer (5 mL) was added and the solubilisation was assisted using an ultrasonic
bath. The solution was centrifuged in Eppendorf tubes (L) at 14,000 rpm for
30min at 4°C. The pellet containing free Pc and AufdRstionalised only with Pc, and

thus not soluble in an aqueous solution, was discarded. The supernatant containing the
PcsPEGAUNPSs was collected and filtered through a Millex GP syringe driven filter unit
On®HH >YO0P ¢ KSPEGBENPS &é kaaGdiisedt 8ing UMs

spectroscopy between 36800 nm and the solutions were stored at 4 °C.

2.3.6. Synthesis of control SPEARINPS

Control AuNPs functionalised with SPEG but without photosensitiser were synthesised
following the method described section 2.2.6 A solution of sSPEG (1.44g;5.1> Y 2 f 0

in dHO (15 mL) was prepared and left to stir at room temperature. Then, HBHED

(1.2Y3aAT odn >Y2Ff0 ¢ &L)RddadtoxHe 8PER solutibn ahd stired m ® H
at room temperature for 5 minA fresh solution of NaBKL.5Y 3T o pPc p0>Y 2 0
(0.5mL) was prepared and added to the sPE&UC] mixture. The reaction was stirred

for a further 4h at room temperature. Purification of the AUNPs was then performed.
Firstly, the THF was evapoedtby rotary evaporation under reduced pressure at 60 °C.

The final solutionindh g1 & GNIYAFSNNBR (2 OGAGlIALAY¥H
at 14,000rpm for 10 min at £4C. The sPEGdzbt & ¢ SNB NB a dza LISY RSR
phenol redfree, FBS free mediun2 (mL) containing-glutamine and filtered through

a Millex GP syringe driven filter unit (0.22Y 0 ®  ¢vis xtinctibn spectrum was

recorded between 25@00nm. The sPEAUNPs were stored at room temperature.

2.3.7. MTT cell viability assay for lactossrgeting

SKBR3 human breast adenocarcinoma cells and MBB-231 human breast
adenocarcinoma cells were dislodged from the flasks by trypsination and counted as

described insection 2.1.4.1.The cells were then seeded following the procedure
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described m section 2.2.9and incubated forca. 48h at 37°C under a % CQ

atmosphere.

The culture medium was removed using a micropipette and the cells were washed once

with PBSB (100> [ 0 @ ¢ KS vy I y 2 L) NICAIGABPsaahdvdalitrd d = | C
C11PesPEGAUNPs together with lactos€3PeAuNPs and control C3BPEGAUNPS,

dissolved in FBBNBES a O/ h, Qa p! YotRAnkzat vaidug iPt A y A y 3

concentrations were thenadded (50[ k 6 St f 0 ® ! RRAGAZ2Y I f &> | &
(1 mM in DMSO) dispersed iBBSF NS a O/ h, Qa p! -Y@dnezy O2y i
GO>[ T wn >a0 ¢la dzaASR Fa | LRaAAGADGS O2y iNRf

AuNPs loaded were treated with FBSNE S a O/ h, Qa p! -glufaRikedzY O2 y
SKBR3 cells were incubated wittihe samples and controls fort8Bat 37°C under a 56

CQ atmosphere. MDAVIB-231 cells were incubated with the samples and controls for

24 h at 37°C under a 5 % G@mosphere.

Following incubation with the AuNPs and controls, the subsequent stepsse @ T

assays, including cell irradiation, pdaDT incubation and MTT addition and reading,
were performed following the procedure described section 2.2.9 Statistical
significance between means was determined using awo A £ SR t{teStdaRI® Y (1 Q &

values < 0.05 were considered signific&nt.

2.3.8. CellTiteBlue® cell viability assay for lactose targeting

SKBR3 human breast adenocarcinoma cells, MBB-231 human breast
adenocarcinoma cells and M@BA human mammary epithelial cells were dislodige
from the flasks by trypsination and counted as explainedeiction 2.1.4.1 The cells
were then seeded following the procedure describedetion 2.2.9and incubated for

ca.48h at 37°C under a 8% CQatmosphere.

The cells were treated with the lacto€E11PeAUNPs, lactos€3PeAuNPs, C1l1Pc
SPEGAUNPs and C3REPECGAUNPs samples as well as the control samples as explained
in section 2.3.7 SKBR3 and MDAMB-231 cells were incubated with the samples and
controls asdescribed previously ieection 2.3.7 MCF10A cells were incubated with

the samples and controls for either 3 h or R4t 37 °C under a% CQatmosphere.
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Following incubation with the AuNPs and controls, the subsequent steps for these
CellTiterBlue®cell viability assays were performed following the procedures described
in section 2.2.9 for cell irradiation and posPDT incubation, andection 2.2.10 for
CellTiterBlue® addition and readindstatistical significance between means was
determined usig a twoll | A f SR tfteStdaRIPWalRsi< 0.05 were considered

significant}!

2.3.9. Confocal microscopylaternalisation and PDT of lactos€3PeAuNPs

The internalisation of lactos€3PeAuNPs by SKR3 and MDAMB-231 human breast
adenocarcinora cells was studied using confocal laser scanning microscopy. For the
following imaging experiments, BR3 cells were cultured in phenol reENE S a O/ h, Qa
5A medium containing-glutamine and supplemented with FBS ¢4). MDAVIB-231

cells were cultured irhigh glucose DMEM medium supplemented witglitamine

(1%), FBS (10%) and sodium pyruvatefid).

SKBR3 and MDAMB-231 cells were dislodged from the flasks by trypsination and
counted as explained isection 2.1.4.1 The cells were then seeded ont®hm
diameter glass coverslips inside Nunev@l multidishes at a concentration of
2x10 cells/mL (3 mL/well). The cells were incubateddar48h at 37°C under a 56

CQ atmosphere. The culture medium was removed and the cells were washed with
PBSB (LmL) once. Lactos€3Pe dzbt & ondmT >a /FNDBE RDAAZODS
5A medium containing-glutamine were added (tL/well). Control cells not loaded
with AuNPs were treated with FBSNBE S a O/ Bdjuf? ontairing lutamine

(1 mL). SKBBR3 cels were incubated with the lactose3PeAuNPs and the control for

3h at 37°C under a 5 % G@mosphere. MDAVIB-231 cells were incubated with the
lactoseC3PeAuNPs and the control for either 3 h or B4at 37°C under a % CQ
atmosphere. Following inbation with the samples, the subsequent steps in these
confocal microscopy experiments follow the procedure already describsgation
2.2.1], including irradiation, posPDT incubation, imaging conditions and testing with

propidium iodide.
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2.3.10. IrCell EISA to quantify the levels ofadectin-1 on the cell surface

An InCell ELISA was performed to study thieince in the levels of theadectinl

receptor on the surface of MDRIB-231 cells and SER3 cells. MDAVIB-231 and SK

BR3 cells were disldged from the flasks by trypsination and counted as explained in

section 2.1.4.1 The cells were seeded ontoacka2 G 12Y bdzy O b dzy Of 2y u
96- well microplate at a concentration of 1010Sf t ak Y[ omnn >[ kg St f 0o

incubated overnighat 37 °C under a % CQatmosphere.

The culture medium was removed for both cell lines and the cells were washed with
PBSB(100>[ 0 2y OS® ! &a2f dzinMhPMOFdispeiseddaNkB&d LJ2 NA y S
alO/ h, Qa p! YSRAUBMNOBF (T rilny I dzaSR | a |
control for cytotoxicity. Control cells, to detect the levels of galegtinvere treated

withFBSF NES a O/ h, Qa p! -ofuaRikeddr [ORY G.I Al/K yAS [ A

incubated with the samples and controls foh&t 37°C under a 8% CQ@atmosphere.

During the incubation period, the required buffers for the InCell ELISA were prepared,

as described irsection 2.2.13 Following incubation with the positive control, the

samples were removed and the cells were washed RBISB (100> [ 0 G KNBS GAYSaA
NBadzaLISYRSR Ay GKS FLILINRZLNAIFGS O2BRIt SGS OS
cells and DMEM for MDKIB-231 cells. The cells were then fixed with formaldehyde

and treated with blocking buffer as describedsiaction 2.213. While the cells were

incubated with blocking buffer, the primary antibody was appropriately diluted. In this
experiment, the primary antibody used was agélectinl antibody. Antigalectinl

antbody(1>[ T mdcnn Y3IkKY[ Ay B%@Espdudrazide @02y G Ay )
glycerol (50%) and BSA (0.08%)) was diluted in the blockingashing solution

(1.603Y[ 0 LINB@A2dzaf & LINBLI NBSR>X (2 3IAGBS | TFAYI
incubation of the cells with blocking buffer, the blocking buffeas removed with a

micropipette and antgalectinl antibody (56> [ PaIm Y[ 0 ¢l a | RRSR (2
Nonspecific signal control wellgg.,cells not incubated with primary antibody, were

incubated with blockingg 8 KAy 3 &2f dzii A 2 y thé antibody [nsiead/ 2 i O2 y
The microplate was sealed with a plate sealer and the cells were incubated with the

primary antibody overnightc@. 17 h) at 4°C. Following incubation with the primary

antibody, the development of an absorbance signal for the levedmlectinl present
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in each sample was obtained following the procedure outlinedsention 2.2.13
Additionally, wholecell staining to normalise the values of galetito cell number in

each well was also performed in the same way as describsetiion 2.2.13

2.3.11. InCell ELISA to detect lactose targeting

An InCell ELISA to study the targeting ability of lactose towards the galeeaeptor
on the surface of MDMB-231 and SHBBR3 cells was performed. MBWB-231 and
SKBR3 cells were seedednto acleado 2 0 12Y bdzy O bdzyOwvel yu n {

microplate as described gection 2.3.10

The culture medium was removed with a micropipette and the cells were washed with
PBSB(100>[ 0 2y O0S® ¢KS yI y2-ClIMNUNR Gl CERPEG) Sas> f |
AuUNPs together with lactos83PeAuNPs and C3RPEGAUNPs (0.2 a t O0Y RA&aaz2f
iNFBSFNBS a0/ h, Qa p! -olufaRihednére Denydded SRy @S{t 0 @
Additionally, a solution of staurosporine (1 mM in DMSO) dispersed iATEBS

a O/ h 5Andedium containing-glutamine 5[ T Hn >a0v ¢l a dzaSR |
control for cytotoxicity. Control cells not loaded with any AuNPs samples were treated

with FBSFNBES a0/ h, Qa p! MWERAdZYAQPSYy Dlphy YD P[ ¢ K
incubated with thesamples and controls for eitherd 24h at 37°C under a 80 CQ

atmosphere. Following incubation with the AuNPs samples, the InCell ELISA was
performed following the procedure described section 2.2.13 The primary ari

galectinl antibody solution s prepared as explained previoushséction 2.3.10

2.3.12. ApoTosD f 2 1 ¢ NRA LFar§dfing with JattaseC3PeAUNPs

SKBR3 and MDAMB-231 cells were dislodged from the flasks by trypsination and

counted as explained section 2.1.4.1 The cdb were seeded onto two whitbottom

bdzy O bdzy Of 2y wellmicfoplale® at O8S1¥xeils/mL (100 [ k St ft 0 | YR
incubated forca.48 h at 37 °C under a% CQatmosphere.

The culture medium was removed using a micropipette and the cells were washked
with PBSB (100> [ 0 @ ¢ KS vy I y 2 LI NIIPAUNPs and ORPESa = f | Off
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AuNPs (0.2 a0 AFNEKS {aO/ h, Qa p! Y@amezWereQtey G AYAY
added(50 [ k St f 0 | RRAGAZ2Y I ffes || az2ftdziaAzy 27
iNFBBFNBES aOlO/ h, Qad p! -ysaRihad®C [OR VM A¥YAy IoI[ & dza
positive control for cytotoxicityia apoptosis. Control cells without any AuNPs loaded

were treated with FBS NBS a O/ h, Qa p! -yubaRikedSBRAGeYI | A Y A Y =
were inabated with the samples and controls forh3at 37°C under a 86 CQ

atmosphere. MDAVIB-231 cells were incubated with the samples and controls fdn 24

at 37°C under a 8 CQatmosphere. Following incubation with the AUNPs samples

and the controls, thesubsequent steps of the ApoTaxf 2 u1 G NALX SE | aal &
irradiation, postPDT incubation and addition of the assay components, were

performed following the procedure describedsaction 2.2.14

2.4. The potential use of upconverting nanoparticles dsug carriers for

photodynamic therapy of cancer
2.4.1. Synthesis of upconverting nanoparticles

All the upconverting nanoparticles (UCNPs) used throughout this thesis were
synthesised by Markus Buchner, PhD student in the group of Dr Thomas Hirsch

(Institute for Analytical Chemistry, University of Regensburg, Regensburg, Germany).

The first type olUCNPs studied were dispersed in dimethyl sulfoxide (DMSO). UCNPs
made of sodium yttrium fluoride (NaXFloped with 20% ytterbium (Y#), 2 % erbium

(EP*) and 20% gadolinium (GY) were synthesised. The UCNPs were further modified
with a NaYFshell, gving rise to 17.2am UCNPs. The coshell UCNPs were then
surfacemodified to be functionalised with lysine and the photosensitiser Rose Bengal
(NaYElysineRB UCNPs).

The second type of UCNPs studied were dispersed #0.dHCNPs made of NaYF
doped wth 20 % Y¥, 2% E#* and 10 % Gd were synthesised. The UCNPs were
further modified with a NaYashell, giving rise to 28m UCNPs. The ligand polyacrylic

acid (PAA) was used to modify the surface of the UCNPs in order to provide aqueous
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solubility to te system. The resulting UCNPs (N&PAA UCNPs) were only

functionalised with PAA and no Rose Bengal.

2.4.2. Characterisation of the UCNPs

The UCNPs were characterised using TEM and luminescence spectroscopy, all obtained

by Markus Buchner at the Unisty of Regensburg.

TEM images were obtained using a Philips CM12 Electron Microscope (MicroCal)
operating at 12KV and analysed using ImageJ and Origin 8 software. Luminescence
spectra of the samples were recorded using an Amicron Bowman Series Dspetetr
(Thermo Electron Corporation) coupled with a 200/ continuouswave laser

0 &x=980nm) between 406700nm.

2.4.3. Measurement of singlet oxygen production by UCNPs

Production of singlet oxygetd,) was measured using the singlet oxygen probe ABM
as described irsection 2.2.7 The 17.2ym NaYFlysineRB UCNPs in DMSO and the
28 nm NaYFPAA UCNPs in gBl were tested fotO, production with ABMA at various
concentrations. Each solution (521 0 ¢ & LJniL QUi cuvefte tbgetiverd p
withABMA (> [ T miip MeOH) and a magnetic stirrer bar. Oxygen was bubbled
through the solutions and the stoppers were fitted on the quartz cuvettes. The
fluorescence emission intensity of the initial solutions was recorded, between 390
600nm, using arexcitation wavelength of 380 nm. The samples were then irradiated
at 980 nm using a 200 mW NIR laser ford with continuous stirring. The laser was
placed atca. 5cm from the samples. A NIR detector card was placed behind the
cuvettes during irradiadn to be able to place the laser light passing through the sample
inside the cuvette. The fluorescence emission spectrum of the samples was recorded

every 5min.
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2.4.4. Internalisation of NaYHysineRB UCNPs by $BR3 cells ®Confocal

microscopy and multi-photon microscopy

The internalisation of the 17.2m NaYFklysineRB UCNPs in DMSO byBRG3 cells
was studied using both confocal microscopy and nplibton microscopy. SER3
cells were cultured in phenolreENBES a O/ h, Qa p! LofuaRikedsyd O2 y i | A
supplemented with FBS (20) for these imaging experiments. TheEBK3 cells were
seeded on 18nm glass coverslips and incubated ¢ar. 48 h at 37°C under a 8% CQ

atmosphere, as described gection 2.2.11

The cells were then washesith PBSB (1 mL) once. The cells were treated wath
25>3AK Y[ &2f dzi xd MaYRL¥sinadRB BCNRsrinbDPMSO dispersed in FBS
FNBES al/ h, QamlLpdontanidRglutiayiinedTie control cells, not loaded
with any UCNPs, were treated with FB&E S a O/ h | Q AmLpdontaiii§gRA dzY 6 m
glutamine. The cells were incubated foh3t 37 °C under a % CQ atmosphere.
Following incubation, the cells were washed three times with PBS_jland kept in

aO/ h, Qa p! mLYdakidgvglutamineand supplemented with FBS (%6).
Subsequently, the cells were imaged. For imaging, the 18 mm coverslips were placed
in a Ludin chamber, which was securely tightened. The coverslips were washed with
imaging mediumda 1 mL) three times and finally resuspked in imaging medium
(ca.1 mL). The Ludin chamber was fitted on a heating stage at 37 °C in either the

confocal microscope or the mujpihoton microscope.

For imaging using the confocal microscope, a 543 nm HeNe laser was used to excite the
Rose Bengain the surface of the Na¥dysineRB UCNPs. The fluorescence emission
was collected in the red channel with a band pass filter between@&hm. DIC

images were collected simultaneously using a A8Bargonion laser.

For imaging using the mujphoton microscope, the 88Am line from a Vision Il
Ti:Sapphire laser (Coherent Ltd., Ely, UK) was used to excite the Rose Bengal on the
surface of the Na¥YiffysineRB UCNPs. The fluorescence emission was collected in the
green channel at 55842.5nm. DIC imges were collected simultaneously with the
same 880 nm laser. Additionally, the 9&® line from the Vision Il Ti:Sapphire laser

was used to collect the luminescence of the UCNPs. The emission was collected with
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two non-descanned GaAsP detectors in theggrehannel at 55& 42.5nm and in the

red channel at 655 20 nm.

2.4.5. PDT effect of Na¥4ysineRB UCNPs on B3 cells CGonfocal microscopy

The PDT effect of the 17t#n NaYklysineRB UCNPs in DMSO onBH3 cells was
studied using confocaiicroscopy. SIBR3 cells were cultured in phenol rdcee

aO/ h, Qa p! YSRAdamMmn©any suppleyiehtgdwit] FBS () for
these imaging experiments. The-BR3 cells were seeded on I8m glass coverslips,

in two 6well multidishes, and indated for ca. 48 h at 37°C under a 8 CQ
atmosphere, as described section 2.2.11 The cells were then washed with PBS
(1mL) once. The cells were treated wth15> 3k Y[ &2 f dzi m@WNayYR¥ GKS
lysineRB UCNPs in DMSO dispersed inff@Md h . Qa p! mienkaidiyy O M
L-glutamine. The control cells, not loaded with any UCNPs, were treated withideBS
aO/ h, Qa p! mLy&maindrydglutamine. All solutions, control and UCNPs,
contained a 0.28% culture grade DMSO. The cells wareibated for 3h at 37 °C under

a 5% CQatmosphere.

Following incubation, the cells were washed three times with PBS (1 mL) and kept in
aO/ h, Qa p! mLYddrRakidgvglutamine and supplemented with FBS A,

At this point, one of the @vell multidishes was irradiated at 98tm using a 200nW

NIR laser for énin per coverslip. The laser was locatechbabove the @vell multidish.

A NIR detector card was placed under the well containing the coverslip during the
irradiation of the sample to belde to place the laser light at the centre of the treated
coverslip. The other-@vell multidishes, which were not irradiated, were kept covered

in aluminium foil in the dark during irradiation. Following irradiation, the cells were
further incubated forca 24 h at 37°C under a 83 CQ@atmosphere prior to imaging.

For imaging, the cells were treated, placed on the confocal microscope and analysed
using the same conditions as describedattion 2.4.4 Propidium iodide, to test for
dead cell staining, waalso added and analysed under the same conditions as those

described irsection 2.2.11
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2.4.6. CellTiteBlue® cell viability assayNaY&-lysineRB UCNPs

The 17.2 nm NaY#ysineRB UCNPs in DMSO were tested for PDT-8R3khuman
breast adenocarcinoma cells. -BR3 cells were dislodged from the flasks by
trypsination and counted as described in section 2.1.4.1. The cells were then seeded
following the procedure descrilakin section 2.2.9and incubated for ca. 48 at 37°C

under a 5% CQatmosphere.

The culture medium was removed using a micropipette and the cells were washed once

with PBSB (100> [ 0 @  ¢.ftySineRB UCKPs in DMSO were dispersed iHiEBS

a O/ h 5M &edium containing -glutamine at concentrations ranging from- 5

25> 3k Y[>[&kppSttod £ f Al YL Sa gAGK GFNEBEAY3 O
constant amount of 0.25 % DMSO, to account for possible solvent effects on the cells.

Two solvent controtonsisting of culture grade DMSO (0%% or culture grade DMSO

(100%) dispersedinFBSNE S a O/ h, Qa p! -glufaRineddd> [QR yaiS NMB/ A Yy
also used to test the effect of DMSO alone on the cells. Control cells, not loaded with

any UCNPs, were tresd with FBSF NS a O/ h, Qa p! -Yarkazy O2y (|
Additionally, a solution of staurosporine (1 mM in DMSO) dispersed iATESBS

alO/ h, Qa p! YSRANBMNOGBEF{(TAYiy3>ab ¢l a dzaSR |
control for cytotoxicity. The samplesd controls were incubated with the $R3 cells

for 3h at 37°C under a 8% CQ@atmosphere.

Following incubation with the UCNPs and controls, the samples were removed and the

cells were washed with PES(100> [ 0 G KNBS (GAYSad ¢er&dinOStta 6
O2YLX SGS ad/ h, Qa p! Y §Ranngand supplementedwittO2 v G I A
FBS (100 %). At this point, one of the plates was irradiated ab®80@sing a 20nW

NIR laser for &nin per well. The laser was located® above the 94vell plate The

plate not being irradiated was kept covered in aluminium foil in the dark. Following
irradiation, the cells were further incubated fa@a. 48h at 37°C under a 86 CQ

atmosphere. Addition of the CellTitBlue® reagent, incubation and fluorescence

measurements were performed following the procedure explaineseiction 2.2.10
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2.4.7. Determination of the extinction coefficient of Rose Bengal

Rose Bengal (&g) was dissolved in dB8 (5mL) giving an initial concentration of
393>a® ¢ KA & sdluyioh wasl then farther diluted with c#® to obtain
concentrations ranging from-8>a® ¢KSaS RAfdziA2ya oSNB
flasks (ImL). The dilutions were analysed by-ld¥ spectroscopy between 3@D0nm
starting with the lowest concentrain. A calibration curve at 548m was created and

a value for the extinction coefficient was obtained.

2.48.ApoToDf 2 1 ¢ NA LbBfaBrHysiheRB WGNPs

SKBR3 cells were dislodged from the flasks by trypsination and counted as explained

LINJ

in sedion 2.1.4.1 The cells were seeded onto two while2 G 12 Y bdzy O bdzy Of 2

Surface 96vell microplates at a concentration of 18¥10St f &k Y[ omMnn >[ K &

cells were incubated foca.48h at 37 °C under a% CQ atmosphere. The culture

medium was reraved using a micropipette and the cells were washed once with PBS

B(I0O>[ 0 ® ¢ KS OStfta »BNB[ (NBf deBriReNGYERIFoe t K MpmT @
RB UCNPs in DMSO dispersed inFBIS S a O/ h, Qa p! -yufaRikedzy O2 y (i

(50> 0 @ ¢ K Sells @& yoadpRviith &by UCNPs were treated with -FBS
aO/ h, Qa p! YSRAEYdZIO 2V YISA yoApyr SN[ 0 !

RAGAZ2

R
staurosporine (1 mM in DMSO) dispersed in-FB$5 S a O/ h, Qa p! YSRA dzY

Lglutamine (500 [ T WA > a0 pasitivéd codirdl HRcytbtakicityiaapoptosis.
All solutions, control and UCNPs, contained a @w28ulture grade DMSO. The cells
were incubated with the samples and controls foh &t 37 °C under a % CQ

atmosphere.

Following incubation with the UGN samples and the controls, the samples were
removed and the cells were washed with FBSIOO>[ 0 G KNBS (GAYSao
0KSY NBAadzZALISYRSR Ay 02YLX SGS a Qutamitea p!
and supplemented with FBS (%). At this pointpne of the plates was irradiated at
980nm using a 20enW NIR laser for gin per well. The laser was locate@drm above

the 96-well plate. The plate not being irradiated was kept covered in aluminium foil in

the dark. Prior to measuring cell viability taypxicity and apoptosis, the cells were
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further incubated for 4 at 37°C under a 8% CQ@atmosphere. The subsequent steps

of the ApoToxDf 2 u GNA LI SE | a&alrée AyOfdRAy3a NBI3ISy
assay components, were performed following theogedure described irsection

2.2.14

2.4.9. CellTiteBlue® cell viability assayCNPs in d#D without Rose Bengal

The 28m NaYFPAA UCNPs in dBl were testedin vitro using SKBR3 cells to

determine their cytotoxicity before and after irradiatiaat 980nm. SKBR3 cells were

seeded in whitebottom 96-well plates following the procedure describedsaction

2.2.9 Following the seeding of the cells, the NaPRA UCNPs samples inoGHvere

dispersed in FBENBES a O/ h, Q4 p! Lyl@amkear cotzenifaiidnst y A y 3
rangingfrom1@5> 3k Y[ @ ! £ f &l YLX S& 6AGK GFNEBEAYy3 O2)
a constant amount of 0.63 % &Bl. Additionally, a solvent control consisting of-GH

(0.63%) dispersed inFBBSNBE S a O/ h, Q& ping LofufaRikedd0> [OR ydill 3 y
used to test the effect of d¥D alone on the cells. A positive control, consisting of a

solution of staurosporine (1 mM in DMSO) dispersed inFBSS S a O/ h, Q& p! Y
containing kglutamine 50> [ T Hn >a 0 & | & coltiolFadr cylotaxicity. LJ2 & A ( )
Negative control cells, not loaded with any UCNPs samples, were treated wifreEBS

aO/ h, Qa p! YSRAMMnNOBLbLOYEKS RI YL Sa | yR (
incubated with the SIBR3 cells for 3h at 37°C under a 5 ¥Q atmosphere. Following

incubation with the UCNPs and the controls, the samples were treated and irradiated
following the procedure described isection 2.46. Addition of the CellTiteBlue®

reagent, incubation time and measurement of the fluorescenao@ssion intensity

were performed following the procedure explainedsiection 2.2.10

2.4.10. Confocal microscopylCNPs in d#D without Rose Bengal

The toxicity of the 2&m NaYFPAA UCNPs in @Bl was further studied using confocal
microscopy, to cofirm the visual appearance of the cells following incubation with the
UCNPs samples. BR3 cells were cultured in phenol reENS S a O/ h, Qa p! Y

containing Eglutamine and supplemented with FBS @) for these imaging
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experiments. The SBR3 cells vere seeded on 18 im glass coverslips in twovéell
multidishes and incubated foca. 48 h at 37°C under a 8% CQ atmosphere, as

described irsection 2.2.11

The cells were then washed with RBY1 mL) once. The cells were treated wath

25> 3k Y[ md thelZ#8An®2 NaYFPAA UCNPs in dBl dispersed in FE&ee

aO/ h, Qa p! YS R-gluamine@nL)i Tha obrktrygl Bells[not loaded with

any UCNPs were treated with FBNE S a O/ h, Qa p! -Y&nezy O2y i
(1 mL). The cells were incubatear 3h at 37 °C under a% CQ@atmosphere.

Following incubation with the UCNPs and the control, the cells were irradiated, placed
on the confocal microscope and analysed using the same conditions as described in
section 2.4.5 Propidium iodide, to testor dead cell staining, was also added and

analysed under the same conditions as those describeddtion 2.2.11
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Chapter 3

Gold nanoparticle enhanced and selective antibody

targeting photodynamic therapy of breast cancer cells

This chapter describes the us# gold nanoparticles functionalised with a zinc
phthalocyanine photosensitiser for ptodynamic therapy (PDT) of breast
adenocarcinoma cells. Two zinc phthalocyanines differing in the length of the carbon
chain that connects the macrocycle to the surface of the gold nanoparticles were
compared in terms of singlet oxygen production and Rfffitacy. Additionally, the
selectivity towards breast cancer cells was increased by addition of a targeting agent,
anti-HER2 antibody.

3.1. Introduction
3.1.1. Interactions between metal nanopatrticles and fluorophores

The synthesis and applications wietal nanoparticles have become the subject of
numerous studies over the yeatshe optical, electronic and chemical properties of
metal nanoparticles change dramatically from those properties encountered in the
bulk metal and are dependent on both the size and shape of the synthesised
nanoparticles:? A particularly interesting property in metal nanoparticles is their
ability to interact with fluorophoes anchored to their surface. Consequenthe study

of the metal nanopatrticldluorophore interactionss of particular inerestamongstthe
scientific community. Several studies confirm the quenching ability of metal
nanoparticles on the surrounding fluorophores, while other studies show the opposite

behaviour, an enhancement the fluorescenceof the fluorophore®

One of the most important characteristics of metal nanoparticles, that is significant in
the study of metal nanoparticleBuorophore interactions, is surface plasmon
resonarte (SPR).The SPR refers to the collective oscillation & #iectrons in the

conduction band of the metal upon interaction with electromagnetic (EM) en&tgy.
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The oscillating electrons, referred to as plasmons, oscillate at the same frequency as
the electromagnetic \ave? These oscillations are dependent on the size and sla@pe

the nanoparticles, but also on the dielectric constants of both the metal and the
surrounding materiat. The SPR is responsible for the straiftgaviolet-visible UV-vis)
absorption bands, the intense colours seen in solutiohsietal nanoparticlegas well

as the abilityof metal ranoparticlesto both absorb and scatter light*® Two types of

SPR are seen, localised SPR (LSPR) and propagdting plasmon polaritons (SPPs).
LSPR are the confined, rpropagating oscillations while the SPPs are the propagating

charge oscillations of the electrons on the surface of the métals.

The SPR and plasmon field created by metal nanoparticles, dependeihte field
strength upon exposure to incident light, are responsible for the effects observed in
the fluorescence of fluorophores placed ndar® Metal nanoparticles have a
reputation for being strong fluorescence quenchers, which has been shown
experimentally in a variety of studi€s®® However, the potential use of metal
nanoparticles as fluorescence enhancers has also been st(glié#f. The concept of
fluorescence enhancement by metallic surfaces was introduced in the 1960s by
Drexhage and cavorkers when they disovered that the decay times of a fluorophore
could be altered in the presence of a metallic film in a distashegendent
manner®2l.22Research has continu&f*2° but it was not until 2002 thathte term
metalenhanced fluorescence (MEF) was coined by Geddes and LakdSiioze then,

the interest in the theory and applications of MEF has gained more attention and other
researchers have referredo MEF as surfaeenhanced fluorescence, plasmon
enhanced fluorescence and meiabuced fluorescence enhancemefitt° MEF refers

to the phenomenonby which metalsurfaces and metahanoparticles increase the
fluorescence intensity of the fluorophores in the ndesld (.e., near themetal surface,
usually found within 10 nmylue to an enhanceexcitation of the fluorophore&8This
fluorescene intensity is accompanied by an increase in therlsoence quantum yield

0 5, adecrease in the fluorescence lifetimend a higher photostability for the
fluorophore8:3° Applications in which MEF could be useful include biological sensors,
activatable probes, fluorescence microscopy ana #OT781931For PDT, several
studies have been performed to understand whether thisetalenhanced

fluorescence could lead to an enhancement in the formation oflsiraxygen, which

92



would thus lead to a higher cell Ki#2° Indeed, these studies have found a correlation
between MEF and a higher production #9.. In 2006, Geddes and -®wmrkers
experimentallyshowedmetalenhanced phosphorescence at low temperature for the
photosensitiser Rose Bengal in the presence of silver island*filrmlowing this, in
2007the D S R R S a QublBieBtiuzifilst report of meal-enhanced*O;, production
(ME'O;) by Rose Bengal in close proximity to such silver island ¥ilfsthermore,
ME'O, was furtherhighlightedin photosensitisers other than Rose Bengal and it was
shown that certain properties, such as the size and shape of the nanoparticles, the
distanceof the fluorophore and the excitation wavelength diet photosensitiser could

be modified in order to optimise the extent of ME.3> Huanget al. additionally
showed the application of MB,in vitrofor PDT by using gold nanorods functionalised
with the photosensitiser chlorin e8.MEF and M, in this system contributed to a
higher internalisation by HelLa cells and a higher phototoxicity and cell death.
Therefore, the use of nanotechnology in PDT could lead to increased productions of

10,, which in turncould potentiallyproduce an increased photodynamic efficierdty.

The mechanism by which MEF occurs is still a subject of discd$3iba.groups of
Geddes and Lakowicz have both proposed mechanisms, with slight differences, by
which MEF an take placé®303¢3’Geddes and Lakowicz proposed the existence of
three known pathways of interaction between fiiophores and metal&193'The first

is nonradiative energy transfer from the fluorophore to the metathich leads to
fluorescence quenchingNonradiative energy transfer is a dipetépole dominated
transfer and is inversely proportional to the distance between the metal ted
fluorophore (d?) and thus it primarily occurs at small distané&¥3"-3The second
pathwayisi KS al yiSyyl STFSOiGié¢ o0& H6KAOK YSGlff
incident electromagnetic field near the fluorophorieg., an increase in the rate of
excitation, leading to an increase in emission inten$ity*"In the thirdpathway, the

metal increases the radiative decay rate of the fluorophdeading to enhanced
fluorescence quantum yields and thus fluorescence enhancefiéht’ Figure 3.1
shows a schematic represttion of the Jablonski diagram of the fluorophore with and
without the presence of a metal, which is useful to understand the second and third

pathways of interaction between metals and fluorophores.
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Figure 31. Jablonski diagram fofA) a free fluorophore andB) a fluorophore in the
presence of a conducting metaExcrepresents the excitation rate-xe, the metalt
enhanced excitation rate andRthe nonradiative vibrational relaxation. Additionally, th
decayrates of the fluorophore are given by the radiative decay rattie metalenhanced
radiative decay raté,, and the norradiative decay ratex,,. The diagram was adapte
from Ref. 18.

Considering the three mechanisms of interaction between fluoropharesmetals, it
was initially proposed that the mechanism of MEF was mainly related to the
modification of the radiative decay rate of the fluorophore by the close proximity to
the metal®° Therefore, MEF was thought to be dependent on theoifescence
quantum vyield of the free fluorophore in solutiorne., weakly fluorescence molecules
lead to higher MEF efficiencies while the fluorescence of fluorophores with high
quantum yields cannot be further enhancéd®However, more recently, Geddes and
co-workers have proposed a different mechanism underlying the complex interactions
between fluorophores and metallic surfac®s¢4%41The authors reported that MEF
results from a combination of electric field effects and induced plasmon effeédise
fluorophore and metal are coupled in the ground and excited states. Therefore, the
energy of the excited state of the distal fluorophore is partially transferred to the
surface plasmon of the metal,e., the fluorophore radiates through the scating
mode of the metal nanoparticle. The surface plasmon then radiates the coupled
emission, known as quand*?The electric field and plasmon effects thus result in an
increased absorption and emission of the fluorophores, an increase in the fluorescence

emission by the coupled fluorophoreetal system and a decrease in the fluoreseenc
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lifetime .38 In this new model, MEF is no longer dependent on the fluorescence quantum

yield of the free fluoophore; instead there is a wavelengtlependence factof®4!

There are different variables that can determine the way in which a fluorophore and a
metal can interact, thus leading to either fluorescence quenching or enhancement
including the choice of metal, the nanoparticle size and shdmedistance between

the fluorophore and the metal nanoparticle, the nature of the anchor chain that
connects the fluorophore to the metal core, the geometry adopted by the fluorophore
NBfIFGAGS G2 GKS YSOiFft yIy2Ll Nsmolécdax GKS
dipole relative to the nanoparticle surface and the spectral overlap between the metal
nanoparticle and the fluorophore”81013223The choice of the metal nanoparticle,
either silver or gold, can affect the efficiency of MEF. The majority of the published
reports describing MEF have chosen silver nanopatrticles, which have been shown to
produce high MEF efficienéy.The use of gold nanoparticles for MEF has been
overlooked due to gold being a strong fluorescence quencher, even at long distances.
However, recently the use of gold nanopatrticles for MEF is becoming increasingly
popular since it has several advantages over silver, including the high chemical stability,
ease of synthesiand ease to modify the gold surface with biomolectfeBhe first
report of the use of gold nanoparticles for MEF was performed by Geddes and co
workers#® By controlling the size of the nanoparticles and the position of the

fluorophore relative to the gold nanoparticles, MEF was successfully obt&ined.

