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Summary

Pancreatic cancer has the lowest survivaéramong the 21 most common forms of cancer
with only5 % of patients surviving five yearseaftheir initial diagnosisSeveral studies have
investigated the potential of neadjuvant chemo- and / or radigherapy to downstage
tumours and increase the miber of patiens eligible for resectionUnfortunately, such
treatments are often associated with significant-tdfget effects due to the nowpecific
nature of the chemotherapy regimen. Therefore, the development of targeted treatments
that reduce sideeffects related to systemic chemotherapy have enormous potential as neo
adjuvant and palliative pancreatic cancer treatments by reducing tumour burden to either

enable surgery or to provide symptom relief.

Photodynamic therapy (PDT) is a clinically appidoaeticancer treatment that involves the
activation of an otherwise inactive sensitisier drug with light, which in the presence of
molecular oxygen, generates cytotoxic reactive oxygen species (ROS). In contrast,
Sonodynamic therapy (DT) is an emerging anttancer treatment hat involves the
activation of an otherwise inactive sensitiser drugngsiowintensity ultrasoundUS) The
combination of sensitiser and ultrasound, in the presence of molecular oxygen, generates
cytotoxic levels ofROScausing celldeath via oxidtive stress As oxygen is a key
requirement for the generation of ROS in P@TSDTand given the fact thahypoxia is a
characteristic of most solid cancerous tumours, treating hypoxic tumours &ig@r SDT

can be a challengelherefore,an area of iterest in this thesis was to investigate new

methods for enhancing PDT and SDT efficacy in hypoxic tumors.

Chapter 1provided a background to current cancer treatments, PDT, SDT, improvement of
tumor oxygenation and drug delivery systems witllbapter 2detailed the materials and
methods utilsed in subsequent results chapterThe first results chapterChapter 3
investigated whether combined SDT / gemcitabine treatment, using intravenously delivered
oxygen carrying lipid stabilised microbubbl@gBs) as clivery vehicle, can provide a
significant reduction in the volume of MRaCa2 tumours compared to SDT or gemcitabine
treatment alone ancevaluate potential toxic effects inealthy nortumour bearing micelt

was observed that the combination of US witie Rose Bengal, Gemcitabine and oxygen

loaded Microbubbles @MBsRB/GENI enhancel cytotoxicity when compared to either



treatment alone ina panel of foupancreatic cancer cell linek addition the treatment of
ectopic Mia Paca2 tumours with the corbined SDT/antimetabolite therapy resulted in a
statistically significantdecrease in tumour volume compardd untreated tumours The
effects of multiple treatment®n tumour growth was also investigated and it was observed
that a second treatmen#8h folbwing the initial treatmentalso provided a significant delay

in tumour regrowth. This work is under revision in the Journal of Controlled Release.

The second residtchapter Chapter 4 evaluated whether external magnetic and low
intensity ultrasound fields can enhance the efficacy of combined antimetabolite /
sonodynamic therapy, delivered using magnetically responsive microbubbles, in an
orthotopic murine model of pancreatic cancaithen decorated with thesensitiserRose
Bengal (RBand the antimet&olite 5FUand subjected to ultrasound treatmeninagnetic
responsive microbubbles KMagQMB) conjugates induced a significant reductiorin
pancreatic cancer cell viabilitpf more than50%. The combined application of external
magnetic and ultrasoundlelds during IV delivery of the Mag®IB conjugates resulted in a
48.3% reduction in orthotopic pancreatic tumour volumes 9 days after treatment, while the
application of ultrasound alone resulted in a reduction of only 27.9%. In addition, a
significant incrase in apoptosis was observed in tumours that were treated with the
MagO,MB conjugates and exposed to both magnetic and ultrastieids when compared

to the ultrasoundireatment alone or untreated groupsChis work has been published in the

Journal of Controllé Release.

The thirdand finalresults chapter Chapter 5 investigatedthe ability ofcalcium peroxide
nangparticlesto improve oxygenation ia hypoxic environmerdand enhance PDmediated
treatment of BxPe3 pancreatic cancer cell® vitro and an ectgic Mia Paca2 xenograft
murine modelin viva A significant elevatiom tumour pQ wasobserved 10 mins following
IV administrationof a suspension of the particle3his increase in tumour pQvas also
shown to have a dramatic effect on PRTficacy with significant reductions in tumour
growth observed inmice treated with theparticles beforePDTwhen compared to PDT

alone This work has also been published in dmeirnal of Controlled Release.