The radiating plasmon (RP) model developed by Lakostzussedthe effect of
nanoparticle sizé® As it was previously mentioned, metal nanoparticles have the
ability to both absorb and scatter light. The size of the nanoparticle is the most
important parameter that influencethe efficiency of theabsorption and sd#ering of

the light. In small spherical nanoparticles40nm for gold nanoparticles; < 20m for
silver nanoparticles)the light is mainly absorbed, while in larger nanoparticles
(>40nm and especially > 8im for gold nanoparticles; > 30 nm for silve
nanoparticles)the scattering component becomes more relevaf£®*>46The RP
model states that the absorption of light will lead to fluorescence quenching and the
scattering will lead to fluorescence enhancemé&hs a result, small nanopatrticles will

induce the quenching of the fluorescence, whereas larger nanoparticles will be more
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likely to induce MEFThe RP model suggested the ideal nanoparticle size for maximum
fluorescence enhancement, for both silver and gold nanoparticles, tab&) nm.>2°
However, other authors have reported the ideal size to be larger thamifor MEF.
Recently, Xie and emorkers have challenged the assumption of nanopartgile
being relevant for MEFThese authors speculated théte extinction properties of
metallic nanoparticles refer to isolated nanoparticles and not in the presence of a
coupled system with a fluorophoreThe shape of the nanopatrticles can also influence
the MEF efficiency to a given fluorophotelLakowicz reported that the largest
fluorescence enhancement is observed for spherdid&pherical nanoparticles are not

as efficient fluorescence enhancers and the fluoesme enhancement abilities of
elongated spheroids are even low&in accordance with Lakowicz, the group of Halas
experimentally showed that the fluorescence quantum vyield ohearinfrared

T dz2 NB LK 2 NB 7%) Lwasy emhaifced .in the presence of gold nanoshells
60r=8620 GAUK 3INBFGSNI STFAOASYOe =740)%02 YLI NB
Additionally, Swierczewslet al. have reported that, in the case of gold nanopatrticles,

the spherical shape induces the highest fesrence quenching efficieney.

Another important considerationfor the quenching or enhancement of the
fluorescenceis the distance between the fluorophore and the metare of the
nanoparticles, as showim Figure 32.2 If the fluorophore is placed too close to the
metal 6 XXnmy, all the fluorescence will be quenchetlie to the reduction in the
oscillating dipole of the fluorophore, electron transfer and rawliative energy
transfer from the fluorophore to the metalThe mechanisms of energy transfer that
best explain this phenomenon are nanometal surface energy transfer (NSET) and
C NBUGSNI NBaz2yl yOS 5Quérehidg dy eledtdnyusually dctus w9 ¢ 0 ®
small nanoparticles (8 nm) since these particles present a weak SPR absorption band
and thus spectral overlap with the fluorophore is poor, which limits the energy transfer
between the fluorophore and the metal.On the other hand, if the fluorophore is
placed too far from the metal there will be no real change in the fluceese as the
distance is too large for any effect to occur. The key for fluorescence enhancement is

to find an intermediate optimum distandea.5-20y Y T dzal@zkmi)ih véhichkhere
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is an effective transfer dhe freeelectronsof the fluorophore tothe SPP in the metal

due to the strong Purcell effecind thus the fluorescence is enhancetf: 102537404147

o A=too close fluorescencequenching
/g B=optimum; fluorescenceenhancement
C=too far; nochange

Ay
4’,:

Fluorophore

Metal nanoparticle

Figure 32. Schematic representation showing the distance dependence between ar
nanoparticle and a fluorophore, leading to either fluorescence quenching or enhancer

Thedistance dependencbetween the metal and the fluorophorkas not only been
proven theoretically, but it has also been shown experimentally in several
studies®62480 Anger et al. showed the first report of the variable fluorescence
behaviour depending on the distance between the nanoparticle and the fluorophore.
These authors found an optimal distance of 5 nm between 80 nm gold nanopatrticles
and a fluorescent molecule, which led to the maximum rate of fluorescence
enhancement. Additionally Kargg al. studied the distancelependence betweethe
fluorescent dyesypate and 10hm gold nanoparticles and they revealed similar resilts.
The fluorescence of cypate was completely quenched when it was placedydmect

the wrface of the gold, the fluorescenasas significantlyincreased when it was
located approximately Bm away butstarted to decrease again when the distance
increased furtherThe effect of distance dependence for fluorescence quenching or
enhancement haslso been studied with other metalespeciallysilver. Cheng and Xu
showedresultsfor silver nanoparticleso be comparablgo those reportedfor gold
nanoparticles’® The fluorescence of fluorescein isothiocyanate was studied as a
function of its distance from 76m silver nanoparticles. The distance was modified
using a silica (S#Dspacer. When no spacer was used, the fluorescence was effectively

guenched. However, when the SiGpacer was added, a maximum fluorescence
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enhancement was found at a distance of 21 nm. This fluorescence enhancement
decreased after reaching this optimal value upon further increasing the distance
between the metal and th fluorophore® Also using silver as the metal, the Geddes
group studied the distance dependence of MEF and found a sitm@tea of quenching

and enhancementto that which had previously been reportef. Of particular
importance to the work reported in this thesis recent study by Planasal.has shown

that this distancedependencenot only influence MEF but also M®©,.% The authors
synthesised 6/hm silver nanoparticles coated with a silica layer, which was modified
with (3-aminopropyl)triethoxysilane (APTES). The photosensitiser Rose Bengal was
then attached to the primary amines of APTES& carbodiimide coupling.The
production of'O, by the RoseBengal functionalisedore-shell silver nanoparticles was
studied. The thickness of the silica layemas modified from 5100nm to change the
distance between the metal and the Rose Bengsd previously stated, at short
distances, there was omplete quenching of the production 80,. However, as the
distance was increased, the production'@breappeared, reaching a maximum value
when the Rose Bengal was placedniid away from the silver core. After this optimum

distance of 11 nm was furthéncreased, the production df; started to decreasé.

The orientation adopted by the fluorophore and its molecular dipole relative to the
metallic nanoparticle plays an important role in distamtspendent MEF. A
perpendicular orientation relative to the surface of thanoparticles can induce the
maximum fluorescencenhancement, due to the minimised possibility of Ron
radiative energy transfer from the fluorophore to the metal nanoparti¢le a parallel
orientation, quenching is allowed not only because of the possibility of energy transfer
being enhanced but also due to the dipole in the metal cancelling the dipole in the
fluorophore. The cancellation of the dipole further slows the rasi@tdecay and
favours the quenching of the fluorescenteThe orientation of the fluorophore
depends on the angle at which the chain connecting the fluorophore to the metal is
positioned with respect to the metal coreEven though the angle between
fluorophores and metal nanoparticles has not been widely studied, numerous
researchers have reported investigations on the possible orientation of alkanethiol
monolayers on gold surfas&:®® Russell and cworkers have studied the relative

orientation of a zinc phthalocyanine sa$sembled monolayer (SAM) on gold
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surfaces’!*?The phthalocyanines were connected to the gold surfaaan alkyl chain
containing 3, 8 or 11 carbon atoms. The authors reported that the chains in all three
phthalocyanines werea.20-30 ° tilted from the gold sudce. However, the orientation

of the macrocycles adopted a parallel configuration relative to the gold surface for the
C3 chain, in contrast to the longer chains, which adopted a more perpendicular
orientation. As a result, the distance for the C3, C8 @td phthalocyanines from the
surface was 4 A, 18 and 134, respectively. The authors found that the fluorescence
was quenched for the C3 chain significantly, due to the closeness to the gold surface
(4A), followed by the C8 (1&) and C11 (13 A) chainsspectively. Additionally, the
odd-even effect,i.e., whether the chain is composed of an odd or even number of
carbon atoms, was found to be an important parameter that would determine the final
position of each chain. If it is assumed that the chairesia an aHtrans extended
configuration, then the position of the phthalocyanine macrocycle will be different
depending on the odd or even nature of the carbon chain. In fact, the C8 macrocycle
was found to adopt a configuration that was not as perpeuldic as the C11 nor as
parallel as the C¥.The oddeven effect has not only been reported in this study, it is

a welkknown phenomenon for SAMs on gold and silver surfa&Asnore recent study

by Battistiniet al. was similar irthat it compared the same molecuyla pyrenelinked

to gold nanopatrticles by a carbon chain that differed in length, either 4 carbon atoms
(C4) or 11 carbon atoms (C*%)n contrast to the study by Russell andworkers,
these authors found a decased quenching effect for the molecule closer to the gold
core (C4) as compared to the molecule that was placed further away (C11). This
behaviour wasalso attributed to the angle between the gold surface andeth
fluorescent molecules, which wagoverned by theintra- and intermolecular
interactions, but was found to be unrelated to the edden effect. The nature of the
chain that connects the fluorophore to the nanoparticle core was found to be the main
parameter to determine the relative pasn of the pyrene with respect to the
nanoparticle surface. The nature of the chain influences the stronger or weaker
interactions between chains, such as van der Waals forces, which will induce the chains
to be closer or further away from one anoth®rin this study, it was reported that
when the chainwas shorer the chainchain interaction wa minimal, but this

interactionbecamemore important aghe chain length increased. As a result, the C4
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chain was tiltecta.20 ° from the nanoparticle surfag leading to the pyrene molecule
adopting a more perpendicular position relative to the gold core in order to maximise
fluorophore-fluorophore interactions. On the other hand, the C11 chain was titeed
45-48° from the nanoparticle surface in order toaximise chairthain interactions,
leading the pyrene molecules to lie closer to the gold core, which effectively increases
the quenching of the fluorescence due to nadiative energy transfer as previously
described'® Even though the authors reportethat the oddeven effect was not an
important parameter, the study of a pyrene connected to a short odd carbon chain,
i.e.,C3 or C5, should be performed for confirmation. These two studies by Russell and
co-workers and Battistingt al. produced confliting results. However, it is important to
consider that one study used SAMs on a planar gold surface, whereas the other focused
on the use of gold nanoparticles. The difference between the planar sw&seghe
nanoparticle can have an effect in thedkescence behaviour of the fluorophores. In
fact, Lakowicz already observed that fluorophores are quenched at short distances
from a planar metal surface but not quenched at short distances from metal
nanoparticles® Lakowicz suggested that the fluorescence quenching was originated
from the oscillations created in metals being unable to radiate due to the presence of

optical restrictions at the metdluorophore interface?®

The nature of the anchor group, such as a thiol, connecting the chain to the metal
surface has also been reported to influence the higher or lower MEF efficiétricy.
Additionally, another factor that should be considered is how closely the fluorophores
are packed on the surface of the metal nanopaetsciwhich could lead to dimerisation

and aggregation and thus induce sgifenching of the fluorescencé>*

To summarise, metal nanoparticles can produce different effects on the fluorescence
of fluorophores anchored onto their surface. The size of the nanoparticles is an
important consideration, where small particles will lead to fluorescence quenching
whereaslarger particles will have a role in fluorescence enhancement. However, the
size is not a sole definite measure of how the fluorescence will behave. The distance
between the fluorophore and the metal nanopatrticle is also important to consider. As
discussed short distances lead to fluorescence quenching and fluorescence

enhancement will only be achieved at intermediate optimum distances between the
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two. Another important parameter to be considered is the orientation at which the
fluorophore and its molecutadipole are located relative to the metal surface, which
will determine how close the fluorophore lies towards the metal core. As discussed,
the orientation is influenced by the nature of the chain connecting the fluorophore to
the metal core, the naturef the anchor group and whether it has an odd or even
number of carbon atoms. Additionally, the choice of the metal for the nanoparticles as
well as the choice of the fluorophore can have a profound effect on the efficiency of
MEF.

3.1.2. Human epidermajrowth factor receptor 2

The human epidermal growth factor receptor 2 (HER2) is a 1,255 amino acid
transmembrane glycoprotein (185Da) encoded by the protoncogene HER2 located

on chromosome 17125 The HER2 receptor belongs to the family of receptor
tyrosine kinases (RTKs), known as erythoblastoma gene B (ErbB) reé&ptbishe

term ErbB was coined when the first growth factor receptor was discovered in 1978
due to its origin in the ErbB gene, responsifie avian erythroblastosis virt8.The

ErbB family is composed of four members; the epidermal growth factor receptor
(EGR/HER1/ErbB1), HER2/Erbigi HER3/ErbB3 and HERA4/Erl58B%.53

The four members of the ErbB family are homologous, wimeans their basic
structure is the same, as shownRigure 33. The receptors are made up of three parts,

the extracellular domain, the transmembrane domain and the intracellular doffain.
The extracellular domain is divided into four subdomains (I, 11, lll and IV also known as
L1, S1, L2 and S2). Two of these subdomains (L1 and L2) constitute théviligimgl

sites, while the other two (S1 and S2) are the homologgstemerich domains. The
transmembrane lipophilic domain enters the cell membrane connecting the
extracellular and intracellular domains. The intracellular domain is located in the
cytoplasm and it contains a juxtamembrane domain (JM), a protein kinasaidpwith

tyrosine kinase catalytic activity, and the carboxyl end containing the phosphorylation
sites58/59.63,64

101



NH,

Extracellular Domain

Transmembranédomain

Kinase Domain

Intracellular Domain Y992

Y1068 Phosphorylation sites

COOH

Figure 33. Basic structure of the ErbB receptors. The extracellular domain is compos
two cysteinerich domains (S1, S2) and two ligardding sites (L1, L2). The intracellul
domain is composed of the juxtamembrane domain (JM), the protein kinase domair
the autophosphorylation sites located within the carboxyl end. The diagram was ad:
from Refs. 58 and 64.

The role of the ErbB receptors is essential for human life, including normal cell growth,
proliferation and differentiation, wound healing and apopis>®°%63These processes

are regulated through the activation of RTKs, which initiates several signal transduction
pathways>®63 Activation of the RTKs occurs upon binding of a specific ligand to the
extracellular domain of the ErbB receptors. When there is no ligand in the environment,
the receptors stay inactive and in a monomeric form. However, when the ligand
becomes available and it ke the receptor, dimerisation and oligomerisation start to
occur. Dimerisation leads to an increase in the kinase catalytic activity and initiates
phosphorylation, thus inducing the activation of the intracellular signaffi§g°66
Dimerisation which is favoured by the higher stability of the dimer complexes as
compared to the monomers, can be of two types, either homodimerisatien,the

same two receptors are bound, or heterodimerisatioa,, two different receptors are
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bound. Theresulting activation signal is much stronger for heterodimers, especially

when HER?2 is involved, as compared to homodimers, which produce weaker Signals.
Activation of each receptor is triggered by specific ligands.1HERactivated by
SLIARSNXYIE ANRGgUOK FFOU2NI 09DCOSE GNIYATF2NYA)
heparinbinding EGHike growth factor, betacellulin and epiregulin. HER3 and HER4 are
activated by binding neuregulins (NGF<).10On the other hand, therdy exception is

HER2, which is an orphan receptor as there is no known ligand that binds specifically

to it.58596365As g result, HER2 stays in a structural conformation that is always able to

interact with other ErbB receptors to form heterodimers, thus allowing the activation

of the ligandless receptof?

The members of the ErbB receptor family can play an important role in the
development of human cancers due to overexpression, underexpression or mutétion.
The HER2 receptor is particularly important in the development of cancer. Its role in
cancer was discovered in rat neuroglioblastoma, where the nagueomes front3 A

point mutation from valine to glutamate was found in the position 664 of the protein
sequence, mediated by the increasing ability of HER2 to form dimers. Even though this
mutation is not found in bmans, it has served as a basis to understand the role HER2
plays in human tumours. Indeed, HER2 is commonly found in a dimeric state within
cancer cells, in contrast to healthy cells where the inactive form is always found as a
monomer® The high dimerisation rate of HER2 in cancer cells is related to HER2 being
overexpressed in certain types of cancer, primarily in breast cancer in approximately
10-34 % of the case® HER2 overexpression is mainly due to ErbB2 gene amplification,
which leads to a 106bld increase in the HER2 protein expressiohhe oveexpression

of HER2 leads to a higher production of HER2 heterodimers, but also to the appearance
of HER2 homodimers, which stimulate aberrant malignant growth. As a result, HER2
overexpression is linked to poor prognosis, aggressive tumour growth arehsed
metastatic potentiaf?%° In fact, the median survival for patients with HER2 positive
breast cancers is 3 years, whereas it goes uptyéars for norHER?2 breast cance?s.
Furthermore, HER2 overexpression is thought to increase brain metastasi tas9

compared to only 1.96 when the breast cancers are not 2pRsitive®’
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Additionally, it has recently been found that HER?2 is also overexpressed in other types
of cancer, including gastric (38D %), ovarian (280%), colon (6680 %), uterine
serous endometrial carcinoma (-B5 %), lung (200), head and neckgsophagus and

bladder cancer§?:68

3.1.3. Antibodies

An organism reacts to foreign molecules by producing antibodies, serum recognition
elements that bind selectively to these molecules, referred to as antigens, and
neutralise their effects. Antibads bind to a spefic site of the antigenthe epitope or

antigenic determinant, and have an important role in the immune systet.

Antibodies are glycoproteins from the immunoglobulin (Ig) family. In humans, Ig are
divided into five classes; 1gG, IgA, IgM, IgD and IgE. The differences between the Ig
classes are mainly related to size, charge and composition, both in amino acid
sequences and carbohydratéSAll types of antibodiesndependentof which Ig class

they belong to, are made up of four polypeptide chains, two heavy and two light chains,
which conform a “haped molecule. The chainare subsequently divided into

domains, each of which contains approximately 110 amino déids.

The most common antibodies found in blood serum are those belonging to the 1gG
class, found in approximately 80, which are involved in secondary immune
responses!"3IgG antibodies are composed of one singkh¥ped molecule, structure
shown inFigure 34, andhave an average weight of 1%Da The G label stands for
IFYYlE 06040 KSIFI@ge OKFIAyad ¢KS (462 ARSY(GAO!f
one to five disulfide bonds and subsequently linked to the two identical light chains by
one disulfide bond and nenovalent interactiong"3 The amount of inteheavy chain
disulfide bonds present in the antibody differentiates the four IgG subgrétipbe
chains are divided into constant and variable domains. Heavy chains contain three
constant domains and one variable domain, whereas light chains have one domain of
each type. As their name indicates, constant domains have a relatively constant amino
acid segience among all IgG antibodies and are involved in the effector functions of

the antibody. On the other hand, variable domains have a more variable amino acid
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sequence since they are responsible for the specificity towards antigens. There are
three hypervaiable regions, also known as complementatdgtermining regions
(CDRs). These CDRs, located at the end of each arm ofstiep#®, constitute the
antigen binding site (Fab) on each antibody and thus are chemically complementary
with the antigen they recgnise’*’> The lower part of the antibody at the base,
containing theG2 and G3 domains, is known as basal fragment (Fc). The Fc crystallises
readily, binds to cell surface receptors and is active in the lysis of target cells but it does

not bind to antigens"®

[
3 . Dn,
'c's& Heavy chains @00

HOOC COOH

Figure 34. Structure of a typical IgG antibody, where V and C represent thablarand
constant domains, respectively; H and L represent the heavy and light chains, respe
and CDRs represent the complementadgtermining regions or antigehinding sites.
The figure was adapted from Refs-74.

The second most common type of antibodies found in serum belongs to the IgA class,
making up between :05%72¢ KS | f I 06Sf adlyRa F2NJ I f LKL
antibodies are found in a monomeric structure in the serura, one Y¥shaped

molecule similar to Ig&heyform a dimer in secretions.e.,two Y-shaped molecules

linked by a J chairFollowing IgA antibodies, IgM antibodies are found in the serum in

5-8 % and they are the most important antibodies in primary immuggponses since

they are the first antibodies to be made in the organi8m®The M label stands for mu

105



6>0 KSI@ge OKIAyad LIa FyiAoz2RA Kb fomalK |y
pentamer made up of five-¥haped molecules, linked together by disulfide bonds and

one J chain. In contrast to previous antilyatypes, the heavy chains of eaclshaped

molecule in IgM antibodies contaifiour constant domains and one variable
domain/273 Finally, IgD and IgE antibodies make up less thém df the antibody

content in the serum and they are both based on monomeric structures, similar to 1gG.
¢KS 5 YR 9 I 0SSt aJaadI2yWyR 0B ONIKRES (ARl OKIl A yl1ayzR
Throughout the research reported irthis thesis, IgG antibodies were waselgG

antibodies are the most widely used type of antibody for immunoassays since they are

the most commonly found in serum, they have a high affinity towards antigen epitopes

and remain stable during their purificatio? On the other hand, IgM antibodies are

mainly reserved for applications related to immunohistochemistry, since they have less
affinity towards antigen epopes and are more difficult to purify as compared to 1gG
antibodies. The other Ig classes, IgA, IgD and IgE, are rarely used not only due to their

low affinity towards antigen epitopes but also to the minimal amounts found in the

serum?/?

Production of IgG antibodies is derived from B lymphoc§t€4B lymphocytes always
hold one specific antibody on their surface. Upon recognition of an antigen, B
lymphocyes attract T cells, start to divide and create plasma cells, which can then
produce many new antibodieg.There are maily two types of commercially available
antibodies, polyclonal and monoclonal antibodies. Polyclonal antibodies are created by
introduction of an antigen in an earlier sensitised animal, a method which produces a
mixture of related antibodies with differergpitope affinities. Therefore, polyclonal
antibodies can recognise multiple epitopes on one antigen, which leads to a lower
specificity and makes them more prone to batchbatch variability’? On the contrary,
monoclonal antibodies are identical antibodies able to recognise only one epitope in
the antigen of interest. Monoclonal antibodies are created using hybridoma iced
method developed by Kohler and Milstein in 1975dybridoma cells are a fusion
between B lymphocytes and immortal myeloma cancer cells, which gives them the
ability to induce the production of antibodseas well as grow indefinitely, similar to

cancer cell$®2Monoclonal antibodies are therefore produced in an identical manner
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in all batches andonsequentlyhave a higher specificity than polyclonal antibodies.
The main disadvantage with the use of monoclonal antibodies is that they are often
too specific to recognise the antigen of interest and tikay bevulnerable to the loss

of epitope occurring after amical treatment of the antigen.

The use of antibodies for cancer treatment is being widely studied. It is important to
choose antibodies that target specific antigens that are only overexpressed on
malignant cancer cells, but not on healthy céll#ntibodies can, by themselves, be
used as therapeutic agents. This is the case of the antibody Trastuzumab (Herceptin®),
a humanised IgG antildy used to target the overexpressed HER2 receptor on breast
cancer cells. Trastuzumab is thought to work in three different ways; inducing
antibody-dependent cell cytotoxicity, decreasing the amount of HER2 receptors on the
surface of the cancer cells byntdody internalisation that leads to lysosomal
destruction, and preventing the dimerisation of the HER2 recepforAdditionally,
trastuzumd can be combined with therapies such as chemotherapy, which increases
response to the treatment and decreases cancer progression thus leading to higher
survival rate$’ The main problems with the use of therapeutic antibodies is that the
cancer cells are prone to create resistance to them. The use of trastuzumab leads to
breast cancer recurrence one year after treatment with the antibody thefapy.
Therefore, the use of antibodies as carriers for drug delivery is becoming more popular.
In this mechanism, antibodies bind to the specific receptors overexpressed on the
surface of cancercells and are subsequently internaliseta receptormediated
endocytosis’™>’® The use othe anti-HER2 antibody as artgeting agent for breast

cancer has been combined with nanotechnology in previous stUdiés.

3.1.4. Aim of the research reported in this chapter

Asdiscussedn Chapter 1 gold nanoparticles have been and still are widely used for
the delivery of photosensitisers for PDT of cancer. The synthesis of gold nanopatrticles
(ca. 3-5 nm; AuNPs) functionalised with a mixed monolayer of PEG and a zinc
phthalocyanine photosensitiser separated from the gold core by a carbon chain
consisting of 11 carbon atoms has been previously reported (C11®dn this

chapter, a second zinc phthalocyanine will be introduced, which possesses the same
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macrocycle as C11Pc but is separated from the gold core by a carbon chain of only 3
carbon atoms (C3Pc). As a result, wieiNPs are functionalised with PEG and C3Pc,
the phthalocyanine lies closer to the gold core as comparetiecC11Pc. The goal of

the research reported ithis chapter was to compare both nanoparticle systems and

their efficiency for PDT.

As it was repord insection 3.1.] the interaction between metal nanoparticles and
fluorophores can lead to different effects in the fluorescence of the fluorophore
anchored onto their surface. The effects of the AuNPs on the fluorescence of C11Pc
and C3Pc were studiedrurthermore, the production ofO, by the two different
systems was also studied. Finallip vitro PDT of SKBR3 human breast
adenocarcinma cells usin@11PePEGAUNPs and C3MREGAUNPSs was analysed and
compared. The rate gfhototoxicity and cell de of the breast cancer cell line using

each of the nanopatrticle systermagere investigated

In the second part of the research, the usetloé anti-HER2 antibody as a targeting
agent was explored. ARHER?2 antibody was conjugated to the CIPEGAUNPS ad
also to the C3RPEGAUNPSs to selectively target HER2 overexpressiABREKcells.
The use of aHER?2 antibodwas shown to increasene uptake of the AuNPs and
reduce the differences between C11fREGAUNPs and C3HREGAUNPs observed

during the first part of theresearchpresented in this chapter

3.2. Results andidcussion
3.2.1. Zinc phthalocyanine photosensitisers

In this study, two zinclghalocyanine photosensitisers weeexplored. The structures

of both phthalocyanines are shown kigure 35. Both phthalocyanines are dimeric
structures composed of two macrocycles linked to one anotherdigwdfidebond. The
difference in the two photosensitisers relies on the length of the carbon chain that
connects the macrocycle to the sulfur mbrOne photosensitiser is connecteidthree
carbons (C3Pc), whereas the other is conneatidceleven carbons (C11Pc). During

nanoparticle synthesis, thedisulfide bond will lead to selassembly of the
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photosensitiser onto the gold nanoparticle surfadde seHassembly will cause the
disulfide bond to breakleading to the functionalisation of the gold core with
monomeric structures, consisting of only one macrocycle. As a result,i<&qeected
to be much closer to the gold core théme C11Pc.
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Figure 35. Structure of the two phthalocyanine§) C3Pc angB)C11Pc.

The extinction coefficients for both C11Pc and C3Pc were calculated by creating a
calibration curve, as explained section 2.2.4 The experimental procedur®r the
C11Pc was straightforwardince the C11Pc was provided as a dry solid, it was easily
weighed and a value for the extinction coefficient was calculated readily. The
corresponding calibration curve for C11Pc is showRiguire 36. On the other hand

the experimental procedure for C3Rroved to be more problematicDuring the
addition of the zinc metal to the phthalocyanin@ostsynthesis the final C3Pc
compound wasbtained in THF, which was then evaporated under reduced pressure
usingarotary evaporator. However, the C3Pc solid could not be completely dried as it
becameparticularly difficult to remove all the excess THF. As a result, weighimey

C3Pc to obtain an accurate value wdifficult. An initial value for the extinction
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coefficient wasobtained, Figure 37 A-B. However, to obtain a more accurate value,
C3Pc was further driednder vacuumin the rotary evaporator foca. 2 h. Following

this procedure, the final C3Pc sbippeared drier than the previous samplderefore,

a second valudor the extinction coefficient was obtainediigure 3.7GD. The
numerical values of the extinction coefficients obtained experimentally are shown in

Table 3.1for both C11Pc and C3Pc.
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Figure 36. (A) U\tvis absorbance spectra of C11Pc in THF at various concentration
(B)the corresponding calibration curve measured using an absorbance intensity at 69
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Figure 37. (A, C)U\-vis absorbance spectra of C3Pc in THF at various concentration
(B, D)the corresponding calibration curves measured using an absorbance intens
698nm.

Table3.1. Extinction coefficients obtained for C11Pc and C3|

sampe ¢ dom' | s i

C11Pc 2.75x16 3,731 0.999
C3Pc A 2.50x16 6,839 0.997
C3Pc B 2.74x16 11,112 0.993

For the purpose of this thesis, it will be assumed that a¢ue of the extinction
coefficient for C3Pc is 2.74>1@ 11 cm?, the value obtained after thoroughly drying

the C3Pc to eliminate as much excess THF as possible. The structures of C11Pc
6 O f Odz2 518 RITiccm?) and C3Pc are identical in thmacrocycle of the
pthahlocyanine. As a result, it is expected thagithextinction coefficients woulte

similar to one another.
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3.2.2. Synthesis of gold nanoparticles

Gold nanoparticlescg@. 3-5 nm) were simultaneously synthesised and functionalised
with a mixed monolayer of one of the two phthalocyanines and PEG by sodium
borohydride reduction, aslescribedin section 2.2.1 The functionalisatiorof the
nanoparticleswith PEG allows for thagueousdispersibility of the phthalocyanines
within the systen. A schematic representation of the synthesised AuNPs is shown in
Figure 38.

Figure 38. Schematic representation ¢A) C11PéPEGAUNPs an@B) C3PePEGAUNPS.
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The synthesised nanoparticles were resuspended in MES buter.AUNPs were
characterised by recording the\tvis extinction spectrgFigure 39 A). The UWis
extinction band at ca. 698 nm is characteristiof the monomeric form of zinc
phthalocyanines, while the band centeredcat 645nm is characteristic dhe dimeric
form. The fact that the band at 698 nm is much higher than the one ah6%5or both
C1l1PePEGAUNPs and C3FAUNPs, indicates that most of the phthalocyanine is
present in the active monomeric fori.’® Furthermore, the absence ohaextinction
band in the 500hm region suggests the nanoparticles are smaller than 10 nm in
diameter. Both nanoparticlesolutions presented a light blue colour, characteristic

substitutedzinc phthalocyanine@-igure 3.9B).77-80.81

(A) 12 (B) |
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Figure 39. (A) U\-vis extinction spectra of C11PEGAUNPSsi) and C3REEGAUNPSI()
in MES buffer(B) Image showing the solution of nanoparticles functionalised with C1
() and C3Pdi}, respectively.

The nanopatrticles, dissolved in MES buffer, were further characterised by transmission
electron microscopy (TEM) to evaludte size. Analysis of the TEM tbe C3P€PEG
AuNPs indicated that the nanoparticles have an average diameter ot:®8®nm,
following analysis of 562anoparticles, with a median value of 3.76 + 0n®9. TEM
images of the C3FEEGAUNPs, together with a histogram showing their size
distribution, are shown irrigure 3.0. Analysis of the TEM for the C1IPEGAUNPS
indicated that the nanoparticles have an average diameter of 3816nm, following

analysis of 28Ranopatrticles, with a median value of 3.21.35 nm. TEM images of
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the C11PPEGAUNPS, together with a $iogram showing their size distribution, are
shown inFigure 3.1. The size distribution for C1IHPEGAUNPSs is slightly skewed.
Therefore, the median valuaf 3.76+0.99nm could be a better representation of the
average size of the C1HPEGAUNPS? It is important to note that, in both cases, for
C3PePEGAUNPs and C11HRREGAUNPSs, the batcto-batch reproducibility was very
high, with extinction spectra, TEM images and size distributions being very similar every

time the nanoparticles were synthesised.
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Figure 310. (A-B) Transmission electron micrographs of a sample of ¢3HEAUNPS,
where the scale bars represent aéh. (C) Histogram of the C3FREGAUNPs with a
median value of 3.76 + 0.98n (n = 562)(D) Size distribution of the C3REGAUNPSs
showing the Gassian fit, with an average size of 3.83 £ h89(n = 562).
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Figure 311. (A-B) Transmission electron micrographs of a sample of GPHG@AUNPS,
where the scale bars represent 8énh. (C) Histogram of the C11AREGAUNPs with a
median value of 3.21 = 1.38n (n = 282)(D) Size distribution of the C11IREGAUNPSs
showing the Gaussidit, with an average size of 3.41 + 14 (n = 282).

The synthesised C11HPEGAUNPs and C3FREGAUNPSs were prepared following the
same synthetic procedure with identical concentrations of Pc, PEG, gold chloride and
sodium borohydride. However, the immobilisation of either of the phthalocyanines,
C11Pc or 8Pc, on the surface of the AUNPs could be different due to the difference in
the carbon chain length. The difference in the length of the carbon chain can lead to a
different orientation of each Pc on the surface of the AuNPs, as previously reported by
Re\ell et al.>! In order to obtain a ratio of the concentration of Pc to the concentration

of AuNPs in the sample, the concentrations of both the Pc and the AuNPs need to be
calculated. For the phthalocyanines, the extinction coefficients reportegestion

3.2.1together with the extinction intensity at 698m (Figure 3.9A) can be used to
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obtain the concentration of the Pc in the sampia the BeerLambert law Equation
3.1).

A= ROl

Equation3.1.Beer[  YOSNI fl g6 | A& GKS [ 0a2NDLIY
(Mticm?) c is the concentration (M); and | is the path length of the quartz cuvetten(l

The concentration of the AuNPs in the sample cannot be directly calculated due to the
absence of a SPR absorption band in the extinction spectrum of the AuNPs with
diameters smaller than 10m. For this purpose, an estimation of the concentration of
AuNPsn the sample was performed following the procedure described by ldas®
These authors experimentally determined the values for the extinction coefficients at
450nm of AuNPs with a diameter ofZ0nm. Additionally, the authors reported that

it was possible to calculate the concentration of uncoated spheAcdPs in water

dza A y TiseadKile atssorbance intensity at 45@n, as shown ifEquation 3.2 This
method is more accurate for AUNPs larger tham® in diameter, due to the surface
effects taking place in smaller AuNPs. Considering that the AuUNPsegépothis study

are smaller than Bim and are not uncoated, this method can only give an estimation
of the possible concentration of AUNPs in the sample and thus an estimation of the
ratio of Pc to AUNPs. The data required to calculate the concentratid?s and AuNPsS,

as well as the results of the ratio of Pc to AUNPs are showabie 32.

_ Ausp
c= —
R4s0

Equation 3.2. Equation used to calculate the concentration of AuNPs in an aqut
solution, as reported by Hais$ al. (Ref. 8).
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Table 32. Estimation of the ratio of Pc to AuNPs.

Sample Auso [AuNP] /M Asos [Pc]/M Ratio
C3PePEG

AUNPS 0.137 3.78x1¢ 1.026 3.75x1C¢ 99
Cl1PePEG

AUNPS 0.101 2.79x1C¢ 0.886 3.22x1¢ 115

For4nm! dzb t 4=3.62x10M1i -©Value obtained from Ref. 83.

The results infable 3.2suggest that the C3FREGAUNPS have less phthalocyanines
immobilised per AUNR&.99) as compared to C11HPEGAUNPS, which will have more
phthalocyanines per AuNRcg. 115). As a result, at the same concentration of
phthalocyanine, the C11HREGAUNPs sample will contain less AuNPs than the -C3Pc
PEGAUNPs sample. An accurate valuetfa@ number of phthalocyanines immobilised
per AuNPs can be obtained by performing inductively coupled plasma mass
spectrometry (ICR1S) on each of the samples, as previously repoftédICRMS

measurements should be performed in the future for confirmation.

3.2.3. Fluorescence studies

The fluorescence emission thie free phthalocyanines was analysed and compared to
the fluorescence emissionbtained from thefunctionalised gold nanoparticles. In
order to be able to compare the emission spectra of the samplesiea#t requiredto

be at the same concentration. Tiefore, the UWis extinction of all samples was
initially recorded taensurethis was the case. The solutions were excited at@33and

the fluorescence emission was collected between 650 and 850 nm. The free
phthalocyanines were dissolved in THF, wheréee functionalised nanoparticles were
dissolved in MES buffer for the analysis. Tlherescence emission spectaae shown

in Figure 3.2 A. Figure 3.2 B-Cshowsthe normalised fluorescence emission spectra
of the free phthalocyanines and the PEGAUNPS, respectively, so that the change in
fluorescence can be monmeadily compared.The normalised fluorescence emission

was calculated by taking the fluorescencelad more fluorescent sample to be 100
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at the emission maximuni.hefluorescence measurement and analysis wegeated

five times, obtaining the same results @ach occasion.
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Figure 312. (A) Fluorescence emission spectra of free C11RPdér¢e C3Pdij, C3P4LEG
AuNPsi(i) and C11RPPEGAUNPSsI{). (B)Normalised fluorescence emission spectra of fr
C11Pci] and free C3Padi). (C)Normalised emission spectra of C1IHEGAUNPsij and
C3PePEGAUNPSI().

As observed ifrigure 3.2 A-B, the fluorescence emissiantensityof C3Pc in solution

is much lower than that of C11Pc. These results are in agreement with the finding of a
higher extinction coefficient for C11Pc as compared to C3Pc. However, when the
phthalocyanines areselfassembled orthe AuNPs, the opposite effect is observed.
Gold nanoparticles functionalised with C3Pc produce more fluorescence than those
functionalised with C11P@Figure 3.12 I The functionalisation of the AuNPs with
C11Pc and ®% induces a quenching in the fluorescence for both phthalocyanines
(Figure 3.2 A). This quenching effect by the metal centrsignificantlylower for C3Pc,
which is closer to the gold core, than for CLIHwe quenching effect observed for the

phthalog/anines sefassembled on the AUNPs could be due to the solvent in which they
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are dissolved. While the free phthalocyanines are dissolved in THF, the AuNPs samples
are dissolved in an aqueous buffer. Additionally, the presence of the gold metal could
be cantributing to the reported quenching of the REGAUNPs as compared to the

free PcsTo confirm these results, fluorescence quantum yields were recorded for both
the free phthalocyanines in THF and the functionalised gold nanoparticles in MES
buffer. Zinc2,9,16,23tetra-tert-butyl-29H,31Hphthalocyanine (ZnPc) was used as the
reference sample as it has been reported to have a fluorescence quantum yield of 0.33
(33%)in toluene® This reference sample has absorbance and fluorescence emission
spectra similar to those of C11Pc and C3Pc, which allows for their comparison. The

structure andU\+vis absorption and fluorescence emissgpectra of ZnPc can be seen

in Figure 3.B.
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Figure 313. (A) Structure of ZnPc¢(B) Absorption spectrum of ZnPc in tolueng)
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Fluorescence quantum yields were recorded for the free platyanines and the
phthalocyanines attached to the surface of the gold nanoparticles. The quantum yields
were obtainedvia a calibration curve, as explainedsection 2.2.5 The absorbance

and fluorescence emission of each sample were recorded at diffe@rcentrations
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to produce the calibration curve. Then, the gradients of each calibration curve were
used to calculate the final value for the quantum yield, followguation 33. The
calibration curvesobtained are shown inFigure 3.4, and the final numerical

fluorescence quantum yieldalues are shown ifable 33.

Where:
5 v [ Ctd2NBaoOSyos |
Grad,  ng ref= Reference sample
f Grades N2, x = Experimentaamples
Grad = Gradient
n = Refractive index of solvent

ﬂX:ﬂ

Equation 3.3. Equation used to calculate the fluorescence quantum yielidsthe
calibration method.
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Figure3.14. (A) Calibration curves for the free C11Pcand C3Pdif in THF together with
ZnPc in tolueneii(). (B) Calibration curves for CLHPEGAUNPSsIj and C3PEEGAUNPs
(if) in MES buffer, together with ZnPc in tolueng.(

Table 33. Values obtained for the fluorescence quantum yield:

Figure Sample Gradient Rvalue v K 23
ZnPc 1.20x16 0.998 33.00
3.14 A Free C11Pc 1.89x10 0.997 4.80
Free C3Pc 9.08x10 0.994 2.60
ZnPc 1.19x16 0.999 33.00
3.14B C11PPEGAUNPS 9.11x168 0.998 0.20
C3PePEGAUNPS 1.91x10 0.980 0.42

NTHE® = 1.407; ﬁ]oluen986= 1.496; 920872 1.330
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The fluorescence quantum yields for the free phthalocyanines are rather low$ 408
C11Pc and 2% for C3Pc. A possible explanation for the low values obtained for the
fluorescence quantum yields of the Pc in solution could be related to the dimeric
structure of the phthalocyanines, as shown kigure 35. Previous studies have
reported that the strongfluorescence of monomeric phthalocyanines is usually
quenched upon dimerisation and aggregatf§® As an example, the Zefirov group
reported the synthesis of a magnesium phthalocyanineny@roxy9(10), 16(17),
23(24)tri-tert-butylphthalocyanine [Mg]) and its correspondingner8® The authors
found that the fluorescence quantum yield of the dimer was%.4a value smaller than
half that obtained for the monomeric form (49)8° Additionally, the Zefirov group
also reported the synthesis of a zipbthalocyanine (zhydroxy9(10), 16(17), 23(24)
tri-tert-butyl-29H,31Hphthalocyanine [zinc]) and its corresponding dirfferThe
authors found that the fluorescence quantum yield of the dimer was reduced b8 1.5
times as compared to the fluorescence quantum vyield of the monomer in THF. The
decrease in fluorescence quantunelg was found to be solverstependent and it was
attributed to the energy transfer between the macrocycles upon excitation, which
induces changes in the flexible structure of the dimeric phthalocyanine in tvected
state ® However, it is also important to note that other studies have reported the
successful synthesis afimeric phthalocyanines with fluorescence quantum vyield
values exactly the same as for their monomeric counterpdelevant to the present
study, the fluoresence quantum yield of the monomeric C11Pc phthalocyanine has
been reported to be 12° This value is slightly more than double of the value
obtained for the dimeric C11Pc in this study, in accordance with the reports of the
Zerifov group. A value for the fluorescence quantum yieldhef monomeric C3Pc
phthalocyanine has not been reported in the literature. However, it could be assumed
that the fluorescence quantum yield of the monomeric C3Pc would likely be more than

double that of the dimeric C3Pc.

The fluorescence quantum yieldstiesated for the PEPEGAUNPs are low, 0.4% for
C3PePE>-AUNPs and 0.2% for C11RPEGAUNPSs. It is important to note that the
refractive index of the MES buffer in which the nanoparticles were dissolved was taken
to be the same as that of water (1.33 reported inTable 3.3 However, MES buffer
contains MES (50 nM) and Twe2@ (0.05%). It has been reported that the presence
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of MES increases the refractive index of water, and this increase in refractive index is
concomitant with an increase in the weentration of MES buffer in the sampfeAs a
result, the refractive index of MES fifer could be slightly higher thathat of water,

which would lead to slightly higher values of the fluorescence quantum yields for the

PcPEGAUNPs than those reported here.

The estimated fluorescence quantum yield®nfirm the resultsobtained with the
analysis of the fluorescence spextis describedabove. The fluorescence quantum
yield is higher fothe free C11P¢4.8%) as compared tthe free C3Pc (2.80). When

the phthalocyanines are attached to the AuNPs, there is a quenching of the
fluorescence in both C11Pc and C3Pc. Additipnidlé fluorescence quantum yield for
Cl1PéPEGAUNPs (0.20) is lower than that of C3REGAUNPs (0.42 %). This
behaviour can be explained by analysing the interaction between the fluorophores and
the metal nanoparticles, adiscussedn section 3.1.1 The RP model developed by
Lakowicz suggests that small spherical nanoparti¢fesAOnm) will quench the
fluorescence of the fluorophores sinsach nanoparticleprimarily absorb light® This
explains the quenching effect seen fayth C11Pc and C3Pc when they are attached to

the AuNPss compared to the quantum yield values obtained in solution

The secondesult, by which the fluorescence from C3Pc is not quenched as much as
that of C11Pcon the surfaceof the AuNPs, can be explained by the distance
dependenceand the orientationdependenceparameter between the fluorophores
and the metal manoparticles. The distanegependent parametestates that there are
three regions wheg the fluorescenceemission intensitybehavesdifferently in the
presence of the metal nanopatrticles. Firstly, when the fluorophores are placed directly
on the surface of the AuNPs or close t@idKnmp the fluorescence is quenched.
However, if the fluoophore is placed at an intermediate distanca.5-20 nm, usually
%10nm), the fluorescence will be enhanced. Finally, if the fluorophore is placed too far
awayo £0nm)from the metal centre, there will be no interaction between the two,
which leadsto no effect in the fluorescencemission intensity>° Additionally, as
discussed irsection 3.1.] the orientation adopted by the fluorophores relative to the
metal nanoparticles is also an important parameter2D07 Battistinet al. reported

similar observationso that obsewed in the present stud§? In their work, a pyrene
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fluorophore was connected to the AuNPs by either a 4 atambon chairor 11 atoms

and the fluorescence of the C4 was not quenched as much as that of C11. The authors
attributed this effect to the angl in which each chain is positioned in respect to the
AuNPs. For & C4 molecule, the chain waa.20° tilted relative to the normal of the
nanoparticle surface and thus the fluorophore svthought to be placed almost
perpendicular to the AUNP®nN the ontrary, the C11 molecule was thought to be

an angle much flatter towards the AUNE%°. As a result, th€11 molecule lies closer

to the metal surfacewhicheffectively quenches the fluorescence simearadiative
energy transfer anccharge transfer between the pyrene close contact withthe
AuNPsare more likely to occur as compared to the €4n conflict with these results

is a previous study reported by Russell andnvookers in which the same C3Pc and
C11Pc used in the presestudy were analysed as SAMs on a planar gold suttace.
These authors observed the tilting angle to be the same for both chean2d°) but

the orientation of the Pc macrocyle was more perpendicular for the C11Pc than for the
C3Pc, leading to them being A3and 4A away from the metal surface, respeetiy. As

a result, the fluorescence from the C3Pc was quenched more efficiently than for the

longer chain, and the fluorescence became stronger as the chain length incf@ased.

In the present study, a direct comparison with the study by Russell awvdbdcers
cannot be done since, even though the phthalocyasinsed have the same structure,

the metal surface consists of gold nanoparticles rather than a planar gold surface. The
results obtained in the present study suggest that the different structure of the metal
surface affects the relative orientation adoptegt theanchorchains. The fluorescence
intensity of the C3Pc was found to be greater than the C11Pc on the surface of the
AuNPs, suggesting that the C11Pc lies more parallel relative to the gold core as
compared to the C3Pc, as speculated by Battigtiral. for the pyrenes C4 and C11
chains. Battistinet al. speculated that intermolecular interactions were the driving
force for the final orientation of the chains; and it was unrelated to the odd or even
number of carbons present in each chain. Considgtinat the fluorescence quenching

in the study by Battistiret al.and since the present study follows the same treinel,
enhanced quenching for the C11 longer chain, the present results suggest that the odd
even effect has a minimal effect as compdireo the intra and intermolecular

interactions, which is the overriding parameter deciding the orientation of the chains
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and hence the macrocyclek the present study, it is possible that the C11Pc chain will
adopt a more parallel configuration rela¢givto the AuNPs in order to maximise
interactions between the chains. On the other hand, the C3Pc chain adopts a more
perpendicular orientation due to the short nature of the chain, in which clohisn
interactions will be minimal. The presence of the RIBGhe surface of the AuNPs is
another factor to consider. Given the large size and flexible nature of the PEG chain
used in this study, it is expected that there will be minimal interaction between the
phthalocyanines and the PEG since the chains, evethélonger C11Pc, are a lot
shorter than that of the PEG. Additionally, the phthalocyanines are expected to be
2NASYUGSRoOARYOSQUWFNIOSY G GA2y NBfFGIAGS G2 2yS
dimerisation are minimised, consistent with the extion spectrumindicative of
monomeric phthalocyanine®btained for both C3RPEGAUNPs and Cl1MREG
AuNPs (se€igure 39). The closer angle in which the C11Pc lies towards the AuNPs is
an indication that the C11Pc will be more closely packed on thecudhthe AuNPs

as compared to the C3Pc. The more densely packed structure would further maximise
intermolecular chain interactions and is consistent with the estimation of the number
of C11Pc and C3Pc per AuNPs shoveedtion 3.2.2 by which more C11Rban C3Pc

molecules are immobilised on the surface of AuNPs.

To summarise, the gold nanoparticles reported in the present study are of small size
(ca.dyY AY RAIFYSGOSND YR (KdAZ I O02NRAY3I G2
quench the fluorescence of fluorophores placed nbgr° Additionally, the orientation

of the phthalocyaninesand their molecular dipoles relative to the gold core is an
important consideration. The results dattistini et al, together with the results
presented in this chapter, suggest that the C11Pc lies at a more horizontal angle
towards the gall core than the C3Pc. Therefore, the macrocycle in C11Pc is speculated
to be in a parallel orientation relative to the gold nanoparticles, while the C3Pc will be
placed more perpendicular. The parallel orientation enhances the quenching effect
seen for C1Rc due to the cancellation in the molecular dipoles of the phthalocyanine
and the AuNPs, which radiate out of phase and thus decrease the radiative rate of the
phthalocyanines23’ Furthermore, the parallel orientation of the C11Pc would cause
the C11Pc to lie closer to the gold core as compared to the C3Pc, thus facilitating

electron transfer between the C11Pc and the small AuNPs,ingat a higher
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quenching effect/ On the contrary, the perpendicular orientation of the C3Pc would
be ideal for metaknhanced fluorescence. However, the fluorescence intensity of C3Pc
on the surface of the AUNPs does not seem to be enhdurteomparison to the free
C3Pc in solution. Even though part of this quenching effect is expected to be due to the
different solvents in which the samples were dissolved, as previously discussed, it is
speculated that the small size of the nanopartialegd in this study, together with the
distance between the AuNPs atite C3Pc are enhancing the quenchafficiencyof

the phthalocyanine. The use of AuNPs of larger size should be studied in the future to

confirm whether MEF can be seen with C3Pc.

3.2.4. Spectroscopic analysis of singlet oxygen production

Results from the fluorescence analygisgether with the literature review isection
3.1.1, suggest that C3PREGAUNPs might be more efficient at producing singlet
oxygen {O,) thanthe C11PePEGAUNPS. In order to test thipossibility the prodtiction

of 1O, by each of the two systemgas spectroscopically studieirstly, the production

of 'O, was measured using the probe 9;a@thracenediybis(methylene) dimalonic
acid (ABMA). ABMA is a water solufilsrescentanthracene derivative. It seléeely
reacts with 'O, which causes the photobleaching of the probe, leading to the
formation of a norfluorescent 9,1@ndoperoxide product! The reaction between
ABMA andQ;is shown irFigure 3.5. When'Qzis present, fluorescencemission and
absorbancantensity from ABMA arguenched due to the photobleaching reamt.

The change in the spectra dvest appreciated in the fluorescence emission spectrum.

0 OH o OH
O] O
OH OH
(I o B
HO HO
(©) (0]
HO © HO ©

Figure 3.15Reaction between ABMA ari@,to give the corresponding nefiuorescent
9,10endoperoxide product. The fluorescence of the endoperoxide product is quent
compared to the initiaABMA.
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Before 'O, production was measured, ABMA was characterised using fluorescenc
spectroscopy. By doing this, the optimum conditions for excitafieh = 430nm) and
emission(l ex= 380nm)were found As explained isection 2.2.7 the phthalocyanine
samples were mixed with ABMA (2 a 0 @ ¢ K Sweré theflidbdsated at 638m
usng a HeNe laser for 4€Qin. The laser was located 8t from the cuvette. The
fluorescence emission spectrum of ABMA was recorded evemnn5To confirm that
the production of'O;is possible due to the presence of the photosensitiser in the
sample, conol PEGAUNPs were synthesised and productiont©f by these control
particleswas also measured. The results for both C1REGAUNPs and C3REG
AuNPs dissolved in MES buffer confirm fi@atis being produced, as there is a decrease
in ABMA fluorescence, typical of the photobleaching causethéyormation of the

non-fluorescent 9,1@ndoperoxide producfFigure 3.16.
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Figure 3.16. Fluorescence emission spectra of ABMA showing the quenching o
fluorescence, thus confirming the formation 4, in (A) C11PePEGAUNPs andB) C3Pe
PEGAUNPSs in MES buffdC)No quenching of ABMA is observed in the presence of cor
PEGAUNPs(D) Photobleaching of ABMA in the presence of CIRPGAUNPYi) or C3Pe
PEGAUNPgi)(1>a t O0 & | FdzyQluAzy 2F GAYST |
PEGAuUNPJjii). Error bars represent the SD (n = 3) within @®8onfidence interval.
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The maximum amountof ABMA photobleaching for each phthalocyanine was
calculatedand normalised to the concentration of BsingEquation 34.%° The values

obtained for each of the gold nanoparticle conjugates are showralyk 3.4 below.

% Fluorgz;ymt= 0Omin (% Fluorsz; nm t = M min)

% ABMA photobleaching = mmin x Pc/{M

Equation3.4. Equation used to calculate the maximum amount of ABMA photobleac!
for the gold nanoparticle conjugates.

Table 3.4. Maximum amount of ABMA photobleaching for each nanoparti

Time/min| Sample | ot O8 | % Fluokzomn | % FlUOfzm min % ABMA

5 896 +0.7 21+0.1
C11PePEG 10 100

40 AUNPs 59.0 + 2.4 1.0+0.1

5 875+7.6 25+ 1.5
C3PePEG 10 100

40 AuNPs 24.6 +12.9 1.9+0.3

The results onTable 34 show the maximumamount of ABMA photobleaching.e.,
after the first 5 min) to be 2.%for the C3P€PEGAUNPs and.2 %for the C11PPEG
AuNPs These results indicate that the photobleaching of ABMA is higher in the
presence of C3PREGAUNPs. fie use of ABMA to detect the guuction of 1O; is
usually a qualitative measurement and the fluorescence measurements csubjeet

to high errors. Taking the errors into considerati®.5 + 1.6 for C3REEGAUNPs
and 2.1 + 0.2 for C11RPEGAUNPSs the results could mean that theaximum
amountof ABMA photobleaching and thpsoduction of'O, by both systems is similar.
However, by looking at the photobleaching of ABMA over tiFigyre 3.5 D), it can

be clearly seen that the C3IPEGAUNPSs induce more photobleaching (1.9.3%) of
ABMA than the C11HeEGAUNPSs (1.8 0.1%) after 40 min, even when the errors are
taken into consideration. The higher photobleaching of ABMA in the presence of the
C3PePEGAUNPSs over time is a strong indicatitrat the C3Pé&E>-AuNPsproduce
more 'O,. In order to better understand the production é®, by both systems, the

qguantum yield of singlet oxygen was studied, as explained in the following section.
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3.2.5. Singlet oxygen quantum yields

The measurement ofO; quantum yield was analysed for the free phthalocyanines
initially, to check for possible differences between the tvphotosensitisers
Perinaphthenone was used as a reference, which is known to hssgaantum yield
of 1.0 in toluené®® The $nglet oxygen quantum yield was measungd time-resolved
luminescence. As explained section 2.2.8 the samples wer@radiated at 355 1m
using the third harmonic of a-@witched Nd:YAG laser. The luminescence was then
collected at 90° and passed through a narrow baads interference filter (1,270m).
Finally, the signal due t&), was detected by a germanium photodie, cooled with

liquid nitrogen. The intensity 30, emission @o,; mV) was plotted against the intensity

of light absorbed by the systema(ImV), which produced a calibration curve. By
comparing the slope of the curves, the quantum yield@fin the unknown samples
can be calculated. The intensity of light absorbed by the system was calculated using

the BeerLambert lawEquation 35. The results are shown Figure 3.7.

D= Y1 109

Equation3.5. BeerLambert law equation used talculate A.
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Figure3.17. (A) Example of the intensity 30, emissiorversugime for C11P¢), C3Pcii)
and perinaphthenone ii(). (B) Calibration curves for C11Pd),( C3Pc i) and
perinaphthenonei(i) used to calculate th&, quantum yields.
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FollowingEquation 36, the quantum yields were calculated and the results are shown
in Table 35.

Where:
v 1 quantum yield
ho=n Grad, n)z( ref= Reference sample
x—Vret =71 T3 x =Experimentakampl
Grad.s nrzef perimentakamples

Grad = Gradient
n = Refractive index of solvent

Equation 3.6. Equation used to calculate the fluorescence quantum yielidsthe
calibration method.

Table 35. Values obtained for th&0, quantum yields.

Sample Gradient R value unl %
Perinaphthenone 1.968 0.998 100
Free C11Pc 0.773 0.999 40
Free C3Pc 0.774 0.999 40

I’]Toluene86 =1.496

ThelO, quantum yields obtained for the free phthalocyanines in solution were found
to be 40%, the same for C11Pc and C3Pc. This result is in agreement with a previously

reported value for thé O, quantum yield of C11Pc, which was found to be/

The measumnent of 'O, quantum vyield for the AuNPs was mooemplex The
nanoparticles are dispersed in an aqueous solution, MES buffer. The presencerof wate
produces a quenching effect tife 1O, emission, thus making it difficult for the signal

to be seen spectraopically. Therefore, the t@lation of the quantum yield wanot
possible. In an attempt to solve this problem, the nanoparticles were dispersed in
deuterium oxide (BO). Following irradiation at 35%m, as previouslylescribed the
signal recorded fotO, was low for both samples. As a result, the calculation of a
numerical value for the quantum yield was not possible. The signal was recorded at
two different laser powers, 4 and 4.5 nfBigure 318). Theabsorbance intensity values

at the excitation waglength were the same for C11HPEGAUNPS (&5 nm=0.278) and
C3PePEGAUNPS (s nm=0.280). In order to confirm that the signal seen was due to
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10,, the samples were deoxygenated whklium. This confirmed that the signal was

indeed produced due té0;, as shown irFigure 318.
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Figure3.18. Intensity of'!O, emissionversustime for (i) C11PPEGAUNPs andii) C3Pe
PEGAUNPS, using a laser power @) 4 mJ or(B) 4.5 mJ.(C D) Decrease in théO,
emission signal due to the deoxygenation of CIREGAUNPKC)or C3PPEGAUNPED)
with helium.

The results ifFigure 318 GD confirm that'O; is being produced by the AuNPs, as the
intensity ofthe 'O, signaldecreases as theamples aredeoxygenated with helium
However, a numerical value for th€,quantum yield could not be obtained due to the
low signalsobserved(Figure 3.18A-B). Even though the signal &, emission in BO

is too low to obtain a value for the quantum yield, thesués suggest that both samples
producea similar amount ofO,. The'O, emission(Figure 3.18A-B) for both samples,
at the same Pc concentratipaverlap showing that the production dfO; by the two
nanoparticle samples is simildiowever, the resultare not conclusive and further

experiments should be performed.
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3.2.6. Cell viability assays

Cell viability was measured on-BR3 human breast adenocarcinoma cells using two
different cytotoxicity assays, MTT and CellFBéwe®. Initially, the MTT assay wasd

MTT (3(4,5,dimethylthiazeb-1)-2,5-diphenyltetrazolium bromide) is a reagent us®
assess cell viabiliff.MTT is water soluble angbon-toxicto the cells. In the presence

of metabolically active cells.€., viable cells), MT reduced to MTT formazan. MTT
formazan appears in the form of crystals since it is indelib aqueous media.
However, the MTT formazacan be dissolved in organgolvents such as dimethyl
sulfoxide (DMSO). The MTT molecule presents a yellow colour, whereas the reduced
MTT formazan product appears pipkirple. The absorbancepectrum of MTT
formazan can be measured between 58@0nm. The reaction scheme is shown i

Figure 319.%

CHs S)E/CHS
S _
o J< N—CH, viable cells N
N\ \ H
NN +2H N-N
Bro HBr @

MTT (yellow) MTT Formazan (pink-purple)

Figure3.19. Reduction reaction of MTT when in contact with metabolically active cell:
produce MTT formazan.

As describedin section 2.2.9 SKBR3 cells were incubated for 3 h with varying
concentrations of C11FeEGAUNPs or C3HREGAUNPS, ranging between-@ ®H p > a
of eachphthalocyanine. All samples were dispersed in sefullS S a O/ h, Qa p!
red-free medium, to avoid interferencedtween the absorbance of phenol red and that

of MTT, which overlap in the same region. A positive control for cytotoxicity to induce
cell apoptosis, consisting of a solutiongtdurosporine (ImM in DMSO) dispersed in
serum¥ NBS a O/ h, Q afrepnediunkdgiveat finaNdBnRentration of 20a

was also used®”% Following incubation with the samples, the cells were either
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irradiated at 6331m using a HeNe laser for 6 mins, or aoadiated. The results for
both C11P€’EGAUNPs and C3HREGAUNPSs are shown frigure 320.
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Figure3.20. MTT cell viability assay for 8R3 cells incubated witlfA) CL1PePEGAUNPSs
or (B)C3PePEGAUNPSs. Cells were either irradiated with a 6838 HeNe laserX orange,B
yellow) or nonirradiated @ dark cyan,B green). Staurosporine (+ve St) was used a
positive control for cytotoxicity. Error bars represent the(8B 3) within a 986 confidence
interval.

Ascan be seen ifrigure 320, neither the C11PePEGAUNPsor the C3PEPEGAUNPS
appear toproduce dark toxicity, which mearthat the AuNPs are not toxic in the
absence of light. When the samples are irradéatvith the 633 nm laser, there is a
significant difference betweenthe C11PéPEGAUNPs and C3MREGAUNPs. Cells
treated with C11P®EGAUNPSs remain viable and unharmed following irradiation. On
the contrary, theC3PePEGAUNPS induce cell death followiirgadiation. The increase

in cell death is concomitant with the increase in C3Pc concentration. These results show
that PDT withthe C3PePEGAUNPs is more efficient as comparedtbhe C11PPEG
AuNPs. However, these MTT assays show negative valuestokgity for the positive
control, +veSt. Furthermore, the samples, especially the #moadiated cells, show
high error bars. In order to eliminate these problems and confirm the results obtained
with the MTT assay, a different assay, CellTBiele® ck viability assay, was

performed.

CellTiterBlue® is a fluorescentased cell viability assay. It contains the non
fluorescent blue reagent resazurin. In the presence of viable cells, resazurin is reduced

to the highly fluorescent resorufinwhich ispink in colour. The fluorescence of
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resorufin can be measured at 58 following excitation at 560 nm. On the contrary,
non-viable cells, which have lost their metabolic capacity, cannot reduce resazurin and
thus do not generate a fluorescence sigffallhe eduction reaction of resazurito

resorufin is shown ifrigure 3.2.1%°

viable cells

@IX TS es

NADH/H" NAD*/H,0

Resorufin (pink)

Resazurin (blue) Fluorescent

Non-fluorescent

Figure3.21. Reduction reaction of resazurin in contact with metabolically active cell
produce resorufin.

SKBR3 cells were treated with the C11RREGAUNPs and C3FREGAUNPs following

the procedure previouslylescribedfor the MTT assay. The resuti§ the assayare
shown inFigure 3.2. The results from the CellTit®&lue® assay are in agreement with
those ofthe MTT assay. There is no dark toxidiby either of the nanoparticle
conjugates, C11PREGAUNPs and C3RREGAUNPSs, as cell viability remains high with
minimal cell death following incubation with the AuNPs. Furthermore, cells subjected
to PDTafter incubation with the C11PREGAUNPs are also undamaged, as no cell
death is observed. On the other hand, cells subjected to PDT after incubation with the
C3PePEGAUNPSs show increasing levels of cell death as the concentration of C3Pc is
increasedreaching up to 886 cell death. These results not only confirmed the MTT
assayresults but the assay significantlymproved signal and reduced background
noise. Thestaurosporinepositive control no longer produces negative cell viability
values and theariability {.e., the error bars) iseduced As a result, the Ceitér-Blue®
assay was found to provide results that wenere reliable than the MTT assay. The
CellTiterBlue® assay was repeated five tina@sl the results were reproducible in 4 of

the 5Srepeats.
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Figure3.22. CellTiterBlue® cell viability assay for-BR3 cells incubated witifA) C11Pe
PEGAUNPs ofB) C3PePEGAUNPSs. Cells were either irradiated with a 683 HeNe laser
(A orange,Byellow) or nonirradiated @A dark cyanB green). Staurosporine (+ve St) wi
used as a positive control for cytotoxicity. Error bars represent the SD (n = 3) withb ¢
confidence interval. Statistitly significan difference between C11RPEGAUNPs ad
C3PePEGAUNPs is indicated Byat P<0.008 and* at P<0.0001, obtained using a two
GF Af SR t{tedtdeReBeyRiOME is considered statistically significant.

Theseresults shown irFigure 3.2 indicatethat at the same concentrationthe C3Pc
conjugated nanoparticles ammore effective at producing cytotoxicifpllowing light
irradiation, as confirmed by the P values that show statistical significance between
C1l1PeéPEGAUNPs and C3HREGAUNPSs There are two possible explanations for this
observation. The first is related to the higher fluorescence quenching of C11Pc than
that of C3Pc a the surfaceof the AuNPs, as shown section 3.2.3 The cell viability
results suggest that there is an eartced production otO, by the C3P®EGAUNPS,
which leads to a more efficient PDT effect. However, gussibility could not be
confirmed since the measurement &, quantum yields, as shown Bection 3.2.5
were inconclusive. A second explanationttoese results could be thahe C3PePEG
AuNPs are better internalised by the-BR3 cells thanthe C11PPEGAUNPs.Such
increased uptakevould lead to a higheconcentrationof the C3PePEGAUNPSs inside

the cellswith a consequent greatgshotodynamic &ect. To assess the internalisation

of both C11P{EGAUNPs and C3MREGAUNPS, confocal microscopy was used, as

describedn the following section.
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3.2.7. Study of the internalisation of the AuNPs by the-BR3 cells

To confirm that the enhanceckll ceath following PDT seen fire C3PPEGAUNPS is

indeed due to a higher production &®;, the internalisation of the AuNPs by ti$

BR3 cells was studied. Internalisation studies were performed confocal laser

scanning microscopy, as explainedg@ation 2.2.11 using a concentration of 0.28a

Pc Additionally, the cell death was also visualised using propidium iodide. Propidium

iodide is a dead cell marker that intercalates with the DNA in the nucleus once the cell
membrane is broken, therefore @an only stain dead celt8! Figure 3.3 shows the

results ofSkBRo O2y G NRf OStf a Ay Odreenmedut Figukel K a O/ h
3.23 A-B) and SKBR3 cellsincubated with either C11PEEGAUNPSs Figure 3.23CGD)

or C3PePEGAUNPs Figure 3.3 EF) both before and after irradiation with a 638n

HeNelaser.

Theinternalisation of CL1IREEGAUNPs Figure 3.3 C) and C3R®EGAUNPs Figure
3.23F) at 0.23> aappearto be similar. Both types of AUNPs are efficiently internalised
by the cells, as shown by the red fluorescence demn within the cells and not in th
extracellularspace.Additionally, following light irradiation, the SBR3 cells treated

with the C11P€’EGAUNPsFigure 3.3 D) are mostly viable, as shown by the minimal
staining with propidium iodide. On the contrary, the-BR3 cells treated withthe
C3PePEGAUNPSs and irradiated with 633 nm ligitidure 3.23) show high levels of

cell death as most cells within the samples are stained with propidium iodide, and the
cell membranes appear to be disintegratddis result is a further indication @hthe
C3PePEGAUNPSs are producing mot€, than the C11R®EGAUNPs. This is because
the C11PLPEGAUNPS, which are shown to be efficiently internalised by th&B&
cells, do not lead to any cell deaths shown by the assay resuitsFigure 3.2. Tre

most likely explanation for this is that the production'@h by the C11PEEGAUNPs

is not sufficientto induce cytotoxicity. On the other hand, the CIHEGAUNPSs are
inducingup to 85%cell death at this same concentratioBontrol cells not incubated
with any AuNPs appear undamaged and are not stained with propidium iodide either
before Figure 3.23) or after igure 3.3 B) light irradiation, showing that the 638n

HeNe laser light does not induce toxicity to theEBR3 cells.
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Figure3.23. Confocal fluorescence microscopy images 6B8R cells control samplg#\-
B), incubated with C11PREGAUNPS(GD) or C3PEPEGAUNPS(EF)(0.23>a t OO0
samples were either noirradiated (A, C,E)or irradiated (B, D, F)with a 633 nm HeNe
laser. Images taken fror) DIC,2) fluorescence from C11Pc or C3Pc collected in the
OK I Y ¥S 633 ringabove 650 nig) fluorescence from propidium iodide collected |
0KS LAY | =G43Iniyf; BEwIL5 ninkandt) composite images of DIC, red chanr
and pink channel. Scale bg@sD)5> Y HB/FX10> Y @
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The C11RPEGAUNPs were incubated with ®BR3 cells at higher concentrations to
determine whether an elevated concentration could induce phototoxicity, as shown in
Figure 3.24. At a concentration of 1.2 a C11Pc, dead cells were found owbe
coverslipfollowing irradiation which was confirmed by the staining with propidium
iodide (igure 3.2 D). C11PEGAUNPSs can also induce cell cytotoxichgwever it
seems that a higher concentration is required as compared to the-BBRAUNPs.

The healthy appearance of control cells before and after irradiatiagufe 3.2 A-B)

and cellstreated with C11P®EGAUNPs but nosrradiated Eigure 3.2 O), together

with the absence of propidium iodide staining, shows that the laser does not induce

toxicity and the C11PBEGAUNPSs do not induce dark toxicity at high concentrations.

Figure3.24. Confocal fluorescence microscopy images 6BER cells control samplg@\-

B) or incubated with 1.2 a / WPEGAGNPS(GD). The samples were either ner
irradiated (A, Q or irradiated(B, D with a 633 nm HeNe laser. Images taken fronDIC,
)Tt d2NB&AaOSYyOS TNRBY [/ mmt Ou=®33tnm:3bbieBH0 nikdy
fluorescence from propidium iodide collecteff i G KS LIA Yy &= 50Krnmy 56&
615nm) and4) composite images of DIC, red channel and pink channel. Scaléh@rs

5>Y KB/@10> Y &
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3.2.8.Functionalisationof the PePEGAuUNPswith anti-HER2 antibody

The large surface area of the gold nanoparticles allows for their functionalisation with
multiple ligands. As a result, gold nanoparticles can be functionalised with biological
ligands in order to target specific types of cancer. As explaineskdtion 31.2,
between 1034 % of breast cancers are HER2 posttiv¢ER?2 positive breast cancers,
including SKBR3 cells, overexpress the HER2 receptor on their surface, which makes
them highly invasie and metastatic cancef$535°Anti-HER2 antibody (arHIER2AD)

has been previously used to target the HER2 receptor in breast caederfor

increased PDT efficady’®

Both C11PEGAUNPs and C3HREGAUNPs were functionalised with atiER2AD
viathe PEQigand. The terminal carboxyl group of the PEG ligand was conjugated to
the amine groups on the antibodyia amide coupling. The amide coupling was
performed using EDC/NHSEDC and NH&act with the carboxyl pup at the
terminus ofthe PEG, forming an-hMydroxysuccinimidyl ester at the end of the PEG
ligand. This ester then reacts with the amine groups of the antibody, creating the amide
coupling that links the antibody to the PEG and thus to the surfaceeoAtINPs. The

reaction scheme is shown Figure 3.5.102

- _ H
Cl o N7
- L
O —_ (0] (0]
M ' ]\ - \
R® OH N O N OH
. DS,
Carboxylic acid at the N
terminus of the PEG k NHS
EDC o-Acylisourea intermediate
(unstable)
(0] (0]
)J\ /R1 - 0
R™ N R1—NH; * N
H . . R~ O
Primary amine )
Stable conjugate (antibody)
(amide bond) NHS ester

Figure3.25. Reaction between the terminal carboxyl group in PEG, EDC, NHS ar
primary amine of an antibody to give the final amide bond that links the PEG ani
antibody.
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Anti-HER2Ab was conjugated to both C1lHPEGAUNPs and C3HREGAUNPSs.
Following the conjugation reaction, thuNP conjugatewere washed until no excess
unbound antibody was present. This was confirmdd U\tvis spectroscopy, by
monitoring the decreasef unbound antibody absorbancmtensity between 200

500nm in each of the washing stegBigure 326 A-B). The purified antHER2Ab
functionalised AuNPs were then resuspended in seftse McG , Qa p! 4IKSy2f

free medium andhe U\vis extinction speica were recordedFigure 3.3 Q.