Chapter 6summarised the conclusions of all the resultajgters and provides an outlook

for future work.
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Chapter 1

General Introduction



1. Generalintroduction

1.1 Prologue

Cancer ighe secondleading cause of death worldwide, with 14.1 million people having
been diagnosd with the disease and 8.2 million dying from it in 2012 aldi¢.The
incidence rate of cancer is variable depending on its type, epidemiological factors and
gender. In less developed countries, the most camniy diagnosed cancer in men is lung
cancer while in women it is breast cancer. Breast cancer remains the most commonly
diagnosed cancer for women in developed countries, while in men it is prostate d&hcer.
Theoccurrence of cancer in less developed countries is increasing as a result of population

growth and aging, which increases the prevalence of known risk factors.

Cancercan bedefinedasa class of diseases charaaesed bythe abnormal division of cells
[3] Unlike normal cells, cancer cetiegatively regulate cellular proliferation kproducing
growth factor ligandsind up-regulat expression of antapoptotic proteins As suchgancer

cellsare able toavad programmed cell deatlotherwisereferred to asapoptosis|4]

Ten hallmarks of cancenave beenproposed toprovide a logical understanding of the
diversified neoplastic disease. These hallmarks inc{@jlevasion of cell death(2) evasion
of immune destruction(3) increasing angiogenesigl) resistance to growth suppressHg5b)
uncontrolled cellular energeticscapability to (6) maintain proliferative signalling,(7)
consistenly replicate, (8)invade to normal tissue, (9nutate the genome and (10gtimulate
tumour inflammation.[4] Thesehallmarks encouragaeoplasic growth or progressiorand
lead to a more malignanphenotype However, they have also primed targets for the

development of antcancer therapeutics.
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Figurel. 1 Therapeutic targeting of the hallmarks ofncer. Reproduced from rgf].

On the basis of increasing expaental evidence, a therapeutic targeting agent normally
focuses on one major pathway in a tumougnablingsome tumour cellsto survive and
continue replication Such adaptive resistance can renew the tumour functional ability and
lead to clinical recurnmece.In addition,tumour cells mayswitchtheir dependencerom one
particular hallmark to another. For example,certain animal modelsf cancerit has been
observed thatupon successful suppression of angiogenesis, tumaas reduce their
angiogenes dependenceand switchto a more invasive andmetastatic phenotype [5]
Therefore,combination treatments that target two or more of the hallmark targets t=ad

to much more permanent and effective canderatments.

The focus of the worloutlined in this thesis ispancreatic cancer, whichas the lowest

survival statistics of the 21 most common forms of the disease.



1.2 Pancreatic Cancer

1.2.1Incidence and epidemiology

In the UK, pancreatic cancer is the 1httost diagnosed cancer with approximately 9,000
cases per year and is the 5th most common caafseancer related death$l] According to
GlobalData Pharma, the incidence for pancreatic cancer in 2017 is esdimia20.573 cases

per 100,000 population and is projected to continually increase each year with an incidence
of 22.742 cases per 100,000 populatimn2021.

Pancreatic cancer has ayBar survivatate of approximately 5% ara10-year survival rate

of < 1.0% making it the most lethal of all the most common can&ySurgical resection of

the pancreas remains the only cure for pancreatic cancer but only 20% of patients present
with resectable disease on djaosis. Approximately 40% of patients present with
metastatic disease while the remaining 40% are in a group referred to as locally advanced
or borderline resectable pancreatic cancer (LAPC/BRPC), meaning that while the cancer is
still confined to the paareas, itssizeor anatomical location means it is not possible for the
surgeon to remove albf the tumour. [6] When surgery is possible;ygar survival rates
improve 4fold to approximately 20%, which while stdi, represents a significant survival
advantage when compared to wmesectable disease. Several strategies are being
investigated to improve these dismal statistics and are designed to increase the number of
patients eligible for surgical resection. These (i) improved diagnostics; (ii) naoljuvant
chemoradiotherapy to downstage tumoursand (iii) better awareness campaigng]
Currently, there is no simple blood or urine test for pancreatic canoéras the disase is
largely asymptomatic until the advanced stages, late diagnosis is a major issue. A significant
amount of research is being devoted to develop a simple blood/urine test that could be
used as a nationwide screening tool as is the case for prostateecd8] By catching
patients earlier, one would assume resection rates would increase. Similarly, the 40% of
patients in the LAPC/BRR®uld benefit from chemo or chemecradiotherapy before
surgery with a viewof downstaging tumours to again improve resection rat&everal
studies have investigated the potential of radjuvant treatments with promising results.