4 4
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Figure 326. Decrease in absorbance intensity of the unbound antibody in the washe
(A) C11PPEGAUNPs andB) C3PePEGAUNPSs.(C) Extinction spectra of antiER2Ab
functionalised C11PREGAUNPSLi) and anttHER2AD functionalised C3FREGAUNPSii).

The number of antibodies immobilised per AUNP can be estimategclion 3.2.2an
estimation of the ratio of Pc to AuNPs was calculated and it was found that ®Ec
AuNPs containa.115 C11Pc peAuNPs while C3HREGAUNPS containa.99 C3Pc per
AuNPs. Considering the number of Pc per AuNPs and the concentration of the solutions

of the C11PFEGAUNPs and C3RREGAUNPsTable 3., the concentration of AUNPs
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in each solution can be estimate@iaple 3.9. Then, the ratio of the concentration of
anti-HER2 antibody initially used to the concentration of AuNPs in the sample can be
calculated Table 3.9, following the method reported by Obaéd al..”® The calculations
estimate that a maximum aofa. 3 andca.2 antrtHER?2 antibodies are immobilised on

the C11PPEGAUNPs and C3RREGAUNPS, respectively.

Table 36. Ratio of aniHER2 antibody to AuNPs.

Ratio Pc per | [AuNPs]/ | [Antibody]/ .
Sample [Pc]/ nM AUNP aM aM Ratio
CLIPPEG 2.40x16 115 20.87 65 3.11
AuNPs
C3PePEG
AUNPS 2.68x106 99 27.07 65 2.40

3.2.9. Targeted PDih vitro

The antHER?2Ab functionalised AuNPs were testedvitro using SKBR3 cells, in the

same manner as for the neinctionalised AuNPs as reportedsection 3.2.6 SKBR

3 cells are HER2 positive and thus it was expected that a higher amount of AUNPs would
be internalised, leading to a higher proportion of cell deM.T assays were initially
performed, but the results showed high error bars and some negative values of cell
viability for several samples, including the positive control. Therefore, as previously
usedfor the analysis of nofunctionalised AuNPs, CeliiBlue® assay was performed

to minimise error and increase accuraafythe cell viability assaylhe resultof the

CellTiterBlue® assagre shown irFigure 3.7.
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Figure3.27. CellTiterBlue® cell viability assay for-BR3 cells inabated with (A) anti-
HER2Ab-C11PePEGAUNPs or(B) anti-HER2Ab-C3PePEGAUNPs. Cells were eithe
irradiated with a 633 im HeNe laserX orange,B yellow) or nonirradiated @ dark cyan,
B green). Staurosporine (+ve St) was used as a positive cont@yjtfipxicity. Error bars
represent the SD (n = 3) within a 9%bconfidence interval.

Following irradiation with a 638m HeNe laser, cells treated with either ahtiER2Ab-
C1l1PéPEGAUNPSs(Figure 3.27A) or anttHER2Ab-C3PePEGAUNPS(Figure 3.27 B)
show a high degree of cell deathsignificantimprovementof cell phototoxicityfrom
the results seen with the nofunctionalised AuNPsF{gure 3.2, section 3.2.6.
Additionally, the levels of cell death are similar for atER2Ab-C11PPEGAUNPS and
anti-HER2Ab-C3PePEGAUNPS, both showing cytotoxicity in up to ®Pof the treated
cells. These results indicate that ahlER2AD is effectively targeting the HER2 receptor
on the surface of the SER3 cells. As a resylktytotoxicity followingPDT treatment is
increased from @ with 0.25 a / MPE®AGNPs Figure 3.2 A) to 99% with
0.25> a |-HER2Ab-C11PePEGAUNPsKigure 3.7 A); and from 8%% with 0.23> a
C3PePEGAUNPsKigure 3.2 B) to 99% with 0.23> a  FHER2Ab-C3PePEGAUNPS
(Figure 3.7 B).

On the other hand, the cells incubated with the arER2Ab functionalised AuNPs
but not subjected to PDT treatmentd., not irradiated with light) show different
results forthe C11Pc andhe C3P@hotosensitisersDark toxicity in th cells treated
with anti-HER2Ab-C11PéPEGAUNPs(Figure 3.Z A) is negligible. However, cells
treated with anttHERZ2Ab-C3PePEGAUNPYFigure 3.Z B) show increasing levels of

dark toxicity with increasing concemtion of C3Pc. Isection 3.2.2 an estimation of
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the ratio of Pc to AUNPs was performed. It was estimated that there woutdhldEL5
C11Pc per AuNP amd.99 C3Pc per AuNP. As a result, at the same concentration of
phthalocyanine, the C3HREGAUNPs sample contains more AuNPs thaa @11Pc
PEGAUNPs sample. The higher amount of gold nanoparticles internalised by the SK
BR3 cells could lead to the increase in dark toxicity sedfignre 3.2 B. These results
suggest that, even though both nanoparticle systems induce the same lefels
cytotoxicity €a.99 %), aniHER2Ab-C11PéPEGAUNPSs should be used in preference

since they do not induce any dark toxicity.

The results indicate that the ariER2Ab functionalised AuNPs are internalised by SK
BR3 cells more readily and in incresamounts than the noffunctionalised AuNPs.

In order to confirm that this increased uptake is due to the specific interaction between
anti-HERZ2Ab and the HER2 receptor overexpressed on the surface-BR3Kells, an
InCellELISA was performed. InCELISA is a type of indirect ELISA used to assess
protein levels on the sdiace of cells. During an InCELISA, the cells are immobilised
on 96well microplates. An antibody, selective to the receptor in question, is then
added to the cells. The antibodyill bind to the free receptors on the surface of the
cells. A secondary antibody bound to HRP is then added, which will bind to all the
primary antibodies already immobilised on the surface of the cells. Interaction of HRP
with a substrate such as 2 opX@rpnzethylbenzidine TMB leads to the
development of a coloured solution, with an absorbance intensity at B0
proportional to the amount of antibody bound to the cells, and thus to the amount of
receptor present on the surface of the cells. In thiady, the interest relies on the
specific receptomediated endocytosis of the aARHER2Ab functionalised AuNPs.
Therefore, prior to addition of the antiiER2 primary antibody, the cells weetreated

with the anttHERZ2Ab functionalised AuNPs forh3 This treatment leads to the
targeting of HER2 receptors on the surface of the cells, which will no longer be available
for the primary antibody during the ELISA. As a rethdtcells treated witithe anti
HERZ2Ab functionalised AuNPs should produce a logignalat 450 nmas compared

to untreated cells or cells treated with ndonctionalised AuNPs, in which all the HER2
receptor sites on the surface of the cells are free. The values obtained can be

normalised to cell number in each sample by using theletell stain Janus Green.
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Janus @en stains whole cells and gives an absorbance value at 615 nm, which is

proportional to the number of cells in the sample. The results are showigure 328.
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Figure3.28. InCell ELISA for the detection of the HER2 receptor on the surfaceBiR St
cells.(A) Absorbance at 458m representing the amount of HER2 receptor present in e
sample. (B) Absorbance at 61Bm representing the number of cells per samp(€)

Normalsed value of HER2 receptor per cell number in each sample. Untreated reft
OStfa 2yfte GUNBIGSR gAGK alO/ h, Qa p! -PEGI
AuNPs and C11MREGAUNPSs, respectively; AB3 and AKC11 refer to cells treated witt
anti-HER2Ab-C3PePEGAUNPs and antHERZAb-C11PPEGAUNPS, respectively. Errc
bars represent the SD (n = 3) within a¥%®=onfidence interval.

Figure 328 shows the change in HER2 protein expression when the cells are treated
with the antrtHERZ2AD functionalised AuNPs relative to untreated cells. For those
samples treated with aMHER2Ab-C3PePEGAUNPS there is a 34 reduction in HER2
expressionFigure 3.280). For samples treated with arRER2Ab-C11PePEGAUNPS
there is a 38 % reduction irBR2 expressidffrigure 328 O). These results suggetsiat

the anttHERZ2AD functionalised AuNPs abending tosome of the HER2 receptor sites
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on the cell surfaceOn the other hand, the change in samples treated with either of the
non-functionalised nanparticles, C3RPEGAUNPs or C11FREGAUNPS, is negligible
(Figure 3.280). These resultsuggesthat the anttHER2Ab functionalised AuNPs are
internalised by the cellsia receptormediated endocytosis, which leads to a higher

nanoparticle uptake and thus more efficient photodamage.

3.2.10. Confocal microscopy study of targeted PDT

The uptake and PDT effect of the nanoparticles irBBR cells was studied using
confocalmicroscopy to evaluate the differende internalisation before and after
functionalisation of the AuNPs with afiER2 antibody. The phthalocyanines were
dzZaSR |4 | O2yOSYy iGN} A2y 2F nodmvmpeathor aAyOS
targeted PDT wahigh in both systems with minimal dark toxicity, either containing
C11Pc or C3Pc (sd¢agure 327). The cells were treated with the arfiER2Ab
functionalised and noffiunctionalised AuNPs for I8 and subsequently washed to
eliminate all the norinternalised nanoparticles, asdescribedin section 2.2.11
Confocal microscopy images were then taken either right after incubation with the
AuNPs (0 h) or 19 h after incubation with the AuNPs. During those 19 h, the cells were
kept in an incubator at 37 °C under &bCQatmosphere. As reported section 3.2.7
propidium iodide was used to stain dead cells. The results are shokigure 329 for

the control sampleskigure 3.8 for the samples treated with C11HREGAUNPs and
Figure 331 for the samples treated ith C3PePEGAUNPS.
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Figure 3.29. Confocal fluorescence microscopy images oB8R cells control samples
incubated with serurf NBS a O/ h, Q& p! YSRAdzY ¥F2NJ-
irradiated and imaged right after incubation with the mediu#), nonrirradiated and
imaged 1% following incubatior{B)or irradiated with a 633 nm HeNe laser 19 h followi
incubation(C) Images taken froml) DIC,2) fluorescence collected in the red chann
0 =633 nm; above 650 nm3) fluorescence from progiium iodide collected in the pink
OK I Y 5543 rims56@15 nm) andt) composite images of DIC, red channel and p
channel. Scale barsbY ®
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Figure3.30. Confocal fluorescence microscopy images eBBR cells incubated with nen
conjugated (A-C) or anttHERZAb conjugated (D-F) C11PPEGAUNPS, either non
irradiated and imaged right after incubation with the AuNRsD), norirradiated and
imaged 19 h fbowing incubation(B, E) or irradiated with a 633 nm HeNe laser 19
following incubation(C, F). Images taken from1) DIC, 2) fluorescence from C11P
02ttt SOUSR AY a68SnmNdbdve 66KnhE)fifiddescenicefrom propidium
iodidecolled SR AY (1 KS «EI548 hm; 866615y Suich) abmposite images
of DIC, red channel and pink channel. Scale bar&sp
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Figure3.31. Confocal fluorescence microscopy images eB8R cells incubated with nen
conjugated/A-C)or anttHER2Ab conjugatedD-F) C3PPEGAUNPS, either noirradiated

and imaged right after incubation with the AuNgs D), nonirradiated and imaged 19 t
following incubation(B,E)or irradiated with a 633 nm HeNe laser 19 h following incubat
(C,F) Images taken fromt) DIC,2) fluorescence from C3Pc collected in the red chan
0 &= 633 nm; above 650 nmd) fluorescence from propidium iodide collected in the pil
OK I Y S 543 mins 56615 nm) andt) composite images of DIC, red chanaet! pink
channel. Scale barsbY @
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It can be seen from the images shown above, for both C{EiBare 3.8) and C3Pc
(Figure 3.3), that the functionalisation with aliHER?2 antibody greatly enhances the
uptake by SIBR3 cells. Additionally, the anRHHER2 antibody functionalised AuNPs are
initially locatedaround the cell membranéollowing a 3 h incubation period{gure
3.30D andFigure 3.31D). As time progresses (up to 19 h after incubation), the AUNPs
appear to be in specific locations within tlells, most likely the acidic organelles
(Figure 3.3CEand Figure 3.31F). The AuNPs are shown to induce no dark toxicity as
non-irradiated samples are not stained with propidium iodide awd thus viable.
Furthermore, it can be seen that, at this concentration of 018 E11PPEGAUNPS
only induceccytotoxicity after light irradiation when the antibody is used to target the
SKBR3 cells in accordance with the cell viability results showrfFigures 3.2 and
3.27. For the 0.15> a  / -BBEGAUNPS, targeting the cells with the antibody highly
increased the photodynamic efficacy and cell death, as showigure 3.Z. However,
prior to antibody conjugation, the C3/EGAUNPs at0.15a @ SNB | £ NS R& |
induceca.60% cell death, as shown by the cell viability assaysKspee 3.2). The
confocal microscopy images here reported for theBFR3 cells treated with 0.15 a
C3PePEGAUNPSs following irradiationF{gure 3.3 C), show viable cells not stained
with propidium iodide. During the confocal microscopy experiments, this coverslip is
populated with ca. 40% viable cells and¢a. 60% dead cells (se€igure 3.22.
Therefore, it $ easy to find viable cells within the sampléhese results further
confirmed the cell viability results seengactions 3.2.6and3.2.9 Therefore it can be
confirmed that the functionalisation of the AuNPs with adER2 antibody increases
the internalisation by the SBR3 cells and thus leads to higher levels of cell death for

both the anttHER2Ab-C11PPEGAUNPSs and the artiER2Ab-C3PePEGAUNPS.

3.2.11. Colocalisation studies

The location of the gold nanoparticles functionalised withi4dER2 antibodyvithin

the cells was further studied using confocal microscopy by investigating the

O2ft 20Kt Aal A2y 6AGK (GKS | OARAO =288EIlySttS
[@a2{ Sya2Nux DNBSY Aa | Tfdz2NBaoOSyildeyz2t SOd

the cells, namely the lysosom&8The colocalisation studies were perfogthusing the
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ant-tHER2 6 Fdzy OQliA2ylf AaSR !dbta |4 nomp >ad C
HER2Ab-C11PeéPEGAUNPr the anti-HER2AbL-C3PePEGAUNPS for 3 h and removal

of the noninternalised AuNPs by washing, the cells wiarther incubated between 0

19ho ST2NBE UNBI GYSYld 6AGK [2az2{Syaz2zNu DNBSyYy
19 h after nanoparticle treatment that the nanoparticles were located in the acidic
organelles, as shown iRigure 3.2 by the partial colocalisation between the red
fluorescence from the functionalised AuNPs and the green fluorescence from the
[2a2{ SyYyaz2Nux DNBSy® / 2yl NER Figue8S®RA) GhowtRel Ay Odzo
IAINBSY Ftd2NBaOSyOS FTNRY (GKS [@&az2{Syaz2zNkx DN
treated with the anttHER2Ab-C11PePEGAUNPSs Kigure 3.2 B) and the antHER?2
Ab-C3PePEGAUNPSs Figure 3.2 O clearly show that the red fluorescence from the

AuNPs Kigure 3.2 B-C 2) is in the same locations as the green fluorescence from

[ @& 2{ Sy a2 Ngure I3RBGS ¢). The colocalisation of the green and red

channels suggests that the atER2AD functionalised AuNPs are located in the acidic

organelles inside the cellse.,the lysosomes.

Figure3.32. Confocal fluorescence microscopy images eBBR cells control samplg®,),
incubated with anHER2ABL-C11PePEGAUNPYB) or anttHER2AB-C3PEPEGAUNPYC)
Images were taken 19 h following incubation with the AuNPs. Images takenljrDme,
2D)FE d2NBaAOSYyO0S FTNRY [/ mmt O 2 NJ &=0683nm;CGapdve
650nm),3) Tt d2NBaOSyO0OS FTNRY [&a2{Syaz2Nk N
458nm; 475525 nm) and4) composite images from DIC, red and green channels. £
bars 5> Y &
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3.2.12. Toxicity and PDT effect in n@mancerous mammary epithelial cells

In order to fully compare the photosensitisers C3Pc and Cligediag their PDT
efficacy, it wa important to testhese nanoparticle conjugates usiaghoncancerous

cell line. The MGEOA cell line consists of nezancerous human fibystic mammary
epithelial cells'® Therefore, these cells can be used to assthe effect of the AUNPs

on healthy neighbouring cells. The cells were treated with the AuNPs following the
procedure developed for the SBR3 cancer cell line. The AuNPs, both fwomjugated

and conjugated with ariHERAD, were tested, as shown Figure 3.33.
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Figure3.33. CellTiterBlue® cell viability assay for MOBA cells incubated wittA) C11Pe
PEGAUNPs(B) C3PePEGAUNPs(C)anti-HER2Ab-C11PéPEGAUNPs andD) anti-HER?2
Ab-C3PePEGAUNPSs. Cells were either irradiated with a 683 HeNe laser (green) or non
irradiated (orange). Staurosporine (+ve St) was used as a positive control for cytoto
Error bars represent the SD (n = 3) within @&88onfidence interval.
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Both the nonconjugated C11PEEGAUNPs and C3MRREGAUNPS Figure 3.3 A-B)
produce minimal damage to the cells following incubation, even at the highest
concentrations. All samples, before and after irradiation at 688 show high levels of

cell viability. This suggests the AuNPs are not being internalised by theancerous

cells and thus o cell damage is observed. Further studies to investigate the
internalisation pathway followed by M&®Acells should be performed to understand
why MCFLOA cells do not internalise the functionalised AuNPs as readily as the
cancerous SBR3 cellsHoweer, when aniHER?Z2Ab is conjugated to the AuNPs, the
results aresignificantlydifferent, especially for the antiER2Ab-C3PePEGAUNPS. The
HER?2 receptor is expressed in normal healthy cells in lower amounts than cancerous
cells, as it is involved in lkgrowth and differentiatiorf® As a result, it is expected that

at high concentratias, some of the AuNPs will ekenup by the MCFLOA cellsvia
receptormediated endocytosis facilitated by the presence of the HEB2ptor on the

cell surface. This is the case for dHER2Ab-C11PPEGAUNPS, as seen kifigure 3.3

C Whenthere is no irradiationthe cells show high levels of viability, even at the higher
concentrations. However, ondde 633nm light isused to iradiatethe samples, the

cells die as the caentration is increased. This confirtie hypothesis that the HER2
receptors on the surface of the healthy cells are facilitating the internalisation of the
AuNPs. For anrtiER2Ab-C3PePEGAUNPS, the cellsrekilledat concentrations as low

Fda nony >a3xX S@OSY 6A0GK2dzi f A HERRADXINISPCRA I (A 2y
PEGAUNPSs not only increases the internalisation by the healthy cells, but it also makes
the AuNPs toxidor healthy mammary celleven atlow C3Pc concentrationg.he
difference in dark toxicity between arER2Ab-C11PPEGAUNPSs and artHER2ADL-
C11P&PEGAUNPSs could be related to the higher amount of AUNPs for theHER 2
Ab-C3PePEGAUNPs at the same concentration as dtER2Ab-C11R-PEGAUNPS, as

explained irsection 3.2.9

These results, together with the cell viability results reportedseations 3.2.6and
3.2.9 suggest theC3PePEGAUNPSs are superior phototoxic agents than theélPe
PEGAuUNPs.Neither of the two types of nanoparticles are toxic for healthy cells.
However, C3RPEGAUNPs inducgfar more cancerous cell death following PDT than
C1l1P&PEGAUNPS, as shown Figure 3.2. On the other hand, when arHER?Z2Ab is
conjugated to the AuNPshe C11PPEGAUNPSs respond better thaime C3PePEG
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AuNPs. This is because while both types of nanoparticles induce high levels of
cancerous cell death following PSeeFigure 3.27, the anttHER2Ab-C11PePEG
AuNPs do not damage healthy cells, as oppoeehd anti-HER2Ab-C3PePEGAUNPS,

whicharetoxicevenat low concentration§0.08>a / ot O0

3.2.13. Studies of cell viability9 h after incubation

As seen irsections 3.2.1Gand 3.2.11, the AuNPs are initially located around the cell

membrane and it isnot until 19 hfollowing incubation that they locate in the acidic

organelles inside the cells. To study whether the phototoxic effects waaid greater
efficiencywhen the AuNPs are located in the lysosomes, a CelTiferdzZSu OSft t @A ¢
assaywas performed in which the cells were irradiated botimmediately after

incubation with the AuNPs, as previously performedeations 3.2.6and 3.2.9, and

19h following incubation with the AuNPs$:ollowing irradiation, the cells were

incubated forca. 48h prior to measuring cell viabilityThe concentratios of the
phthalocyanines were 0.16 afor C11Pcand0.15a F¥2NJ / ot O®

Figure 3.3 shows the results for the SBR3 cells treated with C11HeEGAUNPS
(Figure 3.3 A-B) and C3RPEGAuUNPsKigure 3.3 GD). When the cells are irradiated
immediately afterincubation with the nanoparticled=gure 3.34A,0 the results are
similar to those shown isections 3.2.6and 3.2.9. There is minimal dark toxicity in all
samples. Furthermore, the nanoparticles not ¢tionalised with antHER2Ab only
induce cell death when they contain C3Pc but not Cl&fen with the slightly lower
concentration of 0.15 avs0.16>a F2NJ / ot O | YR .WhemtheddD> NBaL
nanoparticles are functionalised with afiERAD, cell @ath reaches 99 % cell death

in both cases. On the other hand, when the cells are irradiated 19 h following
incubation with the nanoparticled={gure 3.34B,D) the results are differentNo cell
death is seen when the nanoparticles are not functionaliseth \anti-HERAD, for
either the C3Pcor the C11Pc. Additionally, when the cells are treated with
nanoparticles functionalised with aRtiERAD, either containing C3Pc or C11Pc, the cell

death is considerably less than when irradiation is perfornmadhediakly after
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nanoparticle incubation. Cell death only reaches up t&®&tr both C3Pc and C11Pc,

a considerable difference to the 99 cell death that was seen previously.
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Figure3.34. CellTiterBlue® cell viability assay for-BR3 cells incubated witl{A-B) anti-

HER?2Ab functionalised and nefunctionalised C11PREGAUNPs (0.16 a / mm(iGO0 2 NJ
D) anti-HERZ2Ab functionalised and nefunctionalised C3PEEGAUNPs (0.15a / o

Cells were either irradiated with a 63Bn HeNe laserA-B orange,CGD yellow) ornon-

irradiated @A-B dark cyanGD green). Irradiated samples were either irradiated 0AhQ@

or 19h (B, D) following incubation with the AuNPs. Control are samples not incubated

any AuNPs. Staurosporine (+ve St) was used as a positive contrabfioiicity. Error bars

represent the SD (n = 3) within a 9%bconfidence interval.

The lower cell death values seen in thre vitro experiments when the cells are
irradiated 19h postincubation could be related to the localisation of the AUNPs inside

the cells. As shown fRigures 3.8-3.32, the AuNPs are internalised by the cells and are
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then encapsulated in the lysosomes, duringe ti9h following incubation. The
localisation of the AuNPs in the intracellular space enhances the cell destruction as
opposed to the localisation inside the lysosomes due to the small radius of action of
10, in the cytoplasm da. 10-55nm).19%:1% When the AuNPs are located in the
lysosomes, the radius of action &, allows for the destruction of the lysosomes.
Following destruction of the lysosomes, the AuNfesraleased into the cytosol, where

the production of*O, can lead to the destruction of the whole cell. Therefore, the cell
viability of the SHBR3 cells treated with the functionalised AUNPs and irradiate¢h 19
following incubation should be monitoredare than 48h after irradiation, in order to

give sufficient time for the AuNPs to be released from the lysosomes and kill the cells.
This mechanism has been reported by Berg andvarkers for the destruction of
tumour cellsvia photochemical internalisan (PCI}°”11° During PCI, an antiancer

drug is encapsulated in the ysomes, which are surrounded by photosensitisers.
Activation of the photosensitisers by light irradiation leads to the destruction of the
lysosomes and thus the release of the atdincer drug into the cytosol, which is then

used for cancer therapyf’1°

3.2.14. ApoToDf 2 ¢ NRALX SE Faale F¥2NJ OStf RSIGK Y

The ApoToD t ZI'mplex assay was performed to study the cell death mechatiiamn

the SKBR3 cells undergo following PDT with the aREERZAb conjugated and nen
conjugated C11PBEGAUNPs and C3HREGAUNPsThe triplex asay measures three
components:cell viability cell cytotoxicity and apoptotic response. Cell viability is
measured using a cglermeant peptide substrate, G&-C. GRFC goes into living
cells andis cleaved by protease activity, creating a fluorescent signal which can be
measured at 50mm following excitation at 40@m. On the other hand, GAFC
becomes inactive in the presence of dead cells due to the breakage of the cell
membrane which inactivateshe live-cell protease. Cell cytotoxicity is measured using

a cellimpermeant peptide substratepisAAFR110. BAAFR110 measures the
protease activity that has been released into the culture medium by dead cells
following breakage of the cell membrane. This reaction produces a fluorescent signal

that can be measured at 520n following excitatiorat 485 nm. BiAAFR110 is unable
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to recognise healthy cells because their cell membrane is intact. The viability and
cytotoxicity component of the assay thus act in a ratiometric manner. When the
viability fluorescence values are high, the cytotoxicitypfescence values should be
low andvice versaThe apoptotic response of the cells is measured using a substrate
for caspase 3/7. Both caspases 3 and 7 become active and promoteoajsop
Therefore, measuring thactivity of these caspasds an indicatin of apoptosis in the
sample. The caspase 3/7 subs&aiontains an aspartatglutamatevaline-aspartate
tetrapeptide sequenceknown as DEV,vhich is cleaved upon reaction with the active
caspases. The final product, aminoluciferin, produces a luminéssignal that is
proportional to the amount of caspase activity and thus to the apoptotic response in

the samplet!t

Initially, as explained isection 2.2.14 the triplex assay was performech. 48 h
following PDTresults not shown)to mimic he experiments in which cell viability was
assessed through MTT and CellFBéne® assays. Staurosporine was used as a positive
control for cytotoxicity that follows the apoptotic pathwdyThe assay did not show

the anticipated results as they did not agree with the previous assay results
Additionally, the cytotoxicity and apoptosis components produced unexpected results
since the positive control did not show high levels of cell cytotoxicity or apoptosis, even
though staurosporine is a wethown apoptosis inducer. The unexpected results
obtained could be related tthe postPDT incubation period of 48 h. The biomarkers
for cytotoxicity and apoptosis are prone to degradation over time. As a result, the
cytotoxicity protease activity can be degraded by the time the assay components are
added, which would lead to an underestimation of the cytotoxicity levels within the
sample. This is also true for drugs that induce-cgtle arresti(e., antiproliferative
effects). During the cellycle arrest, not only cytotoxicity is underestimated, laigo

the caspase activatiomight be underestimated'? These effects are exacerbated
when the drugs induce necrosis, which is a-faging cell death pathway. In an attempt

to avoid these problems and obtain better results for the triplex assay, the incubation
period postPDT was decreased from 48 h to 4The resultsfor the ApoToxD f 2 u
Triplex assay performedipostPDTare shownin Figure 3.3 Afor cells treated with
C11PePEGAUNPs andrigure 3.3 B for cells treated with C3PEBEGAUNPS. In the

viability componentEigure 3.5 1)), the untreated contl cells are viable whereas the

155



cells treated with the positive control show low levels of viability, as expected.
Additionally, the samples treated with the functionalised AuNPs are all shown to induce
cell death following PDT. However, the cell deathugaldo not agree with previous
results found from the cell viability assays reportedsections 3.2.6and 3.2.9
Furthermore, the dark toxicity for the aRHER2Ab-C3PePEGAUNPS appears to be
significantly high, leading to cell death similar to thedieded sample. This result also

disagrees with those previously reported (d&gure 327).

The cytotoxicity component of the assdyiqure 3.35 2)still provides results that are
difficult to explain, as shown by the absence of fluorescence in the sanygated

with the positive control staurosporine, which is expected to induce the highest values
of cytotoxicity. The fact that the cytotoxicity component is producing low fluorescent
values for most samples could be an indication that the cells arecéeitaycle arrest
following PDT. The apoptosis component of the assague 3.35 3) shows a
significant improvement after reducing the peBDT incubation time to K, since the
positive control has the highest values of luminescence of all samplessafigles
treated with the AuNPs show much lower levels of luminescence, especially those
treated with the anttHER2 Ab functionalised AuNPs. The lower luminescence values of
the AuNPdreated cells are a possible indication of cell death occurvilaga nan-
apoptotic pathway, such as necrosis. However, a firm conclusion cannot be reached
since the results of the assay were difficult to interpret and did not agree with the

previous CellTiteBlue® assay results.
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Figure3.35. ApoToxD f 2 1 ¢ N LJ SBR3 delts intuBatedrviitih) apthHER2Ab
conjugated and nowonjugated C11PBEGAUNPs (0.16 a / m M (BCanti-HERRAD
conjugated and nosmonjugated C3REEGAUNPs (0.16 a [/ ot OO0 ® / Sf
irradiated with a 633 1m HeNe laserX orange,B yellow) or nonirradiated @ dark cyanB
green). The cells were treated with the triplex assay 4 h following @DFluorescence
from the GFAFC substrate giving the cell viability valu@3,Fluorescence from bisAF
R110 substrate giving the cell cytotoxicity values €g)d.uminescence from the Caspat
3/7 substrate giving the values for apoptosis. The sampl&dNPs refers to samples nc
incubated with any AuNP used as the reference negative control. Staurosporine (+
was used as a positive control for cytotoxioiig apoptosis. Error bars represent the £
(n= 3) within a 9846 confidence interval.
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3.3. Conclusions

In this chapter, two zinc phthalocyanines, differing in the length of the carbon chain
that connects the macrocycle to the sulfur atom, were compared. C11Pc has a carbon
chain consisiting of 11 carbon atoms, whereas C3Pc consists of only 3 carbon atoms.
Gdd nanoparticles were synthesised and functionalised with a mixed monolayer of
PEG, to provide aqueous solubility to the systémgether witheither C11Pc or C3Pc.
Gold nanopatrticles functionalised with C1IPEG (C11HeEGAUNPS) had an average

size 0f3.41 £+ 1.16wm. Gold nanoparticles functionalised with C3HeG (C3HREG

AuNPs) had an average size of 3.83 + 0.99 nm.

The fluorescence of C1IHPEGAUNPs and C3MREGAuUNPs was analysed and
compared to the fluorescence of the free ligands in solutiore flinorescence of the

free ligands was found to be more intense for the C11Pc as compared to the C3Pc. On
the other hand, when the ligands are on the AuNPs, the fluorescence intensity was
greater for the C3RPEGAUNPs. To confirm this result, the fluoresace quantum
yields were estimated and they were found to be 4.8 % for free C11Pc, 2.6 % for free
C3Pc, 0.2 % for C1IPEGAUNPs and 0.42 % for CIPEGAUNPS. These results were
rationalised by consideration of the interactions between fluorophores aretam
nanoparticles. The quenching of the fluorescence of both C11Pc and C3Pc when self
assembled on the surface of the AuNPs, is due to the small size of the nanoparticles, as
explained by the RP mod®.The fact that C3PEEGAUNPs experience less
fluorescence quenching than ClHPEGAUNPs was probably related to the
orientation and thedistance between the fluorophore and the AuNPs. The enhanced
quenching present for the CPt could be explained by therientation of the
phthalocyanine molecules in respect to the AuNPs. dientation of the longer C11
chain is influenced by the important chagchain intermolecular interactions taking
place. As a result, it is possible titae C11 chain will be oriented at an anghere
parallelto the gold core, such that the C11Pc molecule lies more horizontal with respect
to the AuNPs. By contrast, the ¢hahain interactions in the C3Pc will be minimal due

to the short nature of the chia. Therefore, it is possible that the C3 chain will be
oriented more perpendicular relative to the AuNH$ie relative orientations of the

phthalocyanines in respect with the nanoparticles has an effect in their fluorescence
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properties. The parallel orig¢ation in which the C11Pc is speculated to be positioned

f SFRa G2 (0KS LKOKFIf20elryAySQa Y2t SOdzZ I NJ RA
out of phase, thus decreasing the radiative decay of the fluorophbfdie angles at
which the chains are positioned influences how close the phthalocyanines will be to
the gold core. In the present study, it was speculated tie C11Pc molecule lies
closer to the gold core, which could explain the higher quenching effect observed,
mainly due to electron transfer between C11Pc and the AuRRshe other hand, the
C3Pc molecule is speculated to be oriented in a perpendictikmtation, which allows

for the enhancement of the radiative decay rate of the fluorophore. Even though the
perpendicular orientation of the C3Pc is ideal for MEF, the absence of fluorescence
enhancement seen in the present study could be related to tmalssize of the
nanoparticles, which are strong fluorescence quenché&isese results opened the
possibility for an increased production &, by C3PEGAUNPs. Analysis of the
production of!0Q, with ABMA indicated that C3FREGAUNPSs produced mor€; than

the C11PPEGAUNPS. To confirm these results, the quantum yieléefproduction

for both nanoparticle conjugates was analysed. Unfortunately, the AuNPs were
dissolved in an aqueous solvent, which leads to the quenching of@hesignal.

Therefore,it was not possible to estimate a value for tf@ quantum yields.

In vitro studies of both C11PREGAUNPs and C3MHREGAUNPs in SBR3 human
breast adenocarcinoma cells showed a great difference between the two systems.
While C11P®EGAUNPs do not stw any cell death after irradiation with a 638n
HeNe laser, C3FREGAUNPs shows high levels of cell cytotoxicity, which increase with
increasing concentration of C3Pc. Additionally, internalisation by th8FR&Kcells
proved to be similar for CLIRREGAUNPs and C3MRREGAUNPSs, as shown by confocal
microscopy. These results further support the idea that there is an increased
production of !0, by the C3P®EGAUNPs.However, in order to confirm that the
internalisation of both nanosystems by the-BR3 cells is the same, a quantification
experiments should be performed, such as flow cytomdiryitrostudies in MCAOA
human mammary epithelial cells showed no ot for neither CL1RPEGAUNPS nor
C3PePEGAUNPSs. Thereforeahe C3PPEGAUNPs wee shown to be optimahs they

induce high cell kilh cancer cells and no damageltealthy cells.
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Anti-HERZ2Ab was used to target the overexpressed HER2 receptor osutiace of
SKBR3 cells. AntHERZ2Ab was conjugated to the terminal end of the PEG in both
C1l1PéPEGAUNPs and C3MREGAUNPsvia EDENHS couplingn vitro studies in SK
BR3 cells showed a marked improvement in the rate of cell death by both AuNPs
sydems due to the presence of the artfiER2Ab. The difference between afrtiER2
Ab-C11PePEGAUNPs and antHERZ2Ab-C3PePEGAUNPs was minimal, as both
systems led to similar levels of cell death 89 following PDT. Confocal microscopy
studies of antHER-AD functionalised AuNPs to investigate uptake and PDT confirmed
the previous results. The afiER2Ab led to higher levels of internalisation as
compared to the noffunctionalised AuNPs. Additionally, it was found that the -anti
HER?2ADb functionalised ANPs colocaligkwith the acidic organelles inside the cells
19h after incubation. Studies in M@PA cells showed high levels of cytotoxicity
before and after irradiation for arHHER2Ab-C3PePEGAUNPS whereas there was
minimal photodamage when arHER2AB-C11PPEGAUNPS were used. Therefore,
anti-HERZ2Ab-C11PePEGAUNPswere found to bepreferred as they induce efficient

cell kill in cancer cells while leaving healthy cetlaffected

The ApoToDf 2u ¢ NRALX SE | aaleé ¢ & LISNHEh@ay) SR
followed after PDT. An indication that the cells foll@avnonapoptotic cell death
pathway,i.e.,necrosiswas oliained. However, these results wenot conclusive since
several components of the assggveunexpectedresultsand were not in agrement

with the other assay resultd-urther studies to evaluate the cell death mechanism
followed by the SBBR3 cells after PDT treatment with the C1IPEGAUNPs and C3Pc
PEGAUNPSs should be performed.

In this chapter, the use of an antibody to targethst cancer cells was found to

significantly increase the internalisation and PDT efficacy of the functionalised AuNPs.

The use of other types of ligands to target specific receptor overexpressed on the
surface of cancer cells has been explored, incluthieguse of carbohydrates, lectins
and aptamers, as explainedGhapter 17°113115The use of a carbohydrate, lactose, as

a potential targeting ligand to improve the PDT efficacy in breast cancer cells will be

explored inChapter 4.
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Chapter 4

Targeted photodynamic therapy of breastincercells using

lactosephthalocyanine gold nanoparticle conjugates

This chapter describes the use of a carbohydrate, lactose, as a targeting agent for the
selective uptake of gold nanoparticles functionalised with a zinc phthalocyanine for

photodynamic therapy of human breast adenocarcinoma cells.

4.1. Introduction
4.1.1. Aberrant glycosylation in cancer

Glycobiology has become an important field of study in cancer reséarch.
Carbohydrates @& organic structures widely found in natuteThe most basic
structures of carbohydrates, monosaccharides, can be linkaglycosidic bonds to

form more complex structures, oligosaccharides and polysaccharides also known as
glycansg®® Glycans are not encoded by the genome. Instead, the enzymes
glycosyltransferases and glycosidases catalyse the biosynthesis of glycans, which then
lead to the formation of glycoproteins and glycolipidsGlycans and proteins can be
either N-linked, when the glycan is bound to the amide group of an asparagine residue
on the protein, orO-linked, when the glycan is bound to the hydroxyl group of serine

or threonine residues orthe protein235¢ Additionally, glycolipids are createda
sphingolipids, when the glycans are linked to lipid ceramidéherefore glycans are

expressed in a specific pattern on the surface of all éélls.

The surface of all cells also expresses otaebohydraterelated moleculesknown as
lectins. Lectins arearbohydratebinding proteins that recognise glycans in a specific
mannervia their carbohydraterecognising domains (CRBS$Y.Lectins preferentially
bind those carbohydrates found on glycoproteins and glycolipids, natural
polysaccharideswith dissociation constants {Kin the nanomolar range. However,

they can also bind free carbohydrates but this interaction is weakger @&. 104 M).

167



The multivalent nature of the lectiparbohydrate interactions allows for multiple weak
binding thatcan induce high overall affini&#1° Even though there is not a generally
accepted classifation for endogenous lectins, there are four main categories that
include the majority of known animal lectins-type, Stype, kype and Ptype
lectins?11 Gtype lectins are calciurdependent lectins that are always found bound to

a carbohydrate. They include selectins, collectins, endocytic receptors and
proteodycans?'? Stype lectins, most commonly known as galectins, are calcium
independent lectins found neglycosylated that have spe€fiA (i & (-Batattoddr & |
containing glycans?®® I-type lectins belong to the immunoglobulin superfamily. The
most important and well knowrsubgroup involves the siglecs, sialic duiading
lectins?14 P-type lectins are specific towards manne8@hosphate, also known as

M6P eceptorstt

Glycans and lectins play important roles in normal healthy tissue. They are involved in
embryonic development, cell growth, déffentiation and adhesion, apoptosis, cell
signalling, celtell recognition, interactions between cells and the extracellular matrix
(ECM) and protein folding® Additionally, they have roles in the immune system in
regulating hosipathogen interactions and inflammatici?. These functions are
regulated when lectins on one cell bind their corresponding carbohydrates, present on

the surface of other cells.

Changes in the phenotypic distribution of glycans and lectins on the swfalce cells

is linked with cancer, since they can promote cell migration and metasta3ig>16

The most common changes in the phenotype of glycans are related to the-umder
over-expression of the enzymes involved in their biosynthesis, glycosyltransferases and
glycosidase$®®Aberrant glycosylation usually occurs by two main pathways, the first
one being the expression of truncated or shorter glycans as whatdvoaimally be

seen in healthy cells and the second one being a change in the terminal sequences of
theglycand®! & | NBadz G |y i26ibBatich SutsylBichlONS & & A 2y
3t @ 0Fy G NiEprarching é@Nfiakedi glycans and Lewtsantigens together

with the expression of oncofetal antigens are sééf:'>'6 These changes in the
glycosylation pattern are mediated by two mechanisms,-sgthesis and incomplete

synthesis, and are usually linked to poor prognosis in cadéér$Modifications in the
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expression of lectins on the surface of the cells is also linked to cancer. The two most
important and weHlcharacterised types of lectins in cancer research are selectins and

galectins?’ Galecins and their role in cancer will be further discussesdedation 4.1.2

4.1.2. Galectins and their role in cancer

DIt SOGAY A I NB | GeLlsS 27F f SOd-galiciosidé K I G Kl
carbohydrates’ Galectins are encoded by the gene LGALS, which stands for lectin
galactosidebinding soluble’*® To date, fifteen different galetts have been
identified, which can be classified into three distinct grotfS.Galectins in the first
group are referred to as prototype galectins and they include galectins 1, 2, 5, 7, 10,
13, 14 and 15? Prototype galectins have a dimeric structure and contain one single
CRD(Figure 4.1 A'®2122Galectins in the second group are referred to as tandem
repeat galectins and #y include galectins 4, 6, 8, 9 ah?2l'®° Tandemrepeat galectins
contain two nonidentical CRDs linked by a peptide domain and thus they are also
known as biCR[Figure 4.1 B**2%22Finally, the third group of galectins is known as
chimeral®?! Only galectir8 is part of this group and it is composed of one CRD linked
to a proline, tyrosine and glycine rich domain and anfminal domain
(Figure4.1 Q).172122.2425Galectin3 is found as a monomer in solution but it can form

multivalent aggregates as it binds to a ligand with its carbohydrate spectfiéity.

(A) : ® [ (©)

Figure 41. Typical structures for each type of galectif) prototype galectinB)tandem
repeat (biCRD) galectin af@)chimera galectin. This figureas adapted from Ref. 17.

All galectins are composed of a core CRD sequence consisting of 130 amin6'&étds.
l'a AG gk a LINBOA2dzat e YSy tgalacyssd® Boman df SO0 A y a
carbohydrates.’” This definition is not restricted to the monaszharide galactose.

Galectins, especially galectiisand 2, have also been found to recognise lactoge,
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the galactose residue present within the lactose disaccharide. Surprisingly, in the case
of galectinsl and 2, there must be an interaction with tigducose residue on lactose

too. This is because galectihsand 2 have a much higher affinity towards lactose than
galactos€e'’ The problem with lactose is that it needs a high concentration of galectin

1 in the cells for an effective inhibitiof.?’ Naturally encountered ligands for galectins

include glyoconjugates that contain polylactosamine chains within their structiré.

Galectins are cytosolic proteins expressed not only intracellularly, specifically within
the cytoplasm and in the nucleus of the cells, but also on the cell surface and
extracellularly within the ECM. Externalisation of galectins is possible due to thei
secretionvia non-classical secretion pathways, unrelated to the standard pathwiay

the endoplasmic reticulum and the Golgi apparat(¥:29224 Galectins play a variety

of roles in the body. Even though their mechanism of action is not yet understood, the
main roles of galectins are triggered by the recognition of carbohydrates present on
the surface of the cell® Some of the most important roles include egltcell and cell
to-ECM adhesion, regulation of cell growth, proliferation, migration and apoptosis,
neurite elongation, inflammatin, embryogenesis and pm@RNA splicing??22426
Additionally, over or underexpression of galectins has been linked with cancer,
especially with tumour spreading, metastasis and angiogerR&%isThe best
characterised and widely studied galectins in cancerous tissue are gdleetl

galectin-3.1721.24

Galectinl is a 14 ka pretumorigenic galectin encoded by the gene LGALS1 located
on chromosome 22q12.18222328Dye to its mass, it Isaalso been referred to asl4
lectin!’ The dimeric structureof galectinl allows it to crosslink interand intra
molecularly by binding to more than one galactosamtaining carbohydrate, which
leads to the activation of signal transduction pathways and triggers its biological
functions??24 Natural carbohydrates that lead to the activation of galedtimclude

the ECM glycoproteins laminin and fibronectin, polylactosannicie lysosome
associated membrane proteins (LAMRs)d the Tcell surface glycoproteins CD43,

CD45 and CD%24

Galectinl is expressed in a variety of healtuyd cancerous tissue. The normal tissue

includes the thymus, lymph nodes, prostate, kidney, spleen, lungs, placenta, motor and
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sensory neurons, skin and also endothelial cells and fibrobla$tn all these organs,
galectinl can be found in the nucleus and cytoplasm inside the cells and also anchored
onto the cell surfacé®? Additionally, galectifl is secreted to the extracellular
compartments, where € mass increases fkb kDaas a result of the posranslational
modifications that it undergoes during externalisati®The localisation of galectih

within the cells varies from normal healthy tissue to cancerousi¢isk healthy cells,

the majority of galectirl is found intracellularly, specifically located inside the nucleus
of endothelial cells. On the other hand, in cancer cells galdctis located

extracellularly in much higher amount.

Expression of galectih within cancer cells is well known. Galeetinis found
overexpressed in a variety of cancer types including breast, colon, endometrium, ovary,
prostate, pancreatic, bladder and head and neahkcers. Additionally, overexpression

of galectinl has also been linked to thyroid tumours, melanoma, astrocytoma,
glioblastoma and the tumour vasculature, mainly endothelial ¢&Rg2224.27.2931
Overexpression of gatéin-1 in cancer is correlated with an increased aggressiveness
and poor prognosis because galeetiimediates several functions that change the
tumour microenvironment and are essential for cancer progres&iéhGalectinl
induces metastasiand proliferation in cancer cells since it can promote the adhesion
of the tumour cells and endothelial cells to the EENF.2’However, this enhancement

in cell adhesion depends on the tumour type as well as the cellular localisation of
galectinl. In some cases, the opposite effect, where cell adhesion is inhibited, could
be seer’®?427 As it was previously disssed, galectil is overexpressed in the
endothelial cells within the tumours. Endothelial cells are responsible for the creation
2F yS¢ aftSll1e¢ o0f22R @SaaSt a%Thespksenoekof f S| RA
galectinl stimulates the migration and proliferation of endothelial cells and provides
a support for the formation of angiogenic blood vesséf:2°Additionally, galectirl

has a role in the tumouimmune escape as it indes Fcell apoptosisvia interaction

with the CD glycoproteins mentioned abot/e’’

Galectin3 is another preeumorigenic galectin with a masanging between 284 kDa
encoded by the gene LGALS3 located in chromosome ¥p3¥Galectin3 has been
referred to as 29, Lom | Y R ¢ . t7 GaliNPia Budmh ds & tmonomer in
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solution. However, it haghe ability for multimerisation upon binding to its specific
receptorst’ Multimerisation of galectir8 allows for its ability to crodink inter- and
intra-molecularly. Natural binding ligands specific towards galegtinclude the ECM
glycoproteins laminin and fibronectin, LAMPs 1 and 2, IgE and its receptor, the
apoptosis regulator B&, a 90kDa glycoprotein found in epithelial cells known as
Mac2BP and the RNA in the nucleus of the cEIf8:333

Galectin3 is expressed in a variety of healthy tissue including cells ointheune
system!’?*The main locations for galectl are macrophages, baghils, mast cells,
monocytes, some sensory neurons, endothelial cells and epithelial cells of several
tissues such as intestine, kidney, colon and bréa&tThese cells express galeeclin
primarily in the cytoplasm, but it can also be found in the nucleus, cell surface and
circulating within the extracellular spaée®*3¢Galetin3 plays important roles in cell
adhesion, inflammigon, bacterial colonisation, neutrophil and macrophage activation

and protection of Tcells against apoptosig:?4

Expression of galecti® in cancerous tissue has been the subject of many studies. There
is a weHknown correlation between galecti® and cancer progression as this lectin is
found overexpressed in certain typef cancers including central nervous system (CNS)
tumours, lymphoma, melanoma, head and neck, gastric, liver, pancreatic, bladder and
non-small cell lung cancéf?> For CNS tumours, galeciiis only found overexpressed

in high gradei.e.,highly aggressive, tumours such as glioblastoma (grade IV) and grade
Il astrocytom&®3’ Lowgrade brain tumoursi.e., slow-growth tumours, do not show
galectin3 expression. The role and expression of galegtin breat, colon, ovary,
uterus and thyroid tumours is a conflicting issue. There are studies that show an
overexpression of galectd in breast, colon, ovary, uterus and thyroid cancers, which
is related to metastatic potentiaf3+353%0 However, other studies have shown that
galectin3 is highly downregulated in breast, colon, ovary, uterus and thyroid cancers,
and it is this downregulation that is correlated with histological grédé2>3441The
contradicting values of galecti® expression in previous studies could be explained by
the use of antigalectin3 antbodies that have crossactivity towards 67 laminin
receptor (67LR) to detect galectt levels*! The expression of 67LR increases in

cancers with increasing metastatic potential, which would explain the reason why
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galectin3 was found in high levels in serstudies! The role of galecti3 in cancer is

to promote cell adhesion, invasion, proliferation and metastasis, inhibit T cell apoptosis
and nitric oxide (NO) mediated apoptosis and stimulate anoikis resistance and tumour
angiogenesig24:3436.40424 However, the level of expression of galeedimnd its role

in cancer progression are dependent on the location of galetvithin the cells as

well as tumourspecific fators, including the stage in which the tumour is?&t>34
Cytoplasmic galecti in circulation and galect8 circulating in the extracellular space
tend to promote tumour progression and metastasis. On the other hand, gal@ctin
present in the nucleus has papopotic properties®*4°Independent of its localisation,
galectin3 free mice are healthy, which suggests inhibition of gale®ticould be
important to prevent cancer pragssion3* Additionally, inhibiting galecti8 has been

found to reducethe frequency of lung metastasis by 9%

In this chapter, the cancer of interest is breast adearcinoma. There is consensus of
the overexpression of galectih in breast cancer epithelial cells, as well as in their
associated stromal cells. Therefore, galedtiis an ideal candidate for targeted breast
cancer therapy since it has been shown thatsuppression prevents tumour growth
and metastasig*3! Overexpressin of galectinl has been particularly shown in MDA
MB-231 human breast adenocarcinoma céf8?3145The expression of galecthin
breast cancer cells has led to the production of conflicting reports. Studies of galectin
3 overexpression in different types of breast cancer have showmdination that
there is an increased expression of gale@ionly in triplenegative breast cancers
(TNBC). TNBC are those that do not overexpress neither of the hormonal receptors,
estrogen and progesterone, nor the HER2 receptor and they accourpfooxémately

15 % of breast cancef$*’ One commonly studied TNBC cell line is MD&231,
which has been associated with an increased produabif galectin3.**+420On the other
hand, the HER2 positive -BIR3 human breast adenocarcinoma cbtie has been
associated with downregulation and zeespression of galectiB.*® However, it is oly

an indication and conflict still exists on the expression of gal&tim TNBC as other
studies have found no cedurface galecti'8 in MDAMB-231 cells® Therefore,
targeting breast cancer cellga i -galactosidecontaining carbohydrates should be

preferentially directed towards galectih.
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4.1.3. Targeting cancer glycosylation

As it was discussed gection 4.1.1 cancer cells present an aberrant glycosylation on
their surface. The aberrant glycosylatioifiegts both glycoconjugates and lectins. As a
result, carbohydrates and lectins are ideal candidates for targeted cancer therapy. The
interaction between lectins and carbohydratéls = ca. 103-10° M) is specific but of
lower affinity than theinteraction between antigens and antibodies £108-1012 M),

or enzymes and their substraté$>® Therefore lectintargeting can be used for
selective cancer treatment. There are two types of lectitargeting, reverse and
direct*%515?2Reverg lectintargeting involves the use of exogenous lectins that will be
recognised by the glycoconjugates expressed on the surface of cancdFplie 4.2

A). Direct lectintargeting, also known as glycotargeting, involves the use of
carbohydrates that @ selectively recognised by endogenous lectins expressed on

cancer cell§Figure 4.2 R49:51:52

Exogenous lectin

(A) (B) Carbohydrate

Glycoprotein

Cell membrane

Figure 42. Schematic representation showifg)reverse andB)direct lectin targeting.

There are numerous studies showing both direct and reverse lectin targeting for cancer
therapy. In direct targeting, Durand and-emrkers have published several studés.

5" These authors use mesoporous silica nanoparticles jM@ittionalised with a
photosensitiser and mannose for targeted PDThe breast cancer cdihe MDAMB-

231 was incubated with the functionalised MSN forr2illowed by 40min irradiation
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for PDT. The functionalisation of mannose proved to be effective in increasing cellular
uptake of the MSN as there was a 54 % increase in cell death as @uhipdvISN not
functionalised with mannose® These mannosphotosensitiser functionalised MSN
were further used for twephoton excitation (TPE)DT in breast and colon cancer
cells®* Similar results were obtained with no dark toxicity and a higher nanoparticle
uptake for mannose functionalised MSN as compared to-flaoctionalised MSN. For
further studies, the Drand group combined mannose functionalised MSDT with

drug delivery?>% The anticancer drug camptothecif{Cp) was loaded onto the
mamose functionalised MSN yieldiigpMan-MSN. The GMan-MSN were used to
target hghly metastatic breast, colon aqncreatic canceland retinoblastoma cells.
Following a 24 incubation with either GiMan-MSN or noAunctionalised MSN, the
cellular internalisation was higher for the former, which thus led to a higher cathde
after PDT. The presence of the acdincer drug in the system was essential for further
enhancing the cell death efficacy. Mannose was replaced with galactose, synthesising
MSN nanoparticles functionalised with galactose and camptothechG@EMSN)>5-5¢

The use of galactose did not alter the results as it was also thought to be enhancing
internalisation of the MSNia receptormediated endocytosis>°¢ Additionally, the
retinoblastoma cells were subjected {TPEPDT, which was shown to induce even
better PDT efficiency than orghoton excitation PDY The Durand group further
studied mannoseargeting using a slightly different type of nanoparticiém this case,

the MSN were modified by introducing a magnetie®ecore. The authors obtained
similar results to those reported with other types of nanoparticles previously
mentioned. Mannose was found to be essential to providgad cellular uptake and

thus cytotoxic effect after PDPT.The use of mannose and galactose, together with
other carbohydrates such as glucose, has been studied in combination with silver
nanoparticles (AgNP&It was found that the AgNPs were more effectively internalised
by Neure2A brain newblastoma and HepG2 hepatocellular carcinoma cells when the
carbohydrates were loaded onto the AgNPs. Additionally, the use of either mannose or
galactose showed the least toxicity, which suggests they should be used in preference

to glucose?®

Further studis using galactose as the targeting agent have been reported. Peteira

al. developed a phthalocyanine surrounded by sixteen galactose molecules in a
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dendrimer (PcGa&) for targeted PDT of bladder cancer céli§he galactose molecules
specifically recognised éh overexpressed galectih receptors on the surface of
bladder cancer cells. Additionally, the glucassnsporterl (GLUT1) receptor also has
specificity towards galactose and it is overexpressed in bladder cancer cells. As a result,
PcGals was easily ath quickly internalised, only a 4 h incubation with the cells was
required, via receptormediated endocytosis. PcGalvas found to induce no dark
toxicity but high levels of cell death following PBTn another study, Pengt al.
successfully used galactose ftinoalised fluorescent nanoparticles to target the

asyaloglycoprotein receptor on the surface of liver c®lls.

Carbohydrate ligands have also been used to inhibit the action of certain endogenous
lectins that promote tumour growth. Parkt al. reported the potential use of lactose
conjugated chlorins to target the galecth receptor, which is sometimes
overexpressed in cancer cetfsOther examples of possible galectin inhibitors include
lactulose amines, thiodigalactoside and davaffaffThe use of orally ingested
polysaccharides that can target and inhibit the action of-pnmorigenic lectins has

also been reported. Pientat al. used modified citrus pectin, which contains galactose
residues, to reduce metastasis promoted by galectins on the surface of prostate cancer
cells®* A similar study was perfmed by Sathishat al.to inhibit the action of galectin

3 on several cancer cells using dietary inhibitors. The dietary galectin inhibitors used

included citrus pectin, swallow root and black curffin.

The mannosé-phosphate/insulidlike growth facor (M6P/IGHI), overexpressed in
breast cancer, pancreatic cancer, gastric cancer, melanoma and hepatocellular
carcinoma, has been targeted with human serum albumin modified with M6P moieties
(MBPR-HSAY? M6P-HSA was effectively internaliseda receptormediated endocytosis

by B16 melanoma cells. The addition of #rgi-cancer drug doxorubicin (DQ the
system allowed for efficient ternalisation and release of DAGKX the cells, which
contributed to the inlibition of tumour progression and metasta$ts Another
carbohydrate used for cancer targeting is the glycoprotein transféfrifransferrin
selectively recognises the transferrin receptor, sometimes overexpressed in cancer

cells including bladdef* brain,®® and breas®®
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Reverse lectitargeting has also been extensively studied. The ledgfix Pomatia
agglutinin (HPA) has been used to target the monosialylated oligosaccharide HPAglyl
receptor overexpressed on theurface of breast cancer ce¥sThe lectin Wheat Germ
agglutinin (WGA), which has a preference towardacltytD-glucosamine and sialic
acid, has also been used to target cancetsé&f® Polymeric nanoparticles with a
guantum dotcore were functionalised with WGA and they were used to target Qaco
colon cancer cell® Cace2 cancer cells overexpress WGA binding receptors on their
surface, especially the-acetytD-glucosamine glycoproteinyhich facilitates an easy
internalisation of the WGA functionalised nanoparticles. The addition of arcanter
drug, paclitaxel, to the WGA functionalised polymer nanoparticles allowed for an
effective drug delivery inside the cells, which inhibits tumproliferation® The lectins
Ricis communiagglutinin (RCAg) and concanavalin A (CAnphave been used to target
HelLa cervical cancer cellsThese lectins were conjugated to 13 nm AuNPs and

effectively detected glycosyl complexes on the surface of the HelLa cells.

The podoplanin (PDPN) transmembrane receptor, overexpressed in breast, oral and
skin cancers has been targeted with a lectirtaieed from the seeds oMaackia
amurensiSMASLY!In the experiment by OcheAlvareztal., the PDPN on the surface

of melanoma cells was targeted following oral ingestion of MASL. Ingestion of MASL
led to the effectve binding of MASL to the PDPN receptors, which induced the
inhibition of malignant growth and proliferatioft. Another example of an orally
ingested lectin is the tomato lectin (TB).TL was conjugated to fluorescent

nanoparticles and effectively used to target cells in the intestine of female Wistar rats.

Reverse lectiftargeting has also been used for PBThe lectin Jacalin, obtained from
Jackfruit Artocarpus integrifolip was used to target the oncofetal Thomsen
Friedenreich dissacharide (Ttayen) overexpressed on the surface of colon cancer
cells. Jacalin was conjugated to 4 nm AuNPs functionalisedheittinc phthalocyanine
derivativeC11Pc and PEG (Jac&@ihl PIPEGAUNPS). Jacah@l1PPEGAUNPS were
efficiently internalised by theHT-29 colon cancercells via receptormediated
endocytosis. Following PDT, a marked enhancement of the cell (@& cell death)

was observed as compared to C1HEGAUNPs withouthcalin (8 % cell death.
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4.1.4 Aims of the research reported in this chapter

In this chapter, direct lectiargeting of breast adenocarcinoma cells was studied.
Lactose washosen as the targeting agent due to its selective binding towards galectin

1, overexpressed on the surface of breast cancer cells. Two cells lines were used, MDA
MB-231 and SIBR3 cells.

Gold nanopatrticlescé. 2-4 nm) were synthesised and functionalisedth a mixed

monolayer of lactose anthe zinc phthalocyanine derivative11Pc (lactos€11Pe

AuUNPSs). In this system, lactose was used to provide aqueous dispersibility for the AUNPs

as well as used as a potential targeting agent. In order to test thgetiaag ability of
flr0G2asSs aO2yuNRfé¢ ! dzbta ¢gSNBE aedyiukSairasSR
(C11PesPEGAUNPS) The sPEG was chosen to provide aqueous dispersibilititsand

chain length wa similar to that of the lactosd.actoseC11PeAuNPs and APcsPEG

AuNPs were testedh vitroin MDAMB-231 and SIBR3 cells. Additionally, the ability

of lactose to target galectit on the surface of the breast cancer cells was analysed

using an InCell ELISA.

In the second part of the research, C3Pc replacEtPC as the photosensitiser. Gold
nanoparticles ¢a. 2-4 nm) were synthesised and functionalised with a mixed
monolayer of lactose and C3Pc (lact@3@Pe dzbt &0 ® &/ 2y UNRf € | dzbt
synthesised (C3FRPEGAUNPS). Lactos€3PeAuNPsand C3PsPEGAUNR were

testedin vitroin MDAMB-231 and SIBR3 cells. InCell ELIS#ere also performed to

evaluate the degree of lactose targeting towards each cell line. Additionally, the

intracellular uptake and PDT effect were visually studied using confocal ntupsosc

4.2. Results andidcussion
4.2.1. Lactose and galectih levels

Lactose is a disaccharide composed of a galactose subunit and a glucose subunit. The
terminal end of lactose connected to the glucose subunit was modified with a thiol in

order to selfassemblehe lactose to the surface of the AuNPs. The modified lactose
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was kindly provided by Dr Alan Haines (School of Chemistry, University of East Anglia,
Norwich, UK). The structure of the thiolated lacté/de shown inFigure 4.3

OH
O HO. O
HO OH o o
OH OH \/\O/\/ \/\SH

Figure4.3. Structure of the thiolated lactose, taken from Ref. 74.

As shown inFigure 4.3 galactose is the terminal subunit in the lactose derivative
molecule. This opens the possibility to use lactose as a targeting agent for galactose
binding cell receptors. As describedsection 4.1.Z 3+ £ S Qualacibsidebindidy |
proteins, whichhave been found to be potential cancer biomarkers, as they are
overexpressed in malignant epithelial and tumessociated stromal cell§3
Galectinlis the most relevant galectin in breast cancer as there is consensus regarding
its overexpression on the surface of breast cancer cells, especially theMBE2S1

cell line®! The presence of galect®ion breast cancer cells is debated as some reports
suggest it is overexpressed and other state it is highly downregutaféd® 323t
Furthermore, the overexpression idound to be only related to triptaegative breast
cancersin some studies, including MEMB-231 cells, but these results are also
inconclusivet24648 Taking into consideration the previously reported data on galectin
overexpression in breast cancer cells, it was decided to evaluate and compare the levels
of galectinl on MDAMB-231 and S#BR3 human breast adenocarcinoma cells to
determinewhether gdectin-1 could be used as a target for cancer therapy. This was
achieved using an InCell ELISA. The InCell ELISA was performed as desertied in
2.3.10 The results fronthe InCell ELISA are presented in three different gralpigsi(e

4.4).
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Figure 44. InCell ELISA for the detection of galedtion the surface of SBER3 and MDA

MB-231 cells(A) Absorbance at 458m representing the amount of galectihin each
sample. (B) Absorbance at 61Bm representing the number of cells per samp(€)

Normalised value of galectih per cell in each sample. Error bars represent the SD (n
within a 95% confidence interval.

Figure 4.4 Ashows the absorbance at 4%0n for each cell line. Absorbance at 4%t

is directly proportional to the amount of galectinin the sampleFigure 4.4 Bhows

the absorbance at 616m for each cell line. The absorbance at &b detects the
amount of Jans Green wholeell stain in the sample and is thus directly proportional
to the amount of cells in each sampleigure 4.4 Ghows the ratio between the
absorbance at 458m and the absorbance at 61#n. This ratio normalises the amount

of galectinl to the number of cells in each sample. As a result, the final value gives an
estimation of the relative amount of galectih per cell in each sample. The results
presented showed that MDMB-231 cells present a much higher amount of galectin

1 on their surfaceas compared to SBR3 cells.
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4.2.2. Synthesis and characterisation of lacte€&1PeAuNPs

LactoseC11PeAuNPs, a schematic representation of which is showrigare 4.5A,

were synthesised according to the procedure reportegaation 2.3.1 Initially, the
synthesis was attempted following the method used for the results presented in
Chapter 3for the synthesis of CL1IRREGAUNPs. The molar concentrations of C11Pc,
HAuC{ and NaBkwere kept constant. The only difference was the addition of lactose
instead of PEG. Lactose was dissolved isgOdHather than using THF as the solvent,
due to solubility issues. Following overnight incubation, the dark green solution was
purified to remove all the AUNPs not functionalised with both C11Pc and lactose. The
final purified solution dissolved in MES buffer appeared to be colourless. However,
upon measuring the extinction spectrum, as showkigure 4.5, a small absorption
band atca.698nm was observed. This absorption band showed that there was some
functionalsation with the C11Pc, since the characteristic absorption band for Pc was
observed at a low extinction intensity. Additionally, the AuNPs were soluble in an

agueous solution, which confirmed their functionalisation with lactose.

(A) o (B)
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Figure 45. (A) Schematic representation of lactogEl1PeAUNPs (B) UV-vis extinction
spectrum of the synthesised lacto§€51PeAuUNPs, with the low loading of C11Pc ont
AuUNPs surfacdénset U\tvis extinction spectrum of the synthesised lactdsElPeAUNPSs
amplifiedin the region 306800nm.
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In an attempt to increase the loading of C11Pc on the nanoparticles, a few changes

were made on the synthetic method, as reported section 2.3.1 Lactose had
LINEJA2dzat @ 0SSy | RR EoRsiderdble axdegs ascorpared taltiieA a & |
' Y2dzyGd 2F / mmt O FRRSRX 2yfé& mMody >Y2fd ¢KSN
reducedto 1.8 Y2f (2 0S SldZAY2fI N (2 GKS / mmt O®
synthesis contained more d8 than THF, since lag® is insoluble in THF. This could

cause problems for C11Pc solubility during synthesis. Therefore, the TRR:altb

was kept at 1:1. Following overnight incubation, the reaction mixture was purified in

the same manner as previously described. The sygitleel lactos€C11PeAuNPs

presented a blue colour, characteristic of C11Pc and were dispersed in MES buffer. The
U\Avis extinction spectrum shows the band @. 698 nm, which is typical of these
substituted phthalocyanines, thus showing the functionalmatof the nanoparticles

with C11Pc. Furthermore, functionalisation with lactose can be confirmed since the
AuNPs were soluble in an aqueous buffer, which would not be possible if the
nanoparticles were only functionalised with the C11Pc. Theig¥xtintcion spectrum

and a cuvette containing a solution of the synthesised lacto$&PeAuNPs are shown

in Figure 4.6A andBrespectively

(A) (B)
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Figure4.6. (A) U\tvis extinction spectrum of lactoge11PeAuNPs an@B)image showing
a cuvette containing a solution of the synthesised lactG44 PeAUNPs.
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The synthesised lactogel1PeAuNPs were further characterised using TEM to
evaluate their mean size. TEM analysis indicated that the la6Zd9d°eAuNPs hadn
average diameter of 2.37 + 1.65 nm, following analysis of 340 nanoparticles, with a
median value of 1.79 £ 2.71 nm. TEM images of the lagidsePeAuNPs, together

with a histogram showing their size distribution, are showiigure 4.7 As it can be
seen in Figure 4.7 the size distribution histogram is positively skewed. In these
situations, the median value could sometimes be taken as a better representation of

the population than the meaf®
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Figure4.7. (A-B) Transmission electron micrographs of a sample of lac@s&PeAUNPS,
where the scale bars represe() 20 nm and(B) 50 nm.(C) Histogram of the lactose
C11PeAUNPs with a median value of 1.79 = 2.71 nm (n = §BQBize distbution of the

lactoseC11PeAuUNPs showing the Gaussian fit, with an average size of 2.37 + 1.€
(n=340).
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To confirm whether the synthesised lacte€d1PeAuUNPs could be used for PDT, the
production of reactive oxygen species needs to be proven. The singlet oxygen probe
ABMA was used to confirm the production'@t by lactoseC11PeAuNPs, as described

in sectons 2.3.4and 3.2.4 The results are shown Figure 4.8 1t can be seen that, in

the presence of lactos€11PeAuUNPs, the fluorescence of ABMA is quenched when the
sample is irradiated with a 638n HeNe laser. This confirms th@k is being produced

by the lactoseC11PeAuUNPs upon irradiation. Additionally, the negligible fluorescence
qguenching of ABMA in the presence of control FE@IPs indicates that the C11Pc is

essential for the production df0,.
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Figure 48. (A) Fluorescence emission spextof ABMA showing the quenching of tt
fluorescence following irradiation of the lacto€11PeAuNPs, thus confirming the
production of'O,. (B) Photobleaching of ABMA in the preserufd|) lactoseC11PeAuNPs
(0.734>a / mmt OO0 +a F FdzyOliAz2y 2F GAYSP b:
AuNPdii). Error bars represent the SD (n = 3) within 288onfidence interval.

The maximum amounbf ABMA photobleaching,e., following the first 5 nn of
irradiation, can be calculated followirtgquation 34 in section 3.2.4 The maximum
amountof ABMA photobleaching was found to be 1.1 £ 0.7 % for lagBdsdPéAuNPs.
This value indicates the ability of the lacteS&1PeAuNPs to producéO; after only

5 min irradiation. InChapter 3, the maximumamountof ABMA photobleaching for the
C11PéPEGAUNPs was found to be2+ 0.1 % which is considerably higher than the
rate found for lactoseC11PeAuUNPs. This result indicates that the CEHPEGAUNPS
produce morelQ; and thus, at the same concentration, should have a higher PDT

efficiency than the lactos€11PeAuNPs presented irhis chapter.

184



4.2.3. Synthesiand characterisatiorof control C11PsPEGAUNPS

In order to provide a control for the study of the targeting ability of lactose towards the
overexpressed galectih on the surface of breast cancer cells, AUNPs without a
targeting agent were synthesised. Similarly to that reported@ivapter 3 a PEG chain

was used to provide the aqueous solubility to the nanopatrticle system. In this case, the
PEG chai282.35g/mol) was shorter than that used i@hapter 3(PEG; 3,07B3) so

that the molecule would provide a similar length to that of the lactose derivative of the
lactoseC11PeAuUNPs for a direct comparison. This shorter PEG chain will be labelled as
SPEG. The structure of sPEG, together with a schematic representattbe gfid
nanoparticles functionalised with a mixed monolayer of C11Pc and sSPHB&PEG

AuNP$are shown irFigure 4.9

(A)

HS\/\O/\/O\/\O/\/OWOH

(B)

Figure 49. (A) Structure of the sPEG used throughout the results presentéthapter 4.
(B) Schematic representation of C11BREGAUNPS.
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Cl1PesPEGAuUNPswere synthesised following the improved method flaictose
C11PeAuNPs as described section 2.35. Given the short nature of this SPEG chain,
solubility of C11Pc within the C11BREGAUNPSs became more challenging. Therefore,
this particular synthetic route does not provide a high loading of C11Pc on the
nanoparticles, which were obtained in a low IgieThe extinction spectrum of the
synthesised C11PPEGAUNPSs dispersed in MES buffer, together with an image to
show the final colour of a solution of the nanoparticles, are showkignre 4.10A and

Brespectively
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Figure4.10. (A) UVvis extinction spectra of C11B8PEGAUNPs andB)image showing a
vial containing a solution of the synthesised C18PEGAUNPS.

The synthesise@11PesPEGAUNPSs were used as a control to the lact@E PeAUNPs
to evaluate the targeting ability of the lactose ligand towards the gal€ectiaceptor

on the surface of breast cancer cells.