[9] Better awareness campaigns are also necestsaenable the public and practitionerso
become morefamiliar with the redflag symptoms of pancreatic cancer so earlier referrals

are increased.



There are many risk factors associated with pancreatic cancer, including cigarette smoking,
age, diabetes and ob#g. Among these, cigarette smoking is the most well established risk
factor. Statistical analysibas shownthat nearly 30%of pancreatic cancepatients have
smoking historieseven after 10 yearsince cessationthe risk of progress to neoplass

still increased by 75%10] Onestudyhasreported aremarkable interaction between heavy
smoking and an Arg399GIn polymorphism of the DNA repair gene XRGICA indicated

that individuals witha disabled DNA repang system possess a higher risk of pancreatic
cancer [11] In a study ofoncogenemutations, specific endogenousnutagens KRASa
member ofthe RAS oncogene family, significantly induced characteristic pattéridsNA
alteration in pancredic cells KRAS mutation has beearlated to lifestyle such aseavy
smoking anddrinking alcohal [12] Apart from cigarette smoking, about 10% of cases of
pancreatic cancer have a fdgihistory. Several genetic syndromes are related to an
increased risk of pancreatic cancer. Individuals with R8aghers syndrome, induced by
germline mutations in STK11 have a substantially increased risk of pancreatic ¢hBfer.
Additionally,Individuals with diabetes possess an extra 30% risk of pancreatic cancer, which

lastsfor over 20 years aftethe initial diagnosis of diabete§l4]

1.2.2 Molecular pathabgy and biology

A commoncharacteristicassociated with the pathogenesis of cancethis accumulation of
somatic mutationsthat results inthis malignant disease.Fi{gure 1.2) [15] Oncogenes,
tumour-suppressor genesnd genomic maintenance genes are the threain categories of
genemutationsin the majority ofpancreatic cancer casg46] KRAS, as the most commonly
mutated oncogene, plays a key role in mediating dowesstn signalling by the activation of
transcription factors, which has been involved in over 90% of pancreatic carcinogdiesis.
prevalence of KRAS mutation in patients with pancreedicces has beenidentified as a
potential early detection label[17] CDKN2Aslso known as p16 tumotsuppressor gene
regulates the major celcycle ofthe pancreas, with inactivation in over 90% of pancreatic
adenocarcinomas. TP53 tumour suppressor gearesanother commonly mutatedyene
that playsarole in the cellular stress response and its mutational frequenaresevident in

75% of pancreatic cancer§l8] Finally, MADH4 tumour suppressor genes control the

downstream signalling by conveftid 3INB g i K FIF OG2NJ ¢DCi NBOSLI 2

over 50% of pancreatic cancef$9]
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Figure 1. 2 Generally mutated oncogenes and tumesuppressor genes in human pancreatiancer
Reproduced from reffl5].

At the molecular biology level, the mechanisms correlating genetic muswath invasive
characteristicare connected not onlyto the activated oncogenes and inactivated tumeur
suppressor genes but also the crutitress factors like cytokines and acidpsiich have
animpact on the downstream signal transduction pathways in relation to the regulation of
cell growth and proliferation[20] This diversity of influence factors offers a significant
growth and survivalhdvantagein pancreatic cancer cellso that they possess higher
chance to develop into an advanced or metastatic pancreatic cancer, which are incurable
with traditional anti@ancer treatments.Kleeff et al have demonstrated that various
Oel21AySa adzOK a AYGSNISdzlAy wmX ¢ FyR y=X
F I OG 2 NJrégulatetldd hudzhd pancreatic neoplasfl] The overexpresson of these
growth factors result in the resistance of cell death, activation of invasion and metastasis.
Shi et al have shown that low pH microenvironment or acidosis may lead to the ever
expression of vascular endothelial growth factor into the tumassue, especially in the
area encapsulated by necrosig2] However, a better understanding ofsuch factors
involvedin the pathophysiology of pancreatic candgrequired beforannovative methods

or approaches t@ombatit can be developed



1.2.3 CurrenPancreatic Cancefreatments

The currenttreatments for pancreatic cancer includsurgery, chemotherapy, radiation
therapy or combination of two or more of these treatment$he chosen treatment is
decidedon the lasis of the general health of a patient and stage of pancreatic cancer in a
multi-subject pathway. Kigure 1.3) [18] According to the American Joint Committee on
Cancer, pancreatic cancer is classified into thdégerent groupsfor treatment purposes,

which are surgically resectable, unresectable locally advanced and metg&aiic.