4.2.4.1n vitro studies in MDAMB-231 cells using lactos€1PcAUNPs

Initially, MDAMB-231 human breast adenocarcinoma cells were used to test the
potential targeting ability ofhe synthesisedactoseC11PeAUNPsMDAMB-231 cells
were chosen sincegas discussed isection 4.2.1 there is an increased expressiohn
galectinl inthis cell lineas compared to SBR3 cells, sed-igure 4.4 As a result, it

would be expected that the lactose would target the MDUB-231 cells more
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efficientlythan the SKBR3 cellsand so the nanoparticles would be internalised more

readily, potentiallyleading to higher cell death following PDT.

A CellTiteBlue® cell viability assay was performed, as describsztiion 2.3.8 MDA
MB-231 cells were seeded on 9¢ll microplates and incubated with the lactese
C11PeAuNPs and C11RPEGAUNPs (0.25 a / mmt 8 (Folldwhdihcebation
with the AuNPs, the cells were washed to eliminate the-imgarnalised AuNPs and
irradiated with a 633 nm HeNe laser for 6 min. Cell viability was meascaed8h

following PDT. The results of the viability assay are showigure 4.11
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Figure4.11. CellTiterBlue® cell viability assay results for MMB-231 cells incubated
with C11PesPEGAUNPSs (SPEG) or lacteS&1PeAuNPs (lactose) for 3 h. Cells were eitt
irradiatedwith a 633nm HeNe laser (yellow) or namradiated (green). Control refers tc
samples treated with SPEAUNPs without the presence of C11Pc. Untreated refers to «
treated with growth medium only. Staurosporine (+ve St) was used as a positive c
for cytotoxicity. Error bars represent the SD (n = 3) within &3&nfidence interval.

Figure 4.11shows that there is no cell death in any of the samples. These results were
highly reproducible in a further four attempts. The inability of any of the nanoparticle
conjugates to induce cell death following PDT could be related to the incubation time
of the AuNPs with the cells. The lacteS@1PeAuNPs and C11RPEGAUNPs were
incubated with the MDAVIB-231 cells for only 3 h. The CellTi#®ue® cell viability
assay results suggest that a 3 h incubation period is not sufficient for efficient AUNPs
internalisation. Therefore, the incubation period was increased to 24 h. Other than

changing the incubation period, the MEMB-231 cells were treated with the AUNPs in
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A

the same manner as described previously (328 / mmt Q0 ® ¢ KS NI & dz

incubation period experiments are shownkigure 4.12

120

Cell Viability / %

Untreated SPEG Lactose +ve St
Samples at 0.25 M C11Pc

Figure4.12. CellTiterBlue® cell viability assay results for MMB-231 cells incubated
with C11PesPEGAUNPs (sPEG) or lacteS&@1PeAuNPs (lactose) for 24 h. Cells we
either irradiated with a 633m HeNe laser (orange) or ndmadiated (dark cyan).
Untreated refers to cells treated with growth medium only. Staurosporine (+ve St)
used as a positive control for cytotoxicity. Error bars represent the SD (n = 3) withib ¢
confidence interval.

As shown irFigure 4.12following the 24 h incubation period of the nanoparticles with
the MDAMB-231 cells, cell death was observed after irradiation with a 633 nm HeNe
laser for both lactos€€C11PeAuNPs and C11REEGAUNPs. The neimradiated
sampeks, with either type of nanoparticles, showed no dark toxicity. The cell death
levels induced after irradiation were higher for the C1-5P&GAUNPSs (566) than the
lactoseC11PeAuNPs (406). This seems to suggest that the lactose is not effectively
targeting the galectinl receptor on the surface of the MEMIB-231 cells. To confirm
these results, the CellTitd8lue® cell viability assay, together with MTT cell viability
assays, were repeate@rigure 4.13hows the results of the repeated CellTigue®

and MTT cell viability assays, using the same conditions for the assay performed for
Figure 4.12 Unfortunately, the results from the CellTitBiue® and MTT cell viability
assays were found to be nemproducible. As shown iRigure 4.13the results from

the cell viability assays are very different every time the experiment is performed under

the same conditions.
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Figure4.13. (A) CellTiterBlue® cell viability assay results dBIMTT cell viability assa'
results for MDAMB-231 cells incubated with C11BPEGAUNPS (SPEG) or lacteSé1Pc
-AuNPs (lactose) for 24 h. Cells were either irradiated with an&88leNe laser (orange
or norirradiated (dark cyan). Untreated refers to sadinly treated with growth medium.
Staurosporine (+ve St) was used as a positive control for cytotoxicity. Error bars rep
the SD (n = 3) within a 96 confidence interval.

As shown irFFigure 4.13the results of PDT treatment of MEMB-231 celldncubated

with lactoseC11PeAuNPs or C11RPEGAUNPS for 24 h were inconclusiv@ut of the

five performed cell viability assay3)lp oneCellTiterBlue® assaghowed an indication

of cell death following irradiation, as seenhigure 4.12 but theseresults were not
reproducible. Even when cell death was observed, there was no evidence of targeting
by the lactose ligand. The majority of the assays performed showed no effect from
lactose, which suggests that the lacteS&1PeAuNPs are not effective fdargeted

PDT of MDAVIB-231 cells.

4.2.5.1n vitro studies in SKBR3 cells using lactos€11PeAUNPs

Given the negative results for PDT with lact@&ELPeAUNPs and C11RPECGAUNPS

in MDAMB-231 cells following 3 h incubation with the nanoparticlesd dhe non
reproducible results following 24 h incubation with the nanoparticles, it was decided
to test the effects of the nanoparticles with $8R3 cells. Even though BR3 cells
have a lower level of galectih on their surfaceKigure 4.3, there isa possibility that

the lactose ligand also recognises the GLUTL1 receptor, which has been reported to be
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overexpressed in breast canc&B! GLUT1 is known to react with galactose moietfes.
Therefore, there is a potential for the targeting of-BR3 cells with lactosevia

receptors other than galecti.

CellTiterBlue® cell viability assays were performed orBBR cells incubated with
either lactoseC11PeAuNPs or C11PRPEGAUNPs dr 3 h. The assays were repeated
multiple times to evaluate the reproducibility. Typical results are shovifigare 4.14

The assays were repeated 9 times and the results were obtained with 67 %

reproducibility.
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Figure4.14. CellTiterBlue® cell viability assay for-BR3 cells incubated with C11Pc
SPEGAUNPs (SPEG) or lacteS&1PeAuNPs (lactose) for 3 h. Cells were either irradia
with a 633nm HeNe laser (orange) or namadiated (green). Untreated refers to cel
only treated with growth medium. Staurosporine (+vé \Bas used as a positive contr
for cytotoxicity. Error bars represent the SD (n = 3) within &3&nfidence interval.

The results shown iRigure 4.14show low dark toxicity for the samples treated with
either C11PsPEGAUNPs or lactos€11PeAuNPs. Following irradiation, phototoxicity
was only induced in cell samples treated with h&1PesPEGAUNPS, leading to 7o

cell death. These results suggtsit the lactoseC11PeéAuUNPs are not effective for PDT

and the lactose ligand is not enhancing the uptake and subsequent PDT effect. In an
attempt to improve these results reported above, the-BIR3 cells were further
treated with either lactoseC11PeAuNPs or C11RsPEGAUNPs increasing the
incubation period from 3 h to 24 h. Increasing the incubation period with the
nanoparticles could enhance the uptake by theEFK3 cells and lead to more reliable

results. CellTiteBlue® and MTT cell viability assayere performed. The resultir
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the CellTitetBlue® assagre shown irFigure 4.151n this case, the reproducibility was
significantly improved since for 4 repetitions of this assay%o/& the times the results

reported below were obtained.
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Figure4.15. CellTiterBlue® cell viability assay for-BR3 cells incubated with C11P«
SPEGAUNPs (sPEG) or lacteS&@1PeAuNP (lactose) for 24 h. Cells were either irradiat
with a 633nm HeNe laser (yellow) or nérradiated (green). Untreated refers to cells on
treated with growth medium. Staurosporine (+ve St) was used as a positive contr:
cytotoxicity. Error bars mresent the SD (n = 3) within a 9% confidence interval.
Statisticaly significan differencebetween C11RsPEGAUNPs and lactos€11PeAuNPs
is indicated byt at P<0.006, obtained using atwd I A f SR t{tedtdzReBeyRi0Da
is considered stagtically significant.

The results shown ifigure 4.15suggest that, following a 24 h incubation with the
AuUNPs, there is targetingathe lactose ligand towards the K3 cells as confirmed

by the P values that show there is a statistically significant difference between the
samples The samples treatedith lactoseC11PeAuNPs induced up to 90 % cell death,
while the samples treated with C11BPEGAUNPs only led to 6% cell death.
Surprisingly, the cells treated with C1i$REGAUNPs for 24 h were killed less
efficiently than those cells treated withICPesPEGAUNPs for 3 (77% cell death),
seeFigure 4.14 The longer incubation period of 24 h enables the cancer cells to grow
for a longer period of time. Therefore, if there is a plateau in the level of C4RP&
AuNPs internalised, this could helpptain why less cells die after 24 h incubation
compared to 3 h incubation. With an increased growth of cells and similar levels of

C11PesPEGAUNPSs internalised, the cell death is not as high.
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In order to evaluate whether the galectih receptor is involved in this possible
targeting by lactose towards BR3 cells, aninCell ELISA was performed, following
the procedure described isection 2.3.11InCell ELISA was used to detect the amount
of galectinl on the surface of the cellds explained isection 3.2.9 prior to treating

the cells with antigalectinl antibody, the cells were incubated with either lactose
C11PeAuNPs or C11PPEGAUNPSs for 24 h. This treatment can lead to the targeting
of the galectinl receptors on the surface of the cells, which wotlldn be no longer
available for the antgalectinl primary antibody during the ELISA. Therefore, the
lactoseC11PeAuNPs should produce a lower absorbance signal as compared to-C11Pc
SPEGAUNPSs, in which all the galectinreceptors are free, if selectiviargeting
between lactose and galectih is taking place. The results, shownFigure 4.16
indicate that the levels of galectii after treatment with either the lactos€11Pe
AuNPs or the C11RPEGAUNPs are simildo the levels of galectii in untreated SK
BR3 cells. These results suggest that the galettmeceptor is not involved in lactose
targeting of SKBR3 cells. Other galactodainding receptors on the surface of-8R3
cells, such as the GLUT1 receptor previously discussed, shoulddeigtuverify the
possible selective targeting by lactose. This could be done using an InCell BL#A or

Western blotting, with the specific antibodies towards the GLUTL1 receptor.
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Figure4.16. InCell ELISA for the detection of galedtion the surface of SBRR3 cells
showing the normalised value of galectinper cell number in each sample. Untreatt
NEFSNER G2 OSftfta GNBFGSR ¢6A0K ald/ h, Qa |
with C11Pe&sPEGAUNPSs for 24 h; and Lactoseaef to cells treated with lactos€11Pe
AuNPs for 24 h. Error bars represent the SD (n = 3) withirta &infidence interval.

The results reported in this sectiaf the thesis suggest that targelg SKBR3 cells

with lactoseC11PeAuNPs requires a 24 h incubation with the nanoparticles before any
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cytotoxic effects can be observed. Additionally, an indication of targeting was found as
the levels of cell death induced by the lacteS&1PeAuNPs (906) were much higher
than those induced by the C11BPEGAuUNPs (61 %). However, an InCell ELISA
suggested that galectifh is not involved as the receptor for such lactose targeting.
Other receptors, overexpressed on the surface eB&8 cells, should bavestigated

to establish why the lactos€11PeAuNPs preferentially induce a sigo#int PDT effect

following a 24h incubation.

4.2.6. Synthesis and characterisation of lacte€8PeAuNPs

The use of C3Pc as the photosensitiser in the laefagéPs sysim rather than the
C11Pc could be a way to increase the targeting ability of lactose. C3Pc has a shorter
carbon chain than C11Pc and thus it allows the lactose ligand to extend slightly further
away from the surface of the AuNPs than C3Pc photosensifisa.result, the lactose
ligand should be able to interact with galectin or other receptors, on the surface of

the cells easier without hinderance by the longer chain attached to the Pc macrocycle.

This can be readily seenkilgure 4.17where a schente representation of both the

lactoseC11PeAuNPs and the lactos@3PeAuNPs is shown.

Figure4.17. Schematic representation @A) lactoseC11PeAuNPs andB) lactoseC3Pe
AuNPs.
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The synthesis of lactog83PeAuNPs was performedathe optimal method described

for the lactoseC1IPcAuUNPs irsection 2.3.2 The use of lactose as a means to provide
agueous solubility to the phthalocyanisgold nanoparticle system is more effective
with the C3Pc than the C11Pc. This is possibly related to the shorter nature of the C3Pc
carbon chain, Wich allows the lactose to surround the C3Pc molecule. The synthesis
of the lactoseC3PeAuUNPs is thus more facile and gives a higher yield than the synthesis
of lactoseC11PeAuNPs. The higher yield of lacteS8PeAuUNPs is the first advantage

of using tle C3Pc as compared to C11Pc. Theviid¥éxtinction spectrum and an image

of the synthesised lactos€3PeAuNPs dissolved in MES buffer are showRigure
4.18 A and B respectively The extinction spectrum clearly shows the characteristic
C3Pc phthalocyane absorbtion band ata.698 nm and the solution presents a deep
blue colour, a lot more intense than that observed for the lactGdd PeAuNPskigure

4.6) becausein the final 5mL solutions of synthesised AuNBse amount of C3Pc
(1.8x1C mol) immobtlised in the AuNPs is significantly greater than that of C11Pc
(7.2x1@ mol).
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Figure4.18. (A) U\tvis extinction spectrum of lactoge3PeAuNPs an@B)image showing
a vial containing a solution of the synthesised lact@3#eAuNPs in MES buffer.

The synthesised lactos€3PeAuNPs were further characterised using TEM to evaluate
their mean size. TEM analysis indicated that the lactdS8BeAuNPs had an average
diameter of 3.10 £ 1.32 nm, following analysis of 466 nanoparticles, with a median
value d 2.72 = 1.74 nm. TEM images of the lact@2PeAuNPs, together with a

histogram showing their size distribution, are shown Rigure 4.19 The size
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distribution is slightly skewed to the left. In these situations, the median value could
sometimes be taken as a better representation of the population than the niean.
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Figure4.19. (A-B) Transmission electron micrographs of a sample of lac@3@eAuNPs,
where the scale bars represent 20 n(@@)Histogram of the lactos€3PeAuNPs with a
median value of 2.72 + 1.74 nm (n = 4€B).Size distribution of the lactos€3PeAuNPs
showing the Gaussian fit, with an average size of 3.10 + 1.32 nm (n = 466).

To confirm the production ofO; by the lactoseC3PeAuNPs, the probe ABMA was
used, as previously described sections 2.3.4and 3.2.4 The resultsconfirm the
photobleaching of ABMA in the presence of lact@2PeAuNPs as'O; is being
produced upon irradiation with a 633 nm HeNe lafieéigure 4.20. On the contrary,
PEGAUNPs not functionalised with C3Pc show no photobleaching, indicating the
importance of the photosensitiser for the generation'@. The maximunmamountof
photobleaching of ABMA in the presence of lact@&&PeAuNPswas calculated,
following Equation 34 in section 3.2.4and it was found to be 2.5 +3%. This value is
higher to that obtained for théactoseC11PeAuNPs (1.% 0.7%), which constitutes a
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further advantage othe use of C3Pc over C11Pc, but simiathe valueobtained for

C3PePEGAUNPS (2.5 1.5%) inChapter 3
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Figure 420. (A) Fluorescence emission spectra of ABMA showing the quenching o
fluorescence, thus confirming the formation &, following irradiation at 633im of
lactoseC3PeAuNPs.(B)Photobleaching of ABMA in the presence (Jf lactoseC3Pe
AuNPs (0.73%a /ot OO0 L a | TFdzyOlAzy 2F GAYSO®
control PEGAUNPSY(ii). The photobleaching shown for the control REENPs is the sam
as that previously reporein Figure 4.8 Error bars represent the SD (n = 3) within &©!
confidence interval.

4.2.7. Synthesiand characterisatiorof control C3Pe&sPEGAUNPS

As previously described for C11Pc nanoparticles, control -SBPEAUNPs were
synthesised. The sPEG chain usedFageare 4.9was shorter than that used {thapter
3 so that the molecule would provide a similar length to that of the lactose derivative
in the lactoseC3PeAUNPs for a direct comparison of the cell viability results. A

schematic representation of the C3BREGAUNPSs is shown HRigure 4.21
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Figure 421. Schematic representation of the C3§RREGAUNPSs.

Similarly to the results obtainedith the lactoseC3PeAuUNPs, the C3FRPEGAUNPS
were easier to synthesise and were produced with a higher yield than the GPHZ&
AuNPsFigure 4.2Zhows the UWis extinction spectrum and an image of a solution of
the synthesised C3RFPECGAUNPS.

(A) (B)

1.2

1.01

0.8 1

0.6 1
0.4

Normalised Extinction

0.2 1

0.0 . : r , |
300 400 500 600 700 800 S—

Wavelength / nm

Figure4.22. (A) U\-vis extinction spectrum of C3RPEGAUNPSs andB)image showing a
vial containing a solution of the synthesised GSPEGAUNPSs in MES buffer.

4.2.8.1In vitro studies in MDAMB-231 cells using lactosS€3PeAuNPs

Initially, intracellular studies using lacte€8PeAuNPs and their corresponding control

C3PesPEGAUNPs were performed in MBMB-231 cells aiming to target the galectin
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1 receptor on the cell surface. The cells were incubated with the AuNPs for 3 h and
CellTiter-Blue® cell viability assayere performed. The lactos€3PeAuNPs and C3Pc
SPEGAUNPs were added to the cells at various concentrations. Following incubation,
the cells were washed to eliminate all the nmternalised AuNPs, irradiated for 6 min
with a 633 nm HeNe laser and cell viability was measueed8 h following PDT. The
results are shown iRigure 4.23Reproducibility for these assays was found tgbed

sincethe same results were obtained the three timibe assaysvere performed.
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Figure4.23. CellTiterBlue® cell viability assay results for MMB-231 cells incubated
with (A) C3PesPEGAUNPSs ofB)lactose C3PeAUNPs for 3 h. Cells were either irradiat
with a 633nm HeNe laserX orange,B yellow) or nonirradiated @ darkcyan,B green).
Control refers to samples treated with sSRBEBGNPs without the presence of the C3l
photosensitiser. Staurosporine (+ve St) was used as a positive control for cytoto
Error bars represent the SD (n = 3) within @®8onfidence interal.

As it can be seen frofffigure 4.23neither the lactoseC3PeAuNPs nor the C3RPEG
AuNPs produce any visible cell death following a 3 h incubation and irradiation with the
633 nm laser. Similar to the results obtained witictoseC11PeAuNPs and C11Pc
SPEGAUNPs following a 3 h incubation with MIDMB-231 cellgseeFigure 4.1}, the
incubation period appears to be too short for any efficient internalisation. Therefore,
no cell death is seen following PDT. However, the coinagons reported inFigure
4.23were lower than those used for the C11Pc photosensitiser (6.2b.0To confirm

that the concentration was not the reason why cell death was not observed, the

concentration of the C3Pc photosensitiser in both lactG8#eAUNPs and C3FPEG

AuNPs was increasedto 02a | YR | FdzZNIKSNJ OStf OALlFOACf
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(Figure 4.24. The results shown iRigure 4.24confirmed that the concentration was
not the issue as, with a higher concentration of C3Pc, cell deathllis:xagligible

following PDT.
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Figure4.24. MTT cell viability assay for MEMB-231 cells incubated with C3BPEG
AuNPs (SPEG) or lacteS8PeAuUNPs (lactose) for 3 h. Cells were either irradiated wit
633nm HeNe laser (orange) or namadiated (green). No AuNPsfees to cells treated
with growth medium only. Staurosporine (+ve St) was used as a positive contr
cytotoxicity. Error bars represent the SD (n = 3) within &9%%nfidence interval.

Since higher concentrations did not lead to in@ean cell death,tiwas decided to
increase the incubation period of the nanoparticles with the cells prior to irradiation.
MDAMB-231 cells were incubated with lactos288PeAuNPs and C3RPEGAUNPS
(020>a / ot OO ¥ 2 NBlue®andKMA T ¢elbilify assaysSaede performed
ca. 48 h after PDT. The assays were repeated seven times. Typical resuits (63

reproducibility) are shown ifigure 4.25
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Figure4.25. (A) CellTiterBlue® andB) MTT cell viability assays for MBAB-231 cells
incubated with C3RsPEGAUNPs (sPEG) or lacteS8PeAuNPs (lactose) for 24 h. Ce
were either irradiated with a 638Bm HeNe laserA yellow, B orangé or norirradiated

(green). Staurosporine (+ve St) wased as a positive control for cytotoxicity. Error be
represent the SD (n = 3) within a 9 confidence interval. No statistically significe
difference between C3PEPEGAUNPs and lactos€3PeAuNPs, as indicated by the

values (K 0.09) obtained isg atwed I A £ SR t{tedtdzReBeyRd0M% is considerec
statistically significant.

As shown irrigure 4.25following a 24 hour incubation period, the results are different
to thoseobtained previously. Both the lactosg3PeAuNPs and the C3REEGAUNPs
are shown to induce cell death following irradiation, while there is minimal dark
toxicity. The results are supported by both cell viability assays, CelBlite® and MTT.
The MTTassay Figure 4.23) has larger error bars as compared to the CellTBiele®
assay ftigure 4.25 A This was previously discusseddrapter 3 section 3.2.6 Even
with the large error bars, both the MTT and the CellTBire® assays give similar
results showing cell death only after irradiation. Additionatlyere is an indication of
improved PDT with the lactog@3PeAuNPs with possible targetinga lactose Figure
4.25), but this indication is not statistically significant as shown by the P vahiaged
(P<0.09) using atwal I A £ SR t{teStdZReS/glie£ai cell death, taken from the
CellTiterBlue® assay, are higher for the samples treated with lagi3ecAuNPs
(52%) than for samples treated with C3sRREGAUNPSs (36 %Jrigure 4.25 A

In order to confirm thepotential targeting of lactoseC3PeAuNPs towards galectih

on the surface of MDMB-231 cells, an InCell ELISA for the detection of galéctas
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performed. The InCell ELISA was performed using the same method previously
descriled insection 4.2.5 incubating the AuNPs for both 3 h and 24 h. The results are

shown inFigure 4.26
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Figure 4.26InCell ELISA for the detection of galedtion the surface of MDMB-231 cells.
The graphs show the normalised values of galettper cell in eeh sample. The sample
were incubated with C3PEPEGAUNPSs (sPEG) or lacteS8PeAUNPs (lactose) for eithe
(A)3 h or(B)24 h. Error bars represent the SD (n = 3) within &93onfidence interval.

The esults from the InCell ELISA showRigure 4.26Aindicate that lactose selectively
targets the galectifl receptor on the surface of the MBEMB-231 cells following a 3 h
incubation with the AuNPs. These results, however, do not match those results seen
previously with the cell viability assays. The cell viability assays showed no cell death
following a 3h incubation with either lactos€3PeAuNPs or C3FRRPEGAUNPs
(Figures 4.231.24). This could possibly be due to a low uptake of nanoparticles by the
cells following a 3 h incubation and hence why no cell death is observed. However, the
galectinl receptors on the surface of the MEMB-231 cells are selectively recognising

the lactose ligand on the AuNPs and they appear to require longer incubatiordperio

for complete internalisation.

Additionally, when the AuNPs were incubated for 24igure 4.2@B, there is also an
indication of selective targeting. However, the error bars from the samples treated with
lactoseC3PeAuNPs are so large that it cannioé completely confirmed. Selective

targeting via the galectinl receptor on the surface of MDMB-231 cells can
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potentially explain the higher cell death seen for samples treated with lagii3fee

AuNPs as compared to the control CAPEGAUNPsKigure 425) following PDT.

4.2.9. Studies of lactos€3PeAuNPs internalisation by MDMB-231 cells

The cell viability assays reportedsaction 4.2.8showed that cell death was induced

by lactoseC3PeAuNPs when they were incubated with the VMiMB-231 cells for24 h.

To understand what the difference in AuNPs uptake following either 3 h or 24 h
incubation was due to, internalisation studies using confocal microscopy were
performed, as described isection 2.3.9 MDAMB-231 cells were incubated with the
lactoseC3PcAuUNPs for either 3 h or 24 h, washed to remove all the-internalised
AuNPs and irradiated to visually assess the PDT effect. Following irradiation, the cells
were incubated for a furtheca. 24 h prior to imaging. The results are showirigure

4.27 for the cells incubated with lactos@3PeAuNPs for 3 h anBligure 4.28or the

cells incubated with lactos€3PeAuNPs for 24 h.
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Figure4.27. Confocal fluorescence microscopy images of MIB\231 cells(A, C)control
cells incubated only with growth medium for 3 h a2} D) cells incubated with lactose
C3PeAuNPs for 3 h. The cells were either fimadiated (A, B) or irradiated(C D) with a
633 nm HeNe laser. All samples were imaged 24 h following treatnhmiaiges taken
from: 1)DIC2)FT f dz2 NBEa OSy 0SS FTNRY / ot O «©633 ninSaboire
650 Nm),3) Ff d2 NBaOSy O0S FNRY LINELARAMZY AR
543nm; 560615 nm) and4) composite images of DIC, fluorescenaarirC3Pc collectec
in the red channel and fluorescence from propidium iodide collected in the pink cha
Scale barsepresent 10> Y ©
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Figure4.28. Confocal fluorescence microscopy images of MIBA231 cells(A, C)control
cells incubated only with growth medium for 24 h gijD) cells incubated with lactose
C3PeAuNPs for 24 h. The cells were either Anadiated (A, B) or irradiated(C D) with a
633 nm HeNe laser. All samples were imaged 24 h following treatment. Images taken
1)DIC2)FTf d2NBaOSyO0OS FTNRBY /ot O 083 hns Gubve B5(
nm), 3) fluorescence from propidium iodide collected in the pink charingl= 543 nm;
560615 nm) andl) composite images of DIC, fluorescence from C3Pc collected in th
channel and fluorescence from propidium iodide collected in the pink chaBoele bars
represent 10> Y @

Figure 4.27 Bhows that there is lownternalisation of lactos€€3PeAuNPs by MDA
MB-231 cells following a 3 h incubation. The fluorescence seen in the red channel is
similar in the cells treated with lactog@3PeAuNPs and the control cells that were only
treated with growth medium during thécubation period Figure 4.27A). This is an
indication that there is some background fluorescence in the NIBA231 cell line. In

addition, following a 3 h incubation period, the internalisation of lactG3#eAuNPs

204



is not significant enough to see angytotoxicity following PDT as shown in

Figure4.27D, highlighted by the lack of propidium iodide staining.

When the MDAMB-231 cells were subjected to a 24 h incubation period, the results
were different. In this case, there is a significant differemcé red fluorescence seen

in the control cells treated only with growth mediurRigure 4.28 Aas compared to
those cells treated with lactos€3PeAuNPs Figure 4.28 B Additionally, the red
fluorescence seen for the cells treated with lact€38PeAuNPs for 24 hKigure 4.28

B) is significantly more intense than that seen after only a 3 h incubation pdfigdré
4.27 B. As a result, following irradiation with a 633 nm HeNe laser for 6 min, cell death
can be visualised in the MBMB-231 cells treatedvith lactoseC3PeAuNPs for 24 h,

as confirmed by the staining with the dead cell marker propidium iodidd the
change in cell morphology.e., disintegration of the cell membrangkigure 4.28D).
After irradiation, there is a mixture of dead and lieells in the samples since the cell
viability was 480, as indicated by the cell viability assdyigiire 4.2%. These results
indicate that the lactos€C3PeAuNPs should be incubated for 24 h with the MME-

231 cells in order to achieve an efficientdmalisation that will thus lead to cell death

following PDT treatment.

MDAMB-231 cells are thus efficiently targeted using the lact@3PeAuNPs when

they are incubated wh the AuNPs for 24 h. These results present an improvement to
thoseseen when CIRc was used as the photosensitiser. Lactodé PeAUNPs were
unable to induce cytotoxicity following PDT of the MBIB-231 cells at either 3 h or

24 h incubation. It can be concluded that the use of C3Pc rather than C11Pc does

facilitate the targeting abitly of lactose towards MDMB-231 cells.

4.2.10.In vitro studies in SKBR3 cells using lactos€3PeAuUNPs

LactoseC11PeAuNPs were shown to induce targeting and cytotoxicity following PDT
in SKBR3 cells after a 24 h incubatios€ction 4.2.5. Therebre, the lactoseC3Pe
AuNPs were also tested in-BR3 cells to confirm whether these nanoparticles would

improve the results previously shown by the lact€3&1PeAuNPs.
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SKBR3 cells were incubated with lactogB3PeAuNPs and their corresponding coritro
C3PesPEGAUNPSs for 3 h at various C3Pc concentrations. Following incubation, the

cells were washed to remove all of the nmternalised AuNPs and then irradiated with

a 633 nm HeNe laser for 6 min. Before measuring cell viability using a C&luder

cell viability assay, the cells were further incubateddar48 h. The results, as shown

in Figure 4.29 indicate that both lactos€3PeAuNPs and C3RPEGAUNPs were

effectively internalised by the cells. Furthermore, all of the nanoparticle sarsplas

minimal dark toxicity, which highlights that they were not toxic in the absence of light.

More importantly, both C3RactoseAuNPs and C3RPEGAUNPs show cell death

following irradiation. However, the targetinga lactose is only limited as the amant

of cell death induced by lactog@3PeAuNPs (95 % with®@2a / ot O0 A& &AYATf |
induced by C3RSPEGAUNPs (92 % with @2>a /ot O0X AYRAOIGAY 3
nanoparticles are internalised in a similar mannéfowever, at the lowest
concentratonof 0.5>a / ot OX GKSNB A& 'y AyaR&hdniAizy 2°
by the P values ifigure 4.29 The fact that the cell death values are lower than with

higher concentration of lactos€3PeAuNPs indicates that there could be an error in

this part of the assay. The study of lower concentrations of C3Pc within the sample

could help understand whether there is selective lactose tangetowards the SIBR

3 cells.The presentresults show that, even though lactose is not inducing specific

targeting, the nanopatrticles are effective at inducing cell death following PDT after only

a 3 h incubation period. The cell viability assays, repeated five times, were highly
reproducible (80 %).
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Figure4.29. CellTiterBlue® cell viability assay results forBF3 cells incubated witlfA)
C3PesPEGAUNPSs o1(B) lactoseC3PeAUNPs for 3 h. Cells were either irradiated witF
633nm HeNe laser A orange, B yellow) or nonirradiated @ dark cyan, B green).
Stauosporine (+ve St) was used as a positive control for cytotoxicity. Error bars repr
the SD (n = 3) within a 95 confidence interval. Statistibabkignificant differencbetween
C3PesPEGAUNPs and lactos€3PeAuNPs (0.05a / ot O0 A & at R y0ROA3D
obtained using a twdi | A f SR tftastdzkh8ry’ B<0.85 is considered statisticall
significant. At higher concentrations@1>a 0 X (G KS RAFFSNBYyOS
(P<0.2).

Theresults shown irFigure 4.2isplay a marked improvement to those seen with
lactoseC11PeAuNPs(see Figure 4.14, where after a 3 h incubation period no cell
death was observed. For lacte€41PeAuUNPs, a 24 h incubation period was required
before targding and cytotoxicity was seen. Therefore, for comparison purposes, the
lactoseC3PeAuUNPs were also incubated with the-BR3 cells for 24 h and the cell
viability was assessed. 8Ro OSffa 6SNBE AyOdzol G§SR F2NJ Hn
for both lactog®-C3PeAuNPs and C3BPEGAUNPS since this concentration produced
the highest levels of cell death following a 3 h incubation. The results are shown in
Figure 4.30 Following a 24 h incubation, the results are similar to those shown
previously irFigure 429. There was cell death after irradiation for both types of AUNPs
and only a slight indication that there could be targetiiglactose. The lactos€3Pe
AuNPs induced 96 % cell death and CIFMEGAUNPSs induced 95 % cell death. The dark
toxicity of thelactoseC3PeAuNPs did appear to be less that that observed for the
C3PesPEGAUNPs.
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Figure4.30. CellTiterBlue® cell viability assay results forEFK3 cells incubated with
C3PesPEGAUNPs (sPEG) or lacteS88PeAuNPs (lactose) (02a [/ ot OO0 T2
were either irradiated with a 63Bm HeNe laser (orange) or namadiated (green).
Staurosprine (+ve St) was used as a positive control for cytotoxicity. Error bars repr
the SD (n = 3) within a 36 confidence interval. No statistically significant differer
between C3PSPEGAUNPs and lactos€3PeAuNPs, as confirmed by the P valu
(P<0.1) obtained with a twai I A f SR tfteStdnR&Se/FE @OB is considered to be
statistically significant.

Once again, to confirm whether this limited targeting was due to the galdctin
receptor on the surface of the S¥R3 cells, an InCell ELISA was performed. The results,
shown inFigure 4.3lindicatethat the levels of galectii in untreated cells and s
treated with either lactoseC3PeAuUNPs or C3FREPEGAUNPSs are similar. Therefore, the
results shown irFigure 4.31suggest that there is no effective targeting towards the
galectinl receptor. These results are consistent with the fact that galecim not
expressed in high amounts on the surface o853 cells*® As previously mentioned,
other receptors such as the GLUTL1 receptor, could be responsible for the selective
targeting with galactoseontaining carbohydrates. Further studies would need to be

performed to confirm this possibility.
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Figure 4.31InCell ELISA for the detection ofegzin-1 on the surface of SBR3 cells. The
figure shows the normalised values of galetiper cell in each sample. The samples wi
incubated with C3RsPEGAUNPS (sPEG) or lacteG8PeAUNPs (lactose) for eithép)3 h
or (B)24 h. Error bars represit the SD (n = 3) within a 95 confidence interval.

The esults with SKBR3 cells suggest that the use of lacteS88PeAuNPs should be
preferred over lactos€€11PeAUNPs. Lactos€3PeAuNPs induce cell death after only
3 h incubation, whereas the lacto£&l1PeAuUNPs require a longer incubation period

of 24 h béore any cell death following irradiation is observed.

4.2.11. Internalisation of lactos€€3PeAuNPs and PDT effect in 8R3 cells

Confocal microscopy was used for a visual inspection of tHBR=Kcells following
incubation and PDT with lacto£E3PeAuNPs. The lactose3PeAuNPs were incubated
with the SKBR3 cells for 3 h, since this incubation period was enough to induce high
cytotoxic effects following PDTsge Figure 4.29. The results for the confocal
microscopy study are shown kigure 4.32and they confirm the results obtained with
the cell viability assays. ®R3 cells show good internalisation of the lacteS8Pe
AuNPs as the red fluorescence is interfagire 4.32) in contrast to control cells not
incubated with any AuNP<iQure 4.32A), where there is no red fluorescence.
Furthermore, cell death can be seen following irrdidia with a 633 nm HeNe laser
(Figure 4.32 Dindicated by the staining with the dead cell marker propidium iodide, in

pink. To observe cell death, the presencetltd lactoseC3PeAUNPs is essential, as
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irradiation of thecontrol cells not treated with AuNPs does not induce any cell death

(Figure 4.32 ¢

Figure4.32. Confocal fluorescence microscopy images B8R cells (A, C)ontrol cells
incubated only with growth mediurfor 3 h and(B, D)cells incubated with C3Ractose

AuNPs for 3 h. The cells were either Aoadiated(A, B)or irradiated(C D) with a 633nm

HeNe laser. All samples were imaged 24 hours following treatment. Images taker Jrc
DIC2)Tf d2NB&AOSYOS FTNRBY / ot O 9633 nmSaboieSsB0 nin)
FE d2NBAOSYOS FTNRBY LINELARAAzZY &25R3%R, S560C
615 nm) and4) composite images of DIC, fluorescence from C3Pc collected in the
channel and fluorescence from propidium iodide collected in the pink chacale bars

represent 10> Y &

210



4.2.12. Mechanism of cell death pofiDT by lactos€€3PeAuUNPs

The ApoToDf 2 ¢ NALX SE | &dalé& 61 & LISNF2NYSR (2 a
the SKBR3 and MDAMB-231 cells undergo following PDT with the lacta3&Pe

AuNPs and C3RPEGAUNPs. The ApoTdxf 2 1 ¢ NA L)X SE | aalé& YSI &dz
cell cytotoxidty and apoptosis as three different components. The mechanisms behind

this assay were describedsection 3.2.14

The ApoToDf 2 ¢ NRALX SE | &adalée o1& LISNF2NYSR 6Ad0
F2dzy R F2NJ SI OK OSff fAYySS contentyafibn fFot SK ! dzbt &
BR3 cells, a short incubation time of 3 h with the lactdS8PeAuNPs was enough to

induce high levels of cytotoxicity after PDsEdtion 4.2.10. On the other hand, for

MDAMB-231 cells a longer incubation period of 24 h was reggliior cell death to be

observed following PDE€ction 4.2.8.