Metastatic pancreatic cancer Local pancreatic cancer

Locally advanced Borderline resectable  Resectable

Surgical
resection

Systemic

Radiation th
Chertitt e adiation therapy

Adjuvant
chemotherapy

Figurel. 3 Schematic diagrams of treatment options for pancreatic eariReproduced from rg23]

1.2.3.1 Surgery

Currently surgical resection is the only treatmetitat cancure patientswith pancreatic
cancer Surgicabroceduresfor pancreatic cancer contain pancreaticoduodenectonigtad
pancreatectomy with splenectomy, and total pancreatectomy. However, all these resections
may lead toareduced quality of lifeas the removal of the pancreas means the patients lack
important enzymes that facilitate food digestion and absorptionsTheangpatients must

take dietary supplements, such as pancrelipase (eg CREON), for the rest of th&hdife.
overall survivalrates after surgical resection is highly dependent on teepertise and
techniquesavailable in thespecialisippancreatic caner centre.[24] Laparoscopic techniqse

have also been applied in surgery fearious types opancreatic ancess, such as mucinous

6



cystadenocarcinoma, neuroendocrine carcinoma, pancreatic ductal adenocarciantha
intra-ductal papillary mucinous carcinonj25] A previous study has demonstrated that
laparoscopic distal pancreatectonyf left-sided pancreatic ductal adenocarcinonhas
several advantages over open surgevith a view to the survival rate and dramatically
reduces the duration of hospital stay with fasteecovery times which result from

eliminating the need fointricate reconstructions[26]

1.2.3.2 Chemotherap

1.2.3.2.1 Typical antimetabolite agents for pancreatic cancer
The pyrimidine Sluorouracil (5FU) has beemnsedas ananticancerdrug forover 60 years

and was one of the earliest chemotherapies ugegancreatic cancer treatment

O

N

O)\N |

Figurel. 4 Structure of 5FU

The mechanism oéction for 5-FU can be divided into two major pathways akown in
Figurel.5.The firstinvolves the conversion fromBUto 5-fluorouridine triphosphate (FUTP)
via phosphorylatiorby nucleotide kimses. FUTP is then incorporated into cellular RNA and
leads to the inhibition of RNAranscription.[27] An alternative activation pathwawcludes
the thymidine phosphorylase catalysed conversion &flb to fuorodeoxyuridine (FUDR)
and subsequenthymidine kinase (TKJhosphorylaion to the active metabolite Sluoro-H -
deoxyuridine monophosphat¢FdUMB. [28] FAUMP is capable of inhibiting thymidylate
synthase, whichleads to an increasel amount of deoxyuridine triphosphate (dUTP)
recognsed as damaged DNA. When the cell repair systeavésloaded to set up a cycle of
misincorporation and repair, single strand and double strand breaks result in cell f22ith.
However, resistancean occur in pancreatic cancer patiemthen the metabolic rate of 5
FU decreaseor DNA repaikefficiency increaseg30] Therefore,as theresponse rate tdb-

FUwas only 20%more effective drugs or combination treatments were requirgsi]
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Figurel.5 Mechanism of 8U resulting in RNA and DNA damageproduce from rgR9]

Gemcitabine(GEM)was first investigated as an antiviral dribgit soon after was also

identified for itsanti-cancer activity in solid and haematological cancer modaR. GEM

was FDAapproved in1996 as single chemotherapy agent for metastatic pancreatic cancer

with a betteroverallsurvival ratewhen compared tdb-FU.[21] Its molecular structure is a
H-deoxycytidine analogue kere hydrogen is replacedytfluorines G G KS H L2 & A G A

furanose ring as shown Figurel.6.