Following the procedure described section 2.3.12 the triplex assay was performed

ca.4 h after the cells were treated with PDT. The incubation period-p&st of 4 h is
considerably lower than the 48 h used during the MTT and CelBite® cell viability

assays previously reported. However, it was chosen in order to reproduce the
experiments reported irsection 3.2.14where a 48 h podPDT incubation period was
found to be too long for the ApoTeRf 2 u ¢ NA LJX SE | a4l &% gKAOK f
of the cytotoxicity and apoptosis biomarkers and thus produced erroneous results. The

results for SKBR3 and MDAMB-231 cells incubated with lactoge3PeAuNPs and
C3PesPEGAUNPs incubated for 3 h and 24 h, respectively, are showigimre 4.33
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Figure4.33. ApoToxDf 2 1 ¢ NJ& LJf (A EKBR34calls @cubhtedNidr 3 h and)

MDAMB-231 cells incubated for 24 h with lacte&3PeAuNPs and C3RR®PEGAUNPS
Ond®u >a /ot O0d / Stfa oBNIBNeSaseaiNEranyd Byelaw)

or norvirradiated @ dark cyanB green). The cells were treated with the triplex assay
4 h following PDT(1) Fluorescence from the GK-C substrate giving the cell viabili
values,(2) fluorescence from bi®é\AFR110 substrate giving the telytotoxicity values
and(3) luminescence from the Caspase 3/7 substrate giving the values for apoptosit
AN YLX S Wb2 ! dzbt 3Q NBFSNE G2 &l YL Sa y
negative control. Staurosporine (+ve St) was used asitiygosontrol for cytotoxicityia

apoptosis. Error bars represent the SD (n = 3) within &% 2®nfidence interval.
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The results presented ifigure 4.33show the three different components of the
ApoToxDf 2 u ¢ NA LJX SE | &4 lobthe aayRiguie .3 ABY,lthe A f A & |
results indicate targeting by lactose in both-BR3 and MDAMB-231 cells. However,

the values for cell death following irradiation to the samples treated with lac@3Be
AuUNPs (95 % MDWB-231 cells and 880 SKBR3 cells) and C3FRPEGAUNPSs (676
MDAMB-231 cells and 366 SKBR3 cells) are not the same as those reported with the
cell viability assays; lactose3PeAuNPs (52 MDAMB-231 cells and 95 % HR3

cells) and C3PsPECGAUNPs (366 MDAMB-231 cells and®2% SKBR3 cells).The
Triplex assay was only performed once, whereas the cell viability assays were
performed multiple times, as previously reported. Therefore, the values obtained from
the cell viability assays are taken to be more accurate than tfarsihe ApoToxD f 2 u
Triplex assayf-or the cytotoxicity part of the assaffigure 4.33 AB2), the results
obtained are difficult to interpret. The positive control (+ve St) should produce the
highest fluorescence signals but this is not the case. In faetfluorescence values
from +ve St are amongst the lowest of all samples. Additionally, the apoptosis part of
the assayKigure 4.33 AB3) also gives results that are difficult to explain. Once again,
the positive control (+ve St) should give the higiheiminescent values since it is a
known apoptosis inducer. On the other hand, the luminescent intensity values for
viable cells should be low. However, even though the positive control gives the highest
luminescence intensity for SBR3 cells Figure 433 A3, this is not the case for MDA
MB-231 cells Figure 4.33 BB Additionally, the luminescence intensity values for the
viable cells are alselativelyhigh Figure 4.33 ABJ). It can be concluded that there

is indication that the cells treated witlactoseC3PeAuNPs do not follow aapoptotic

cell death pathway because the luminescent values for these samples are the lowest
for both cell lines. However, this conclusion cannot be confirmed since the assay is
producing results that are difficult to terpret in all three components, cell viability,
cytotoxicity and apoptosis. It is possible that a necrotic cell death pathway may be the
mechanism induced by the lacto&8PeAuNPs. However, this mechanism of action

would need further confirmation.
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4.2.13. Effects of lactos€3PeAuNPs in norcancerous MCHOA cells

Analysis of PDT induced by both lact&sELPeAUNPs and lactos€3PeAuNPs
indicated that lactos€C3PeAuNPs are better at inducing cell death in botHBFR3 and
MDAMB-231 cells. As a result, it was decided to study the effect of PDT of lactose
C3PeAuNB, and its corresponding control C3$REGAUNPS, in nofancerous
mammary epithelial cells, MEIA cells. MGEOA cells were incubated with lactose
C3PeAuUNPs and C3RPEQG dzbt & i | O2y OSYdNr A2y 27F
section 2.3.8 The cells werencubated with the AuNPs for either 3 h or 24 h. Following
incubation, the cells were washed to remove all Ainternalised AUNPs. MEIFDA cells

were irradiatedusinga 633 nm HeNe laser for 6 min and incubated for a further

ca.48 h before cell viabilityvas measured. The results are showirigure 4.34

A (B)

120 120

100+ 100
S S
< 80+ < 80+
z 2
T 604 T 604
2 g
Z 40 > 401
0] ©
© 20 1 O 50l

0- —t 0- .
0 SPEG Lactose  +ve St 0 SPEG Lactose  +ve St
Samples at 0.2 mM C3Pc Samples at 0.2 mV C3Pc

Figure4.34. CellTiterBlue® cell viability assay for MOBA cells incubated with C3BPEG
AuNPs (sPEG) and lactg38PeAuNPs (lactose) (0.2 M C3Pc) for eitf#r3 h or(B)24 h.
Cells wereeither irradiated with a 638m HeNe laserofange or nortirradiated plue).
Staurosporine (+ve St) was used as a positive control for cytotoxicity. Error bars rep
the SD (n = 3) within a 96 confidence interval.

As it can be seen iRigure4.34, nonrcancerous MGEOA cells are not damaged by
either lactoseCFPcAuUNPs or C3RPEGAUNPSs. Thereforghe AuNPs reported in this
chapter can be used for efficient PDT since they induce cell death to cancerous cells
but leave healthy cells undamageBurther studies on the internalisation of lactese
C3PeAuNPs and C3RPEGAUNPs by the MCEOA cells should be performed to
understandwhy the cells do not internalise the nanoparticles as readily as cancer cells

and thus no cell death is observed.
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4.3.Conclusions

In this chapter, the use of lactose as a targeting agent for breast adenocarcinoma cells
was explored. MDMB-231 and SEBBR3 cells were compared for the expression of
galectinl on their surface. Galectim A &@alaktosidebinding lectinthat has been
found to be overexpressed on the surface of certain cancers, including breast
cancert®23243\MDAMB-231 cells were found to have a highenaunt of galectinl

on their surface asompared to SIBR3 cells. Thereforeit was expected that MDA

MB-231 cells would be better candidates for targeted PDT using lactose.

LactoseC11PeAuNPs were successfully synthesised and dissolved in an aqueous
buffer, MES buffer, with a mean diameter of 2.37 = Iné% as confirmed by TEM
analysis. Th@roduction of'O; by the lactoseC11PeAuNPswvas confirmed using the

10, probe ABMA. Additionally, a PEG ligand (sPEG) with a short chain that would
resemble the length of the lactose derivative was used to synthesise GPH&
AuNPs. These nanoparticles were used as a control to confirm targeting by lactose.
LactoseC11PeAuNPs ad C11PsPEGAUNPS werenitially used to target MDMB-

231 cells, with incubation periods of eitheh3r 24h, as summarised below:

1 Incubation of MDAVIB-231 cells with the lactos€11PeAuNPs and Cl11Pc
SPEGAUNPs for 3 hours led to no cell death follogiPDT, suggesting the
incubation period was too short for effective internalisation of the AuNPs.

1 Increasing the incubation period of MEMB-231 cells with the lactos€11Pe
AuNPs and C11RPEGAUNPs to 24 hours led to inconclusive results,

suggestinghat the PDT efficacy was low or negligible.

Since the results were negative for MIB-231 cells, it was decided to attempt the
use of lactoseC11PeAUNPs to target SBR3 cells.The main findings are summarised

below:

9 Initial incubation of SKBR3 cellswith the lactoseC11PeAuNPs and C11Pc
SPEGAUNPs for 3 hours letb no cell death following PDTThis was an
indication that a 3nhour incubation period was not sufficient for effective

internalisation of the AuNPs.
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1 Anincrease in the incubation period 8BkBR3 cells with lactos€11PeAUNPs
and C11PsPEGAuUNPs to 24 hours led to PDT cytotoxicity being induced.
Moreover, the lactos€C11PeAuNPs induced more cell death (%) than the
C11PesPEGAUNPs (6%6), with statistical significance €®.006). Tis was an
indication that the lactose ligand was selectively targeting th&BR cells.

1 To confirm whether the selective targeting between lact€S&1PeAuNPs and
SKBR3 cells following a 24 h incubation period was indeed due to the presence
of galectinl on the surface of the SBRR3 cells, an InCell ELISA was performed
Unfortunately, there was no indication of targeting the galectimeceptor.
Therefore, the possible targeting seen in the viability assays could be due to the
selective recognition be&teen lactose and another receptor on the surface of
the SKBR3 cells, such as GLUT1. Additional studies with GLUT1 should be

performed to confirm this possibility.

In the second part of the research reported in this chapter, C3Pc was used as a
photosensitser in an attempt to facilitate the targeting ability of the lactose ligand.
C3Pc has a shorter carbon chain than C11Pc, and slightly shorter than the lactose ligand.
As a result, the lactose ligand extends further than the C3Pc from the surface of the
AUNPs, which could allow for an unhindered binding between lactose and galectin
LactoseC3PeAuUNPs were successfully synthesised and dissolved in an aqueous buffer,
MES buffer, with a mean diameter of 3.10 + 132 The first advantage of lactose
C3PeAUNPs over lactos€11PeAuUNPs was that the former were easier to synthesise
since the shorter chain of C3Pc allows for a better dispersibilityater and thus a
higher C3Pc loading on the AuNPs. Control GBIEEAUNPSs were synthesised to
directly assesthe targeting ability of lactos€3PEAUNPsThe ability of lactos€3Pe
AUNPs to producé&d, was also confirmed using ABMA.

LactoseC3PeAuNPs were initially incubated with MEMB-231 cells for either & or

24 h. A summary of the main findings are reped below:

9 Incubation of MDAMB-231 cells with the lactos€3PeAuNPs and C3RPEG
AuNPs for 3 hours led to no cell death following PDT, as shown by the cell
viability assays as well as using confocal microscopy, indicating that 3 hours was

too short foreffective internalisation of the AuNPs.
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)l

Increasing the incubation period of MEMB-231 cells with lactos€3Pe
AuNPs and C3RRPEGAUNPSs to 24 hourwas effective at inducing cell death
following PDT, as confirmed by the cell viability assays together wisthal
inspection using confocal microscopy. There was a slight evidence of targeting
by lactose sincehe lactoseC3PeAuNPs inducedhigher levels of cell death
(52%) than the C3PsPEGAUNPs (36 %}owever, this evidence was not
statistically signifiant.

To confirm whether thepossibletargeting seerbetween lactoseC3PeAuNPs
and MDAMB-231 cells following a 24 h incubation periets due to the
interaction between lactose and galectin an InCell ELISA was performed
Indeed, there was an indication that galeefin was involved in the
internalisation of lactos€C3PeAuUNPs.

These results present an advantage of the use of lae@&ieeAuNPs over
lactoseC11PeAuUNPs, which did not induce cell death in MMRB-231 cellsat

either incubation period.

The effect of lactos€€3PeAuNPs was also tested on -BR3 cells. The main

conclusions are reported below:

)l

Incubation of SIBR3 cells with lactos€€3PeAuNPs and C3RPEGAUNPSs for

3 hours effectively induced cytotoxicity lkmwing PDT, as confirmed by cell
viability assays and confocal microscopy. Additionally, at low concentrations
(005>a /ot O0 GKSNB gl a Iy AYRAOFGAZ2Yy 27
statistically (< 0.003).

Incubation of SIBR3 cells with lactos€€3PeAuNPs and C3RfPEGAUNPSs for

24 hours was also effective at inducing cell death following PDT.

With reference to lactose targeting, there was an indication of targeting with
the cell viability assays, especially following a 3 h incubation pevitidlow
concentrations of C3Pd¢However,an InCell ELISA revealed that the possible
targeting seen in the cell viability assays did not involve the galéatacteptor

on the surface of SBRR3 cells.
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I These results present an advantage of lactGS#eAuNPs over lactos€11Pe
AuNPs, which were only effectia¢ inducing PDT cell deatthen the SKBR3

cells were incubated witAuNPs for 24 h.

Considering that the lactos€3PeAuNPs were more efficient than the lacte€41Pe
AuUNPs, the effect of lactogBBPcAUNPs on noitancerous mammary epithelial cells
(MCF10A cells) was assessed. It was found that neither lagii3f@cAuNPs nor C3Pc
SPEGAUNPs induce any damage to healthy cells. This suggests that }&3888UNPs

are ideal candidates for PDT siniteey only target cancerous cells and induce no
damage to healthy cells. The mechanism of cell death followed #R3kand MDA
MB-231 cells following PDT with lacte€3PeAuNPs was studied. There was an
indication that the most likely route was nonapoptotic pathway such as necrosis
However, the results of the ApoTéxf 2 n ¢ NA LJX SE I &dal & ¢SNB

thus inconclusive.

The research ithapter 4 has revealed that lactose can be used, rather than PEG, to
synthesise aqueoudispersable ANPs with either C3Pc or C11Rdditionally, lactose
C3PeAuNPs were found to be more efficietthan lactoseC11PeAuNPs forlO,
production andPDT of both célines, MDAMB-231 and SIBR3:

I LactoseC11PeAuNPs only targeted and induced cell death teBB¥3 cells
following a 24 h incubation period. On the contrary, lact@E PeAUNPs were
inefficient on MDAMB-231 cells.

1 LactoseC3PeAuNPs efficiently targeted and induced cell death e6B&8 cells
after only a 3 h incubation period. Additionally, las¢sC3PeAuNPs targeted
and induced cell death of MBXB-231 cells following a 24 h incubation period.

1 The galectirl receptor on the surface of the 8BRKR3 cells was not involved in
the targeting seen by lactos&uNPs. On the contrary, the galecfirrecepor
on the surface of the MDMB-231 cells showed an indication of selective

recognition of the lactose on the lacto$z3PeAuNPs.
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Chapter 5

The potential use of upconverting nanoparticles as drug

carriers for photodynamic therapy of cancer

This chapter describes tipotential use of upconverting nanoparticles as drug carriers
for photodynamic therapy of cancer. The upconverting nanoparticles, functionalised
with Rog Bengal (RB) as a photosensitiserreviested fornearinfrared (NIR-PDT

with human breast adenocammma cells.

5.1. Introduction
5.1.1. Upconverting nanoparticles

Upconverting nanoparticles (UCNPs)dascribedn Chapter 1 haverecentlyreceived
much attention due to their ability to emit light in the visible region (high energy, short
wavelength raiation) upon excitation with light in the NIR region (lemgvelength
radiation, usually 980m), in a process known as upconversiSnUpconversion
disobeys classical linear optics, by which absorption of high energy photons leads to
the Stokes emission of low energy, long wavelemgthation, due to the loss of energy
that occurs when the system relaxes back to the ground stateTherefore,
upconversion can be defined as an atokesnon-linear optical proces$:2¢% |t is
important to note the difference between upconversion and another4ioear optical
process, twephoton or multiphoton absorption (TPA)While TPA refers to the
simultaneous absorption of two omore photons, upconversion occurs upon
sequential absorption of those photofd'3 As a result, upconversion is a more
efficient process, which allows for the use of a {owst continuous wave diode NIR
laser as the excitation sourcather than themore expensive ultrashort pulsed lasers

required for TPAL12

The mechanisms by which upconversion takes place can be classified into three main

groups; exciteestate absorption (ESA), energy transfer upconversion (ETU) and photon

224



avalanche (PA)?891415 Al these mechanisms have in common thequeential
absorption of photongeading to a highly excitedate from which emission then takes
place! Excitedstate absorptionFigure 5.1 A discovered by Bloembergen in 1989
involves the absorption of two photons by a single ion. Absorption of the first photon
promotes the excitation othe ion in the ground state (G) into an intermediate excited
state (E1) with a long hdlife. The ion in E1 is then excited into the higher leveVig2
absorption of a second photon. Relaxation of the ion from E2 to the ground state leads
to the upconveted luminescence emissictt2SEnergy transfer upconversidrigure

5.1 B was discovered by Auzel in 196@hich he termed APTE (from theeRch
WFRRAGAZ2Y RS LIK2G2y LI NI GNFryaFSNIa RQSYySNH
phenomenont®°1415 ETU involves sequential energy transfer between two
neighbouring ions, one acting as the donioe.(sensitiser) and the second one acting

as the acceptorife.,activator). Boththe sensitiser and the activator are excited to the

E1 level upon absorption of a photon. The sensitiser in the E1 level transfers its energy
to the activator, also in the E1 level. As a result, the activator is excited to level E2 and
the sensitiser relaas back to the ground state. Relaxation of the activator from level
E2 to the ground state leads to upconverted luminescence emidsi&n>The ETU
phenomenon resulting from identical sensitiser and activator ions is known as cross
relaxation (CR}* CR involves the interion between an ion in the E2 state and an

ion in the ground state. The ETU between the two ions leads to both ions transitioning
to the E1 excited leveF{gure 5.1 {2 Additionally, cooperative processes, namely
cooperative sensitisation and cooperatiluminescence, are a type of energy transfer
upconversionbut with a much lower efficiency*?!*Cooperative processes can take
place between two ions or between a pair of ions and a thirdfdrinally, photon
avalanche(Figure 5.1 Dwas discovered byh@ian in 1979 It is the most complex
process and it is initiated by the excitation of an ion to its E1 level, followed by
excitation to the E2 levalia ESA. The excited ion lievel E2 interacts with a nedny

ion in the ground stateia CR. The ions can readily be excited to the E2 level and the

process is repeated, in an avalanche manner, leading to strong upconvétsion.
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Figure 51. Energy level diagrams showing the upconversion mechanigi&xcited
state absorption (ESAB) energy transfer upconversion (ET({J)crossrelaxation (CR)
and (D) simplified figure of photon avalanche (PA). The red arrows represent ph
excitation, the blue lines and arrows represent energy transfer and the green ar
represent upconverted emission. The figure was adapted from Ref. 1 and Ref. 12.

Requirementdor the formation of upconversion are the presence of two metastable
excited states and a ladddike arrangement of the energy levels with similar distances
between one anothet:!* Both requirements are fulfilled by some d and f elements.
Rareearth ions,i.e., lanthanides, provide high upconversion efficiency and are thus
normally used for the synthesis of UCNRSCNPs consist of a crystalline host lattice
and lanthanide dopant$/®121518The selection of both the host lattice and the
dopants is important in order to achieve high upconversion efficiéAtie host lattice
plays an essential role within the UCNPs, as it will regulate the distance between the
dopants, their relative position and coordination number as well as the chemical
environment surroundinghe dopantst’ As a result, the host lattices are required to
be chemically and physically stable, transparent ingpectralregion of interest and
should have low phonon energies to minimise madiative loss and maximise
upconverted emissiok?”%121Considering atf theseprerequisites, a combination of
alkali (.e.,N&*, C&") and rareearth metal {.e., Y¥®*, G&*) fluorides are ideal as host
lattices for UCNPs. Common examples are sodium yttrium fluoride {Nary$odium
gadolinium fluoride (NaGdJ-crystal lattices. The geometry of the crystal structure has
also been found to contribute to a higher or lower upconedremission. For example,
0KS dza § 2 T-ph&s8)BhYHeagsltof muah higher upconversion efficiencies
4 O2 YLI NBR -phase) NaryBStrududed 2K 43159 h
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The selection of the dopants has also been studied. As it was previously mentioned, the
most important upconversion mechanism in UCNPs is ETU, with considerably higher
efficiency than ESAAs a result, the host lattice is -©mped with a sensitiser and an
activator! The most commonly used sensitiser is ytterbium®{)Ylwhose energy level

is simple and facilitates the energy transfer to the activatgrs!215For the selection

of the activators, they should have an energy level compatible with that of the
sensitiser, YH, and metastable excited states. Thett@mides erbium (Ef), thulium

(Trm?*) and holmium (H¥) are ideal candidates to be used as activators. Additionally,
the concentration of the dopants is important in order to avoid loss of enel@CR.
Typically, sensitisers are included at high coicédil: { A 2nyoBb) liubiactinators are

I RRSR |4 f2¢ Omgl @33P1RUithium 2oyfsi(l) baxe also been
reported as potential dopants for UCNPs since Li+ can lead tdf@d3®nhancement

of the luminescence efficiency as compared to other lanthanide dopdnts.

¢CKS Y2ad STFAOASY(d aidNUzOG dphdse Naxmiddopédb t a
with YB*and E#*.357:15182@22However, the combination NaY&o-doped with YB*and
Tm*is also being widely studied as it leads to high upconversion efficiehioy. ETU
diagrams for both combinations can be seerfFigure 5.2 where it is clearly shown
that NaYEco-doped with YBY/Er®* leads to red, green and blue emission while NaYF
co-doped with YB/Tm3* leads to only red and blue emissidh!®182223The addition

of Gd* to these systems is encouraged because it facilitates the conversion of NaYF
from the cubic phase to the hexagonal phase crystal structure and it provides the

possibility to use the UCNPs as contrast agents for bioim&gfg222
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Figure 52. Energy level diagrams showing the upconversion mechanfemNaYfco-
doped with the sensitiser ¥band either Et* or Tn¥* as activator. The arrows indicat
absorption (orange), energy transfer (black dots),-nadiative relaxation (pink dash) an
upconverted luminescence emission at different wavelengtbd,(green and blue). Thi
25+, notation used to label the f energy levels refer to spin (S), orbital (L) and an
momentum (J) quantum numbers according to the RusSalinders notation. The
diagram was adapted from Ref. 1.

UCNPs have a lowkminescence efficiency than their bulk counterparts due to their
large surfaceo-volume ratio®'? As a result, the dop#s are exposed to surface
deactivation processes, which can lead to the quenching and energy loss of the
upconverted luminescence and thus low efficieAdy.A technique to solve this
problem is to cover the surface of the UCNPs with a shell. Thesbetestructure of

the UCNPs could either be homogeneous or heterogeneous relative to the host
material1? Additionally, the shell can either be active or passive. Passive shells do not
contain any dopants whereas active dbelre doped with lanthanides in the same way

as the core:’? As a result, corshell UCNPs will have much higher lumasxe

intensities and their use is encouraged.
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The synthesis of UCNPs can be performedseveral methods. The most common
synthetic routes followed are thermal decomposition-mecipitation, solvothermal
synthesis, sefjel processing, Ostwaldipeningstrategy, combustion synthesifiame
synthesis and microwaveassisted heating!?!>1° The main challenge in these
syntheses is that the final UCNPs are capped with organic ligands containing long alkyl
chains, usually leate, and are thus highly hydrophobic. As a redoltpbtain water
dispersable or watesoluble UCNPs$he hydrophobicUCNPs need to be subjectéml
postsynthesis surface modification's>'22>Common strategies of surface modification
include The addition of a water soluble inorganic shell (Se® TiQ); The chemical
modification of the organic liganda ligand oxidation; fie coating of the UCNPs with
amphiphilic polymers such as phospholipids, PEG or polyacrylic iazidligand
attraction); The layerby-layer assembly of charged molecules through electrostatic
interactions; and the complete elimination of the organic liganda ligand
exchange:”?Ligand exchange is divided in two methods. Firstly, astep exchange
process. Secondly, a twatep process in which the UCNPs are either treated with
nitrosonium tetrafluoroborate NOBE) or a strong acid for the removal of the organic

ligand, followed by the addition of a watspluble coating.

5.1.2. Biological applications of UCNPs

The use of UCNPs for biomedicine has recently rece@iwasiderable attentiort® The
ability of UCNPs to convert NIR light into higher energy visible or UV light provides them
with several advantages over currently used nanomateriatshsas quantum dots
(QDs) and nanoparticles functionalised with organic dyéé:26° Excitation in the NIR
region allows for a deeper penetration into thissue, due to the low absorbance of
biological tissue in that region, as well as reduced photodamage towards the cells
under longterm irradiation. Additionally, unlike QDs, the luminescence emission of
UCNPs is not sizdependent, it allows for the pogslity to tune multicolour emission,

and the emission bands are narrow, which is another advantage for multiplexed
imaging. Further advantages over QDs include thelloking, nonbleaching nature

of the UCNPs, which provides less scattering and arkgjktance to photobleaching.

Adding to these qualities, UCNPs are biocompatible, synthesised with a narrow size
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distribution and have enhanced photostability as well as low cytotoxicity. Furthermore,
the NIR excitation also contributes to lower autofluscence, which essentially leads

to no background noise during bioimaging and thus increases the $analse ratio.

As a result, UCNPs are ideal candidates for bioimaging, biosensing, drug delivery and

therapeutic applicationg:7-9:12.269

It was previouslyliscussedhat UCNPs have low cytotoxicity. Studies on the toxicity of
UCNPs are challengirsincetoxicity is dependent on many famts including UCNPs
size, shape, composition, charge and surface ligands but also on cell and tissue type
and the route of exposure and incubation conditions us&@herefore, results cannot

be easily extrapolated from on&CNPmodel to another and cannot be directly
compared with the toxicity of other types of nanoparticlésAdditionally, results from

in vitro and in vivo studies do not always correlatdn vitro studies are usually
performed on cells cultured on a monolayer so the concentration of UCNE®aresin

direct contact with the cellsMostin vitro studies up to date have shown that UCNPs

at concentrations as high as 4600 ng/mL incubated with cell cultures for as long as
48 h do not show any cytotoxicifyln vivostudies are more complexelbause only a
partial dose of the UCNPs being used actually reaches the site of inteeesthe
tumour cells, and it is highly dependent dhe route of exposure, metabolism,
excretion pathway and immune respons@ne of the most importanin vivostudies

for the toxicity of UCNPs was reported by Xiatgal.*° The authors studied NaYF
nanoparticlesco-doped with YB*and Tni*and functionalised with polyacrylic acid

mice. It was found that accumulation of the UCNPs in the liver and spleen is slowly
cleared from theanimal during a fourmonth period and no health damage was
observed to the treated micé®*°UCNPs functionalised with other ligands such as PEG
and polyethylenimine (PEI) have also been reported to accumulate in several organs
including lungs, kidney, liver and spleen but elinobfrom the bodyca. 7 days post
injection.”8 The use of UCNPs containi@g, considered the most toxic element upon
release of free Gitions in the body, have also been shown to induce no harm in mice
up to 150 days following injectichThe inclusion of the Gd strongly bonded to the host
lattice avoids the release of the ions and thus reduces the toxicity associated with free
Gd** ions® The majority of the studies performed to date indicate UCNPs have a low

toxicity and are thus good candidates for biomedical applications. Howeveridomg
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toxicity, decomposition of UCNPs leading to secondary toxicity eff@etsheir
decomposition products and the possibility of the chemical properties of UCNPs
activating unwanted cellular signalling have not been studied. Therefore, it cannot be
fully concluded that UCNPs do not pose any health risks. The results reported up to
date are promising but further studies on the toxicology of UCNPs are required to

effectivelyassess the possible hazards towards hunfans.

Current investigation on # use of UCNPs involve several applications, as previously
discussedThe use of Forster resonance energy transfer (FRET);radiative process

of energy transfer between an excited donor and an acceptor in the ground state, plays
an important role inhe use of UCNPs for biomedicitfelhe UCNPs, excited with NIR
light, act as the energy donor to a molecule placedr@nanogrticle surface, which

can be excited with the light being emitted by the UCNPserefore, the key
requirement for FRET to occur is the spectral overlap between the fluorescence
emission of the donoi,e.,the UCNPs, and the WS absorption of the acqeor, i.e.,

the fluorophore placed on the surface of the UCNPRET has been used for
applications such as biosensing, bioassays, bioimaging and cancer therapeutics,
especially PD¥.0ne of the most relevant and researched applications of UCNPs is PDT
(for a review on the use of UCNPs for PDTGeapter ). The use of FRET in UCNPs
mediated PDTs essential for the effective pduction of singlet oxygen. Excitation of

the UCNPs at 980 nm leads to upconverted luminescence emission, which can then be
used to excite the photosensitiser otihe nanoparticle surface and induce the
generation of singlet oxygen. An enerfgvel diagram showing the FRET process
between UCNPs and the photosensitiser Rose Bewbathleads to the generation of

singlet oxygenis shown irFigure 5.3
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Figure 53. Energy level diagrams showing the upconversion mechanisms fou blaY
doped with the sensitiser Yband the activator Et. Efficient FRET between the UCN
and Rose Bengal leads to the generation of singlet oxyl§&h @pon reaction of the
excited photosensitiser with molecular oxygei®d). The arrows indicate absdipn
(orange), energy transfer (black dots), fluorescence (pink), phosphorescence (pink
and upconverted luminescence emission at different wavelengths (red and green)
RusselSaunders#¥+*1,) notation used to label the f energy levels refeisfmn (S), orbital
(L) and angular (J) quantum numbers. The diagram was adapted from Ref. 38.

The use of UCNPs as biosensors has been reported for the detection of 8kygen
glutathiong® avidin,*! temperaturg*?> and small interference RNA (siRKAUCNPs
cannot directly detet the analytes of interestTherefore the use of a molecule
sensitive to the analyte of interesthat will receive energy transfer from the UCNPs
emissionj.e.,FRET, is required. In the case of oxygen sensing, an ifidijcomplex
(In)that hasa fluorescencesignaknown to be quenched in the presence of oxygen was
used?’ Effective FRET between the UCNPs and Ir led to the fluorescence emission of Ir,
which was then used for sensing oxygen in the environn¥nin the case of
glutathione sensing, sheets of Ma@ere used to cover the surface of the UCNPs.
FRET between the Bi®s and Mng@leadto the quenching of the UCNPs luminescence,
which was recovered upon addition of glutathione. As a result, quantification of
glutathione in the environment wapossible®® For the detection of trace amounts of
avidin, UCNPs were conjugated tddyoanoparticles and efficient FRET between the

two systems led to the successful detection of avidin.
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The use of UCNPs for bdthvitro andin vivoimaging has been widely studiéd’he

use of UCNPs fon vivoimaging is restricted to several conditions; biocompatibility,
water-solubility, bright luminescence, small diameter (< 10 nm) andpthesibility to
attach targeting ligands to the surface of the UCRB4For bright luminescence, the
use of UCNPs with a ceséell structure is encouraged because the addition of a shell
can increase the luminescence of the UCKRR=ss explained irsection 5.1.1 The
synthesis of UCNPs with these characteristics has been reported and successfully used
for in vitro imaging® but more importantly in vivo imaging, including vascular
imaging®®44The addition of targeting ligands has also been used for turtangeted
imaging. Chatterjeeet al. coated PEI modified NaYEICNPs with folic acid to
specifically target the folic acid receptors overexpressed on certain types of cancer. The
presence of dlic acid increased the uptake of the UCNPs by the cells and led to
successfuln vitro but alsoin vivoimaging?® Other groups have reported the use of
peptides as the targetop moiety. In particular, cycliarginineglydne-aspartic acid
(RGD) has been used to target gz integrin recepte overexpressed in cancer. The
RGD functionalised UCNPs have been effectively used to image tuimeivs>*’ The

use of targeted imaging shows great potential for successful cancer imaging.
Additionally, another important contribution of UCNPs to imaging is the use of
multimodal imaging. The inclusion of Gt in the UCNPs formulation allows for dual
imagingvia the UCNP#uminescenceemission and the ability of Gtto be used as a
contrast agent in magnetic resonance imaging (MRI). An alternative ¥oitie use

of iron oxide nanoparticles (IONPs) for dual MRI and UCNPs intaging.

Drug delivery is also an important application for which UCNPs can be used. The use of
UCNPs to delivedrugs such as doxorubicin (DOX) and ibuprofen (IBU) has been
particularly studied>33354%0 |in and ceworkers used pkensitive UCNPs for the
delivery of the anticancer drug DOX into cancerous éetldJCNPs synthesised with
NaYEkco-doped with YB"and Tni* were functionalised with hydrazine, to which DOX
was attachedvia a hydrazone bond. The hydrazone bond was pH sensitive and easily
cleaved under mildly acidic conditions (pH-8.8). As a result, DOX was effectively
released upon endocytosis, which leads to the formation of acidic endosomes and
lysosomes. The DOX reseacould be easily monitored using confocal microscoay

FRET, sincéné¢ luminescence of the UCNPs is quenched in the presence of DOX, but
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recovered as DOX is released into the environment. The release of DOX into cancer cells
was effective at inducingedl death3! The use of pksensitive drug release was also
studied by Hotet al.***0The authors synthesised silica nanofibeieselectrospinning

to which UCNPs were attached. The release of both DOX and IBU into cancer cells was
effective in both of their studies. The delivery of DOX has also been pogsilhiéR
light-triggered releasé? Liu et al. synthesised Na¥RJCNPs cdoped with YB" and

Tm?*, which were covered with a mesoporous silica shell to which azobenzene groups
were attached. Additionally, DOX was loaded on the shedl of the UCNPs. Excitation

of the UCNPs witNIR light led to FRET witle azobenzene groups. The absorption of

light by the azobenzene groups induced a continuous rotatiwersion movement,

which is responsible for the release of DOX into the emvirent,i.e.,the cancer cell$3

This NIR lightriggered release has also been used for the release and activation of

caged compounds, which can be useddancer therapy and gene expressidn?

Importantly,the use of UCNPs as multifunctional agents for both therapy and imaging
has also been studiedMultifunctional UCNPs have received a lot of interest and have
become the subject of many studié$%28.5458 The Liu group synthesised NaYIENPs,
decoratedthese nanoparticlesvith a layer of IONPs, further covered therface with

a gold shell and finally functionaliséiae resultant particlesvith PEG858 As a result,
these nanoparticles could be used for a combination of dual MRI and UCNPs imaging
due to the presence of the IONPs, aR@Tdue to the presence othe Au shell.
Additionally, the use of folic acid as a targeting agent allowed for turtemgeted
imaging.In vitroandin vivostudiesshowed a good response of these multifunctional
nanoparticles fodual MRI and luminescence imaging, as well as PfETuse of PTT
was further improved by magnetically guiding the nanoparticles towards the tumour
cellsviaan external magnet, thanks to the presence of the IONPs within the system. As
a result, these multifunctional nanoparticles were effective for a range of applications
imagingviathe luminescence of the UCNPs and MRI together with magnetipailied
PTT?2%8The use of UCNPs decorated with IONPs has also been studiecebgl Xt

The authors further functionalised the UCNPs with an amphiphilic polymer and DOX,
which could be used for novel imagiggided therapy and magnetiargeted drug
delivery bothin vitro and in viva Additionally, Zhanget al. further used UCNPs
functionalised with IONPs and DOX for effective magiatigeted drug delivery and
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MRI>® The combination of PTT and PDT togethéhwlual MRl and UCNPs imaging
was developed by Chegt al.>® The auttors fabricated Gdbased UCNPs, useful for
MRI,and further functionalised these nanoparticlesth Rose Bengal for PDT, the NIR
absorbing dye IR825 for PTT and the protein bovine serum albumin (BSA) to provide

good stability in agueous solutiof3.