N
Y
O—L/O\R\JN @)

O F

Figurel. 6 Structure of &M

The mechanism of GEM actiaepends on its phosphorylation statdeadng to the
inhibition of DNArepair and replicatiorenzymesghat result incell death via apoptosi$SEM
is first taken into the cells via human equilibrative nucleoside transporters (hENTS) or
human concentrative nucleoside transporters (hCNT33] The rext step involves the

conversion fromGEMto gemcitabine monophosphate (dFdCM®a phosphorylationby



deoxycytidine kinasewhich is further phosphorylated by nucleotide kinase itite active
diphosphate (dFdCDP) and triphosphate (dFdACTP) nucleosiddaotieta [34] The major
cytotoxic effect of GEM comes fronthe triphosphate metabolite, which is able to
incorporate into the DNA strand resulting in destruction of DNA chain formation and single
strand shatterviathe inhibition of DNA polymerase activi\35] Furthermore, dFdCDP and
dFdCTP can inhibit the function nbonucleotide reductase and deaminasespectively,
which not only enhance the phosphorylation of GEMtie active metabolite dFACTP but
alsoinhibit deoxycytidylate (dCMP) deaminase actiyptpducing mutated genes(Figure
1.7) In spite of its broaespectrum characteristiaesistanceto this agent still exists due to
several mechanisms. Thmeain causas the low level expression tfie human equilibrative
nucleoside transporter ThENT] resulting in the poor intracellular uptake of GENG6] In
the ESPAGQ trial study, the levels of hENT1 were discovetedhawe a great impact on the
overall survival time of patients, where patits with lower levels of hENThore likely to

die earlier than those with higher levels of hEN3@]
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Figurel. 7 Mechanism of GEM leading to cell death via apoptd®éproduced from rgf32]

1.2.3.2.2 Taxanes in Pancreatic Cancer
Abraxane(albuminbound paclitaxcel particles for injectable suspension) is a Cremephor

free, 130 nmcolloidalnanoparticlesuspension that has been developed to overcome the



limitations of singleagent paclitaxel involving itsopr solubility and the solverdssociated
toxicities (Cremophor in this casdp September 2013Gemcitabine plus napaclitael
became afirst-line therapy for metastatic pancreatic cancer (MPC) following positive

outcomesfrom a global phase Il trial (MPACBY]

nab™-paclitaxel individual
molecule

nab™-paclitaxel complex /
V. 4-14nminsize

(o]

J P

Albumin ﬁ] o

HO, O
/ HN—)_<° ;
Paclitaxel .

,/ °©o/%o

A single molecule of albumin can bind up to 6 or 7 molecules of
paclitaxel

130 nmin size

Figurel. 8 Diagramillustrating thenab-paclitaxel complexReproduced from reff38]

Theintra-tumor drug delivery mechanism uskd the biological characteristic of albumin.
Firstly, alboumin attaches to the cell surface receptor gp60 activates the nitracellular
protein caveolirl, leading to the formation of vesicular structurg89] Albuminbound
compexesare then transferred through these vesicles into the interstitial sp&meondly,

due to the cruciakole of secreted protein acidic and rich in cysteine (SPARC) as-a high
affinity receptor for albumin, albumibound complegsare likely to accumulate in SPARC
positive areas of tumorsSPARC mver-expressedn the stromaof pancreatictumours and

this is the most likely reasofor the enhanced activity of napaclitaxel when compared to

paclitaxeldelivered in a cremophor vehicle
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Figurel. 9 Mechanisms of drug delivery of ngdaxclitaxelReproduced from ref40]

1.2.3.2.3FOLFIRINOX aR@ncreatic Cancers

Since theresult of thePRODIGE 4/ACCORD 11 i publishedin 2011, the FOLFIRINOX
regimen (combination of infusional -BU, leucovon, irinotecan and oxaliplatinhas
emerged as anew treatment for patients with metastatic pancreatic cancg4l] The
mechanism of 8-U delivery and metabolism has already been described in selcdh 2.1
Leucovorin or folinic acid, is a reduced form of fokaand improves the effectiveness of
5-FU chemotherapyWith regard tothe platinum compound &aliplatin, he excision repair
crosscomplementing rodent repair deficiency, complementation group 1 (ER@IG\)a
crucialrole in elimination of damaged DNAvolving nucleotide excision repand thus are
regarded as potential biomarke[42] For instance, Fuereder et ahvestigatal the activity
and safety of GEMOX (gemcitabine/oxaliplatin combination along®detinib) and
correlated the benefit with ERCC1 expressidhe data showed that patients with higher
ERCCL1 staining pattern received a therapeutic eff®jtAs for irinotecanthe irinotecan
target topoisanerasel (TOP1)and carboxyl esteras@ (CESZ2jvere evaluatedpotential
biomarkers in pancreatic cancer cells. For fibiener, a recent clinical study demonstrated
that increased TOP1 copy number benefited the overall efficacy of irinot¢tdhFor the

later, a more integrated study involving genetic analyses demonstratedpizénts having
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metastatic pancreatic cancevith over expression of CE®2d a better OS and PFS mte
whentreated with FOLFIRINOA5]