It can be readily seethat UCNPs hold great potential in biomedicine. The afsRIR
light, typically 980 nm, offers important advantages for both imaging and therapeutic
applications. More recently, the use of lower excitationwskengths, 808 nm or
915nm, havebeen exploredas discussed pection 1.2.3%%°The use of these lower
wavelengthdor excitation of the UCNRHsfer further advantagesAbsorption of water

at 808 nm or even 915 nm minimised which avoids overheating of the biological
sample while allowing larger imaging de#° The use of neodymium (K9 as the
sensitiser agentather than YB* to allow excitation at lower wavelengths is being

studiedand reportedin the literature®®

In this chapter, UCNPs functionalised with the photosensitisseBengal were used
for PDT. As it has been previously mentioned, an extensive review on the current use

of UCNPs fain vitroandin vivoPDT was covered @hapter 1

5.1.3. Aim of the research reported in this chapter

The application of UCNPs in biomedicine, especially in the field of PDT, is becoming
increasingly popular. The interest in the use of UCNPs for PDT relies on the NIR
excitation of the UCNPs, which allows for a better penetration into the tissue, reaching

deeper tumours. Additionally, FRET between the UCNPs and a photosensitiser attached

to their surface leads to the generation 1, for effective cell death.

In this chapter, the use of comhell NaYFUCNPs cdoped with YBYErRY/Gd*, the
most luminescace efficient UCNPs found to date, surfanedified with lysine and
functionalised with the photosensitiseroRe Bengalfor PDT was studied. Initially, the
ability of the UCNPs to generat®; viathe efficient FRET between the UCNPs and RB
was investigatd. Additionally,in vitro studies were performed on SBR3 human

breast adenocarcinoma cells. The internalisation of the UCNPs by-#BB&&ells was
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investigatedvia confocallaser scanning microscopy and mydhioton microscopy.
Furthermore, studies o cell viability and cytotoxicity before and after PDT treatment

were performed to evaluate the use of these UCNPs as potential candidates for PDT.

In the second part of the researakported in this chapter UCNPsvithout the RB
photosensitiser were angéed. First, He potential production ofO, by the UCNPs
without the presence of a photosertiser was studied. Furthermorm vitrostudies on
SKBR3 cells were also performed to evaluate the potential cytotoxicity associated

with RBfree UCNPs botbefore and after PDT treatment.

5.2. Results andliscussion

5.2.1. Synthesis and characterisation of the UCNPs

The UCNPs used throughathie research reported irthis thesis were synthesised
characterisedand kindly providedy Markus Buchner, PhD studen the group of Dr
Thomas Hirsch (Institute for Analytical Chemistry, University of Regensburg,

Regensburg, Germany).

The UCNPs used in the first part ©fiapter Swere based on a hexagonal sodium

& 0 G NA dzY -NalyBzrokhuie Sopail with the lantinides Y& (20%), ER* (2 %)

and Gd* (20 %) with an average size of 1&&. In order to enhance the luminescence
intensity of the UCNPs, a cubic shell of NaYfNaYE, 2-3 nm) was grown around the

core of the UCNPs. The luminesceapectraof the core and coreshellUCNPgFigure

5.4 A) show distinctiveemissiorbands atca.550nm andca.650nm. These two bands

are responsible for the green and red emission of the UCNPs, respectively. It can be
clearly seen that the luminescena#gensity of the core-shell UCNP&-igure 5.4 Aii))

is much higher than the luminescence of the core UCRBsiie 5.4 Ai)). The size of

the coreshell UCNPs was analysed by TEMure 5.4 BD). Analysis of the TEM

indicates that the nanoparticles are uniform and spieal and have an average
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diameter of 17.2£0.98nm, following analysis of 991 nanoparticles, with a median

value of 17.2:0.95nm.
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Figure5.4. (A) Luminescence spectra of the core Nai*, EF*, G&*) UCNPs) and of
the coreshell NaYHYB", EFY, G&*)-NaYEk UCNPsii( in cyclohexane(B) Transmission
electron micrograph of a sample of cesbell NaYR Y, EF*, G#")-NaYEUCNPSs, where
the scale bar represents 60n. (C)Histogram of the corshell NaYF(YB*, EF*, G-
NaYEUCNPs with a median value of 1£2.95nm (n = 991)(D) Size distribution of the
coreshell NaYRYB"*, EF*, G#")-NaYEUCNPs showing the Gaussian fit, with an aver
size of 17.2 + 0.98m (n = 991). Data obtained by Markus Buchner at the Universit
Regensburg (Germany).

The surface of the corshell NaYHYB*, EF*, G&*)-NaYE UCNPs was modified with
lysine, to which the photosensitiser Rose Bengal was attag\adk-lysineRBYFigure
5.5A). The functionalised UCNPs were soluble in DM®@ luminescence spectra of
the functionalised and nofunctionalised UCNPs are shownHigure 5.5 BNaYk
lysineRB UCNPgHgure 5.5 B (ii)) is distinctly different to that of the non
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functionalised UCRSs (Figure 5.5 B ()) The green emission of the UCNPs was
significantlydecreased due to the energy transfer from the UCNPs to the RB, which
absorbs light in that regiorc@.550nm). Additionally, emission from RBat. 600 nm
following NIR excitationlearly shows the functionalisation of the surface of the UCNPs

with the RB photosensitiser.

e
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Figure5.5. (A) Schematic representation of thlaYklysineRB UCNPis DMSO, RE
shown in red(B) Luminescence spectra of ndanctionalised NaRJCNPsiYand NaYF
lysineRB UCNPs in DM$Q. Spectra obtained by Markus Buchner at the University
Regensburg (Germany).

In the second part c€hapter 5UCNPs dispersed in glPlwere used. The structure was

3 Ay 0 ENadBopet WithiYB* (20%), E¥ (2%) and G¥# (10%), with an

average size of 22 Y® ¢KS&aS !/ btad ¢SNBE-Navgshel, for2 RAFA S
luminescence intensity enhancement. The size of the -stidl UCNPs was analysed

by TEM. Analysis of the TEM iwated that the nanoparticlesvere uniform and

spherical and have an average diameter of+Z817nm, following analysis of 266
nanoparticles, with a median value of 2&30nm. The TEM results are shown in

Figure 5.6
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Figure5.6. (A) Transmission electron micrograph of a sample of eirell NaYF(Yb?,
Ef*, Gd")-NaYEUCNPs in di®, where the scale bar represents &@. (B) Histogram of
the coreshell NaYRYB*, EF*, GF*)-NaYE UCNPs with a median value of 28.5 nh®
(n = 266).(0 Size distribution of the corshell NaYF(YB*, EP*, G&*)-NaYE UCNPs
showing the Gaussian fit, with an average size of 28 +r8ril{h = 266). Data obtained b
Markus Buchner (University of Remgburg, Germany).

To provide the aqueous dispersibility, the UCNPs were functionalised with polyacrylic
acid (PAAligands A schematic representation of the NaYAAA UCNPs together with

a luminescence spectruare shown inFigure 5.7A and B respectively As previously
mentioned, the luminescence spectrum shows the green and red emission from the
UCNPst ca.550 and 6501m, respectively These UCNPs in gBj not functionalised

with RB were used to test the cytotoxic effects of the UCNPs aland theirpotential

ability to induce cell death before and after irradiation with a 980 NIR laser.
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Figure 5.7. (A) Schematic representation of th&NaYEPAA UCNP# dHO. (B)
Luminescence spectruraf NaYRPAAUCNPs irdHO. Spectrum obtained by Marku:
Buchner at the University of Regensburg (Germany).

5.2.2. Singlet oxygen productioby the NaYk-lysineRBUCNPs

TheRBfunctionalisedJCNPsdissolved in DMS@ere analysed fotO, production. In
order to use these UCNPs for PDT, RB should prd@aeon excitation of the UCNPs

at 980 nm. Energy transfer between the UCIdRd the RB should occtor efficient

10, production. Specifically, the green emissi€finnax = 541nm) from the UCNPs
following excitation at 980 nm should excite the @Bsorptionl max=540-550nm)on

the surface,leadingto the production of*‘O.. Theprobe ABMA was used to stutlye
production of *0,. ABMA, asdescribedin section 3.2.4 is photobleached in the
presence ofO,. As a result, the fluorescence of ABMA is quenched upon reaction with
lOZ-

The NaYHysineRB UCNPs were dispersed in either DMBI%)2 NJ a O/ h, Q& p!
medium (containing between 4.0 % DMSOio evaluate the poduction of'O;in each

solvent. The concentation of the UCNPs was eithemig/mL or25> 3k Y[ @ ¢ KS I
concentration was used to simulate the typical low concentrations there used in

the intracellular experimentsThe fluorescence quenching of ABMyer time Eigure

5.8) clearly confirms thatO; is being produced bthe RBon the surface of the NaY-F

lysineRB UCNRgoon irradiation at 980 nmT his confirms the energy transfer between

the UCNPs and RB. As expected, the productid®.f signifiantly higher when the

UCNPs are dispersed in DMSO as comparéeidatoobtained when the nanoparticles
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I NB RAAGLISNESR Ay alO/ h, Qa p! OSRAaLY/Oh ¢KS PNIF
mediumis probably due to the higher quenching of the fluorescence in the presence

of an aqueous solutionA similar result with lowetO, production for the samples
RAALISNESR Ay aO/h, Qa p! YSRAdzY gmgimL206 01 Ay §
l Y R ginl of *CNPsAs would be expectedhe 1mg/mL sample led to a higher

l . a! LK2G20f SI OKAy3 020K Ay 5a{h FyR a0/ h,
that the production of‘Qis dependent on both the concentration of the UCNPs and

the solvent in which they are solved.Conclusivelyit can be confirmed that the
NaYElysineRB UCNPs are able to gener&e upon irradiation at 98Gvm, even at

low concentrations, and can thus petentiallyused for NIRPDT.
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Figure5.8. Quenching of ABMA fluorescence at 488 in the presence of Na¥Xksine
RB UCNPs dispersed in either DMSQ 2 NJ a O/ h | Q& iii pv) upof SrRdiatiay
with a 980nm NIR laserThe RBn the NaYFlysineRB UCNRsas at a concentration of
either Img/mL (, i) or 25> 3 Kk Y,jv). O

5.2.3. Internalisation studies of the Na¥¥ysineRB UCNPs by BR3 cells

The results shown igection 5.2.Zlearly demonstrate the production &0, by the RB

on the NaYklysineRB UCNPs upon irradiation with a 980 nm NIR laser. Therefore,
these UCNPs are potential candidates for ABVitro studies using SBR3 human
breast adenocarcinoma cells were performed to evaluate the suitability of thesNaYF

lysineRB UCNPs foiCH'.
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The internalisation of the Na¥fsineRB UCNPs by the -BR3 cells was initially
studied usingconfocallaser scanningnicroscopy. The main challenge with the use of
confocal microscopy for this purposwith the available lasers, wakat the UCNPs
could not be directly excitedue to the NIR waveleng®80nm) requirel. Therefore,

to prove the presence of the UCNPs diesthe cellsszia confocal microscopy, the RB in
the sample was directly excited using a HeNe laser anta3Asdescribedin section
244 GKS !'/bta Fd F O2yOSy(dNI (GA2R32ds np >3k
for 3 h prior to imaging. Followingcubation, the internalisation of the UCNPs by the
cells was investigated. The emission due to thglRBF 567 nm) in the UCNPs was
collected in the red channel using a band pass filter betweer@&Nm. Additionally,
the morpholay of the cells wasvaluated fromthe DIC images, which were obtained

using a 488 nm argeion laser.Confocal microscopy images are showfigure 5.9

Figure 5.9 Confocal fluorescence microscopy images ofBEBR cells: control cells
AyOdzo | SR 6 AlGK a Odrde madium (A-B) orLd&llS yheubated\N&ith
25> 3k Y[ +lysiheRB UCNPED). Images taken fromt) DIC,2) fluorescence from

w . O2f f SOUSR A y=583nH; 568 RNmYF doyiposid images of DI
and red channelScalebars 10> Y &

242



Samples treated with the UCNHSdure 5.9GD) clearly show the red fluorescence
emitted from the RB functionalised on the surface of the UCNPs. The intense red
fluorescence is located only inside the cells, as confirmefgidpyre 5.9C3,D3, where

it is clearly seen that the space surrounding the cells does not show any fluorescence.
On theother hand, control cellot treated with the UCNP$-{gure 5.9A-B), do not

show any fluorescencélhe cell morphologyof the cells treated with the UCNPs is
shown to be intact. Thisonfirmsthat the cells remain viable following incubation with

the UQNPs.

The results obtained from the confocal microscope confirm that the cells have
efficiently internalised the RB, whiduggestghat the UCNPs themselves have been
fully internalised. However, for definitiveroof of internalisationof the UCNPsthe
UCNPs should be excited at 98@ to obtain the green and red emission from the
UCNPs directly, and not tlemission fromRBalone For this purpose, a mulgihoton
microscope was used, which allows the excitation of-@K&tablefluorophores. The
cells wee treated in the same manner as previouslgscribedfor the confocal
microscope experiments. For imaging in the mptibton microscope, the cells were
excited at two different wavelengths, 880 nm and 980 (Figure 5.1Q. Excitation at
880nm shouldenable the production of the DIC imageBigure 5.10A-D (1)) as well as

the excitation of the RB on the surface of the UCNARpue 5.10A-D (2). Excitation at

980 nmshouldlead to the direct excitation of the UCNHagure 5.10A-D (45)).
Fluorescencemission was collected in either the green channel (550 +d®)or the

red channel (655 + 20m). Both the green and the red channel show emission from
the UNCPs upon excitation at 980 nRigure 5.10A-D (45)). Additionally, the green
channel also sh@s emission from the RB on the surface of the UCNPs upon excitation
at 880 nm Figure 5.10GD @2)).
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DIC <ex = 880 nm <ex = 980 nm
550+42.5nm 655+20 nm 550+42.5nm 655+20 nm

Figure 5.10Multi-photon microscopy images of &R3 cells control cells incubated witl
a0/ h, Qa p! -freed&lyia(A-B) diheubated with 3> 3 Kk Y[ slysiheRE
UCNPYGD). Images taken front)5 L /x= 880 nm)2) fluorescence from RB collecte
Ay GKS 3INBK.SB80 ok 550 ¥ 8215 ndxfluorescence collected in the re
OK I Y VS 880 rimx 655 + 20 nmd) luminescencdrom UCNPs collected in the gree
OK I Y S 980 s 550 + 42.5 nh) luminescence from UCNPs collected in the 1
OK I Y 5980 ning655 + 20 nmPcalebars(A-B)30> Y (BMNR0O> Y ®

It is important to note that fluorescencer luminescenceemission is only seen in
samples incubated with the Nax¥lysineRB UCNPdg=igure 5.10 @), whereas the
control samples not incubated with UCNPs do not show any fluorescence
luminescencean any of thefour channels Figure 5.10A-B). Following excitéion at
880nm, fluorescence emission @ly seen in the green channel but not in the red
channel(Figure 5.10 @ (2). This indicates that the fluorescence seen is due to the RB
on the surface of the UCNPs. Following excitation at 980flnorescence emission is
seen in both the green and red channéfsgure 5.10 @ (45)), as expected from the
luminescence spectrum of the UCNIPgy(re 5.5. The emission of the S¥R3 cells

incubated with the NaYHysineRB UCNPs upon excitationd®0nm (Figure 5.10CD
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(4-5)) provided images of low resolution with a distorted representation of the
luminescence of the UCNR4th the nanoparticles appearirtg be aggregated. Similar
low quality images have previously been reportéd.uet al. assocated this lack of
definition to several interferences in the sample. Axial interference coming from the
out-of-focus luminescence of the UCNPs, in combination with lateral interference
coming from the scattering within the focal plane greatly contributedhe absence

of infocus detail,leadingto the images shown ifrigure 5.10GD (45). Yuet al.
reported that the use of a mulphoton microscope fitted with a pinhole leads to the
suppression of the axial and lateral interferences and thus to cleagamavith high
quality and resolutio!2 KA f S & dzOK | WLIAYK2f SQ gthed y 2
results reported irFigure 5.1Cconfirm the internalisation of the UCNPs by theEBK

3 cells, not only by the fluorescememission of the RB but alsativthe luminescence

of the UCNPs, which is only seen in those samples treated withINs¥ie RB UCNPs.

5.2.4. PDT usinblaYEk-lysineRBUCNPs CellTiterBlue® cell viability assays

Following confirmatiorthat SKBR3 cells effectively internalise the Na¥¥sineRB
UCNPs, the efficacy of the UCNPs for PDT was investigated. A CRIE®@rcell
viability assay was used to evaluate the PDT effect CEt@iterBlue® assay has been

previouslydescribedn section 3.2.6

Asdescribedin section 2.4.6 SKBR3 cells were incubated with the NaMifsineRB
UCNPs at various concentrations for 3 h. Following incubation, the cells were
thoroughly washed with PBS to remove albf the norrinternalised UCNPs.t Ahis
point, some samples were subjected to PDT irradiation for 6 min using ar880R
laser.The nonirradiated samples were kept in the dark under the same conditiCe8.
viability was studiedta. 48 h later.Figure 5.11shows that, following PDTeatment
(i.e., postirradiation), there is a decrease in the viability of the-E5¥3 cells,
concomitant with an increase in the concentration of the UCNPs in the sample. The
main drawback was that at high concentrations, the UCNPs become toxic even before
irradiation with a 98hm NIR laser. This dark toxicity starts to appear withneasing

concentrationand it is especially high when the cells are incubated withk Zbk Y[ 2 ¥
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the UCNPd-ourcontrol samples were included in this assay. The first one, teenas

W n @igukeys.11shows the viability of the cells that were not incubated with UCNPs.

It can be seen that the cells remain viable before and after irradiation, confirming that

the 980nm NIR laselight does not induce toxicity to the cells. Tkecond control

al YLX S>3 RS yiguieSR] rdfeds towell€incibgited with DMSO. In this case,

the DMSO was completely toxic for the cells as almost 100 % of the cells were killed.

¢CKS GKANR O2y (0NPRf FRgurybLl]@Ers Bl hdulated Witk Wo Q A
5a{h RAALISNBESR Ay -#e®mddium@®@.256 DMSQK Bhig ohtroINB R
sample simulates the amount of DMSO in all UCNPs samples. It was confirmed that,

under the conditions used to perform the cell viability assay, DMSGt imxic for the

cells as the SBR3 cells remain viablec&.97 %). Therefore, dispersing the UCNPs in

aO/ h, Qa p! YSRAdzy A& | 3A22R ¢l & G2 RSONEBI
inducedby DMSQ. KS FAY Il f O2yiNRf &l YL ST Wb@S {
aO/ h, Qa p!-freeleBliyng & poditlBecontrol for cytotoxicity.
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Figure5.11 CellTiterBlue® cell viability assay for-BR3 cels incubated with NaY
lysineRB UCNPs. Cells were either irradiated with arBBINIR laser (orange) or nor
irradiated (dark cyan). DMSO (a) was used as a control to test its cytotoxic effeet
BR3 cells. DMSO diluted to 0.25 (b) was also used asantrol to test the effects of
DMSO under the conditions used to perform the cell viability assay. Staurosporine
St) was used as a positive control for cytotoxicity. Error bars represent the star
deviation (n = 3) within a 9% confidence interda Statistically significant differenct
between nonirradiated and irradiated samples is indicated*at P<0.04,** at P<0.01
and *** at P<0.0004, obtained using a twid I A f SR tfta$tdnh &g B QGE is
considered statistically significant
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Further studies taleterminethe ideal concentration of the UCNPs for maximum PDT
efficacy were performed. The lowest concentraton cfF I K Y[ 61 & NBY2 QD

did not lead to any significant cell deatbllowing PDT, as showim Figure 5.11

Additionally, the highest concentrath of 25> 3k Y[ ¢l & | f a2 NBY2OSR

dark toxicity. A new concentrationof 573 k Y[ ¢ | &the FolOWi®) Rell vigbility
assays. The results are shownrFigure 5.12In ninerepetitions the majority of the
assays always provided the samnend in relation to cell viability and cell death. The
exact values for each sample were variable but the error was usually included within a
95% confidence interval. As seenRigure 5.12 a decrease in cell viability after PDT
treatment (.e., after irradiation with a 980hm laser) is concomitant with an increase

in the concentration of the UCNPs, and thus an increase in the concentration of RB.
Dak toxicity levels remained lovut they were also seen to grow as the concentration

of UCNPs increased.
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Figure5.12 CellTiterBlue® cell viability assay for-BR3 cells incubated with Na¥F
LysineRB UCNPs, whe(d) and (B) are repetitions of the same assay under the sai
conditions. Cells were either irradiated with a 980 NIR laser (orangey nortirradiated
(dark cyan). DMSO diluted to 0.26 (b) was also used as a control to test the effects
DMSO under the conditions used to perform the cell viability assay. Staurosporine (+
was used as a positive control for cytotoxicity. Errarsrepresent the standard deviatio
(n = 3) within a 986 confidence interval.

From allof the cell viability assays, it was found that 45k Y[ @l & (GKS
concentration for PDT. Cells incubated with13 k Y[ &aK246SR YAYAYI f
toxicity (ca.5-15%) while inducing effective cell deatba(40-67 %) following PDT.

Higher concentrations (320> 3k Y[ 0 | NB | f a2 ST 7$oweveddS |
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the greater levels oflark toxicityshould be consideredAs a result, 15 3 K Y [ gl a

chosenas the ideal concentration fdurther studies.

5.2.5. Estimation of the concentration of RB on the UCNPs

The concentration of RB on the UCNPs can be estimated by recording this UV
extinction spectrum of the UCNBamples. Additionally, avalue for the extinction
coefficient of RB needs to be estimated. The extinction coefficient of RB was estimated
in dO at 54m (Figure 5.13 and it was found to be 87,3341,010M"%icmb. A

literature value of 95,000/ ticmr* at 545nm has beerpreviously reported?
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Figure5.13 (A) U\-vis absorption spectrum of RB in gHat various concentrations an
(B)its corresponding calibration curve at 546.

Once a value for the extinctionoefficient of RB had been estimated, the -U¥

extinction spectrum of a sample of NaYysineRB UCNPs in DMSO at a concentration

of 1mg/mL was recordedHgure 5.14. Using the absorbandatensity of RB with a

maximum at 54%m (1.006) and the extition coefficient of RB, the concentration of

RB can be calculated using the Beambert law, which wakund to be 11.52 a ®

From this value, several dilutions were prepared to reach the concentrations used in

the cell viability assays ((UCNPs] =5, 80,17, 20,25 Ak Y[ 0 @ ¢ KS O2y OSy i1
RB in each of these dilutions was thealculatedusingEquation 5.1 The results are

shown inTable 5.1

248



M1 V= MyV,

Equation5.1. Equation used to calculate the concentration of RB in each of the dill
UCNPs samples. Wherei&/the volume of UCNPs atrig/mL used; Mis the concentration
of RB in the Ing/mL solution (11.52 a 0 Tis tlae concentration of RB to be calculated
each sample; andx\s the final volume.
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Figureb.14. Extinction spectrum of a sample of Na¥iBineRB UCNPs diluted tavig/mL
in DMSO.

Table5.1. Calculated values of the concentration of RB in different UCNPs san

W]/ bt dibltk Vik > Vok > ww. 8 K
5 5 1,000 0.058
10 10 1,000 0.115
15 15 1,000 0.173
17 17 1,000 0.196
20 20 1,000 0.230
25 25 1,000 0.288

As reported irsection 5.2.4 an ideal concentrationf the UCNP&r PDT was found to
be 15> Ak Y[ ® >IFK Y] WYy OSY(UNI GA2Y >AF 27F/ twt. a A yi K9

sample.

5.2.6. Evaluation of PDT effect using confocal microscopy

To further establish the potential of the NaMizsineRB UCNPs as PDT agents, the PD

effect in SKBR3 cells was studied using laser scanning confocal microscopy. As it was
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previously explained i€hapter 3 the evaluation of cell deathia confocal microscopy

can achievedin two ways. Firstly, the morphology of the cells significantignges
following cell death. The change in cell morphology can be easily evaluaterthe

DIC brightfield image of the confocal microscope. Additionally, the dead cell marker

propidium iodide can be used in order to fluorescently stain dead cells.

The fluorescence from RB on the surface of the UCNPs overlaps with that of propidium
iodide Figure 5.1%. As a result, the excitation and emission parameters in which the
fluorescencewas collectedusing the confocal microscope are extly the samej.e.,
fluorescence from RB and propidium iodidere collected in the same channdéigure

5.15 with excitation at 543im and emission collected between 56Q@5nm.
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Figure 5.15 Normalised fluorescence intensity excitation and emission spectr@Apf
LINE LJA RA dz¥% = B30ByRYASR S<630mn) and(B)w2 & S . Sy EBOnM, <@ <
590nm). (C)Comparison of the fluorescence excitation spectra of propidium iodide (g
ine)l YR w2a$S . Sy3alf o60fdzsS AyS0x=3Kengussl
with the confocal microscope (red ling)D) Comparison of the fluorescence emissic
spectra of propidium iodide (green line) and Rose Bengal (blue line), showing whe
S Y A & &.A=25¢061X5r/m) is collected with the confocal microscope (red box).
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Collecting the fluorescence of RB and propidium iodide in the same cheoukl
create a challenge to distinguish the fluorescence from RB on the UCNPs to that of the
propidium iodide. However, it was found that by modtihg the laser power, from
100% to only 4 %, this problem could be solved. At low laser powers, the fluorescence
of the RB on the UCNPs is low and remains undetectable. However, upon staining of
propidium bdide, the fluorescence at 4 daser power isintense. Therefore, the
detection of propidium iodide staining can be easily identified upon excitation with a

laser power of 4 % intensity.

As explained isection 2.4.5 SKBR3 cells were incubated with 15 3 K Y [ s-lysihe C
RB UCNPs for 3 h. The concentration 0f 13k Y[ 61 & OK2aSy &AyOS Al
ideal for PDT, ashowninsection 5.2.4 Following incubation, the cells were thoroughly
washed with PB8 to remove albf the noninternalised UCNPs. Additionally, the cells
were irradiated for 6 min using a 98®n NIR laser, to stimulate the generation'@b.
The cells were then imageda. 24h later. Three control experiments were also
performed. In thefirst one, SKBR3 cells were not incubated with UCNPs and ©ion
irradiated Figure 5.16A). In thesecond contrgl SKBR3 cells were not incubated with
UCNPs but were irradiated with the 98fh laser for 6 minKigure 5.1@8). In the third
control, SKBR3 cells were incubad with the NaYFlysineRB UCNPs and non
irradiated Eigure 5.160).

Cells treated with the NaY#ysineRB UCNPs and irradiated with the 980 laser
(Figure 5.1@-E) show clear changes in cell morphology, as compared to healthy cells.
The disintegratia of the cell membrane can be easily identified in these imagigsife

5.16 D-E (1)), which is a strong indicator of cell death. Additionally, the UCNPs were
preferentially located within the nucleus of dead ceRgyure 5.1@ (2-3)), which is in
contrast to the location of the UCNPs in viable cdligire 5.%ection 5.2.3. Following
incubation with propidium iodide, the intensity of the fluorescence in the red channel
drastically increases$-{gure 5.16), which is an indication of the positive sti#@ig with
propidium iodide and thus further confirms the death tbe SKBR3 cells after PDT
treatment. On the other hand, all control cells have a very healthy appearance in the
DIC channel and show no indication of staining with propidium iodide. Thigros

that neither the 980hm NIR laser nor the NaMlysineRB UCNPs by themselves induce
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toxicity in the cells. The irradiation of the Na¥fsineRB UCNPs is required in order to

induce production otQ,, which leadto cell death.

Figure 5.16 Confocal fluorescence microscopy images ofBBR cells. Control cells
AyOdzo | SR ¢AlGK a-demedra coptdining kK28 YIASO ahtBréatec
with propidium iodide befordA) or after (B)irradiation with a 980hm NIR laser. SBR3
cells itubated with 15> 3 Kk Y [ 4IysineRB UCNPs and treated with propidium iodi
before irradiation with a 98Gm NIR lase(C). SKBR3 cells incubated with 15 3 k
NaYEklysineRB UCNPs following irradiation with a 980 laser either beforéD) or after
(E)treatment with propidium iodide. Images taken frorh} DIC,2) fluorescence from RE
FYR LINRLARAdZY A2RARS Q64380 with R4 lager povies
560-615 nm),3) composite images of DIC and red chanBehlebars 10> Y &
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The images shown iRigure 5.16were taken with a laser power of% for the red
OK I ¥ y& 543ram¥. This low laser power was chosen to be able to identify and
distinguish the fluorescence from propidium iodide from that of the RB on the surface
of the UCNPs, as previously explained. As a result, the §cenee of the RB on the
UCNPs isndetected for the norrradiated cells incubated with NaXlysineRB UCNPs
and treated with propidium iodide Rigure 5.16C). In order to confirm the
internalisation of the UCNPs by these noradiated cells, the laser power was
increased to 1006 and further images were collected, as showRigure 5.17Indeed,
increasing the laser power confirmed the internalisation of the Mdy&gmeRB UCNPs
by nortirradiated SKBR3 cells Figure 5.17), which was not seen in control cells only
incubated with growth medium containing 0.26 DMSOHKjgure 5.17 A It is worth
noting that the UCNPs do not accumulate in the nucleus eéBKcells prior to PDT
irradiation Figue 5.17 B. The preferential location of the UCNPs inside the nucleus
was only seen following PDFigure 5.16 EE), which was another indicator for cell
death.

Figure 5.17 Confocal fluorescence microscopy images of -moadiated SKBR3 cells
controlOSt t & Ay Odzol 4 SR ¢ A-fie mediOm dontaihing 0% DMFO
(A)or incubated with 15 3 K Y [ 4lysineRBUCNRB). These images were taken pric
to treatment with propidium iodide. Images taken fror) DIC,2) fluorescence from RE
02ttt SOUSR Ay K83 nnBith a Q004 Ig5eT Pdwer;056615 nm),3)

composite images of DIC and red chanBSehlebars 10> Y ©

In order to fully show the extent of cell death following irradiation with a BBONIR

laser {.e., after PDT), images with a largegll sample size were recorded. These are
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shown inFigure 5.18Images of control celiscubated with growth medium containing
0.25 % DMSO and irradiated with the 988 laser were also recorded for comparison
(Figure 5.18A). These images were recorded following treatment of the cells with
propidium iodide and using a laser power oft® to excite the red channel

0 «=543nm). It can be clearly seen that following PDFB&R cells stain positive for
propidium iodide (Figure 5.18 B as comparedto control cells.Additionally, the
morphology of the cell membrane is drastically differemice the cell membrane in

the PDHreated cells is shown to be disintegrated.

Figure 5.18 Confocal fluorescence microscopy images of-imcadiated SKBR3 cells.
/| 2y (NPT OStta AyOdz!l S Rreeaiediuh cant@ininy 0.0%
DMSO(A) or cells incubated with 15 3 K Y [ slysihneREB UBIPs(B). All cells were
irradiated with a 980'm laser for 6nin and treated with propidium iodide. Images take
from: 1) DIC,2) fluorescence from RB and propidium iodide collected in the red chai
0 = 543nm with a 4% laser power; 56815 nm),3) composite images of DIC and re
channel.Scalebars 10> Y &

Theresults obtained from the confocal microscopggether with the results from the
CellTiterBlue® assays shown section 5.2.4 clearly show that the NaY#ysineRB
UCNPs in DMSO are good candidates for PDT. The-IMsifi& UCNPs we readily
internalised by SBR3 cells. Additionally, these UCN&s15> 3 k af¢ only toxic to
the SKBR3 cells following irradiation with a 98@m NIR laser, which induces
generation of!O, by the RBollowingenergy transfer between the UCNPs ahd RB.
Neither the NIR laser nor the UCNPs themselves mduag toxicity othe SKBR3 cells.
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52.7.ApoToxDf 2 ¢ NRA LI SE | aal &aniSn2ofdelVd@dha G A 3 1S (K

The mechanism of cell death followed by the-B¥R3 cells post NHRDT using the
NaYElysineUCNPs was studieda an ApoToDf 2 u ¢ NA LX SE | aaleod ! ;
section 3.2.14the ApoTosDf 21 ¢ NRALX SE | &a&l & Il ogtbxiciggNB & OS¢
and apoptotic response within the sample using three different biomarkers for each of

these processes.

SKBR3 cells were incubated with the NaMifsineRB UCNPs for 3 h. The Naly&ine

RB UCNPs were used at a concentration of Bk Y[ £ g KA OK gl & F2dzyR
PDTvia both cell viability assayséction 5.2.4 and confocal microscopyséction

5.2.6). Following incubation with the UCNPs, the cells were thoroughly washed to
remove all norinternalised UCNPs and they were subjected to irradiation with a
980nm NIR laser for 6 min. The ApoT@X 21 ¢ NRALX SE | aale o1l a
following PDT. This incubation period of 4 h was used considering the reftitts

ApoToxD f 2Tmiplex assayobtained and explained isection 3.2.14and section

4.2.12

The cell viability result$-{gure 5.19 Ashow that the positive control (+ve St) haléed

the cells since the assay results in low viabilipthBontrol samples not incubated with
UCNPs have high viability. These values indicate that the viability component of the
assay is workingorrectly. However, ta cells incubated with the UCNPs display dark
toxicity and no significant cell death following irradiation. These results contradic
those results alreadyeported for cell viability assaywiith the CellTiter@Blue assays)

and confocal microscopy. The cell cytotoxicity measures a biomarker that can only
fluoresce when the cells in the sample are dead. As a result, it was expectdtieha
positive control (+ve St) would give the highest fluorescentansityvalues. However,

the results obtainedRigure 5.19 Bshow relatively high levels for all samples, always
higher for the irradiated samples than the nomadiated samples. Thea€t that the
negative control also produced high values, together with the lower values obtained
for the positive control prior to irradiation, indicate that the assay is giving erroneous

results.
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Finally, the apoptosis resultBigure 5.19 Lshow that he positive control (+ve St) has

the highestluminescence intensityalues of all samples. This is expected because
staurosporine is a known apoptosis indué&Additionally, the values obtained for the
negative control cells not incubated with UCNPs, are among the lowest as expected for
viable samples. On the other hand, those cells incubated with the UCNPs, show high
levels of luminescence bottefore and after irradiation with the 980m NIR laser. The
non-irradiated sample, according to thesultspreviously describeth section 5.2.4

are nontoxic and thus their luminescence values should be as low as those seen for
the negative controls. Heever, the luminescence values for the noradiated sample
ishigh, almost at the same level as the values for the irradiated sample. The fact that
the luminescence values for the irradiated samples are almost as high as the positive
control indicates tht the most likely route of cell death followed by cells treated with
NIR PDTvould be apoptosis. However, the mechanigrhcell deathcannot be fully
confirmed due to the erroneous results seen in this assay. The most likely explanation

for these resultpossiblycould be the degradation of the biomarkers in solution.
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Figure5.19. ApoToxDf 2 u ¢ N LJX $BR3 delts taduldatedrf@ Blh Wit 253 «
NaYElysineRB UCNPs. Cells were either irradiated with arB8INIR laser (orange) ¢
non-irradiated (dark cyan). The cells were treated with the triplex assag h following
PDT.(A) Fluorescence from the G&-C substrate giving the cell viability valu@s,
fluorescence from bi®\AFR110 substrate giving the cell cytotoxicity values &6d
luminescence from the Caspase 3/7 substrate giving the values for apop
Staurosporine (+ve St) was used as a positive control for cytotoxiaigpoptosis. Eor
bars represent the standard deviation (n = 3) with @®%onfidence interval.
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