Figurel. 10 Mechanisms of action and metabolism of the drugs in the FOLFIRINOX redgiRapreduced
from ref[46]

1.2.33 Managementof chemotherapy to different patients based on the presentation of
disease

It is important that each patient is given an appropriate treatment floeir particular
condition, therefore pancreatic cances divided into threemain presentation clags, which

are surgically resectable, locally advanced and unresectable, or metastatic pancreatic cancer.
[47]

For surgically resectable pancreatic cangetients willnormallyF A N&B i dzy RSNH2 2 K
surgery to renove the tumour and then treated with adjuvant chemotherapy as soon as
they are well enough to tolerate all 6 cycles, usually in the form of gemcitabine plus
capecitabine oB-FUplus leucovorin. With regards to patients who are not well enough to
tolerate combination chemotherapy, adjuvant gemcitabine is recommended as the standard
treatment. [48]

For locally advanced and unresectable pancreatic canberrecommended treatments

chemoradiotherapy using capecitabine as a radionsitiser[49] In addition systemic
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combination chemotherapy includingfOLFIRINOX, gemcitabine plus -pablitaxel, or
nanoliposomal irinotecan p#i5fluorouracil am leucovorinis recommended to patients
who are well enough to tolerate.iddjuvant gemcitabine is recommended to patients who
are not well enough to tolerate combination chemotherapy.

As formetastatic pancreatic cancer, FOLFIRINOX is regarded asstHmdirtreatment to
patients with an Eastern Cooperative Oncology Group (ECOG) performance statlis of O
Gemcitabine combination therapy is recommended to patients who are not well enough to
tolerate FOLFIRINOXWith regards to patients who are not wednough to tolerate
combination chemotherapy, adjuvant gemcitabine is recommended as the-lifiest
treatment. With regards to seconlihe treatment, oxaliplatifbased chemotherapy is
recommended to patients who have nofirst-line oxaliplatin; gemcébinebased
chemotherapy is recommended to patients ege cancersustairs progresseven after the

first-line FOLFIRIN@>¢atment.

1.3Targeted Cancer Treatments

1.3.1 Photodynamic therap{PDT)

Photodynamic Therapy (PDifyolvesthree specific compnents (i) a photsensitiserdrug
(PS), (i) molecular oxygen and (iii) light of a specific wavelefigtjure 1.11). Each
component exhibitso cytotoxcity independently, however, when utilised in combination,
highly reactive singlet oxygehk) and otter reactive oxygen species (ROS) are generated

which can cause significant cytotoxicity leading to rapid cell death via apoptosis or necrosis.

Reactive

Oxygen Species

Figurel. 11 Essential elements for the photodynamic process and the generafioytatoxic reactive oxygen

species.
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The photophysical processes involved in PDT are illustratdeigure 1.12.[50] First, an
electron in the photsensitiseris excited by a photon of light from the singtgibund state

() to the first excited singlestate (), which is relatively shoitved. Then, there are two
options for the electron. One is to return to the singlet ground state, emitting a photon of
light, which is known as fluorescence. Alternatyyet can change its spin state and engage

in inter-system crossing SC) converting to the relatively lonlived first excited triplet state

(T2). There are also two options for the triplet state electron: (i) to drop back to the ground
state causing emssion of energy, known as phosphorescence or (ii) engage in
photochemical reactions, which lead to the production reactive oxygen species (ROSS).
There are two types of such photochemical reactions, Type | and Type Il. In the Type |
reaction, the electronnteracts with a biemolecule (or oxygen) resulting in electron transfer
(re-dox)that leads to production of free radicals such as the hydroxyl radical and superoxide
radical. In the Type Il reaction, energy from the excited triplet state is transfeadatet

triplet ground state of molecular oxygen, which generates singlet oxygen. The products from

both types of reaction are cytotoxic and cause cellular danvaémgexidative stresg51]

Type | reaction
(Free radical process)

A t=10%s U
1 ' H,0,, O3, *OH

FREAN Py T N
| t=102s 6 .
' r— 1 = .
‘ . 3
e (o J— b
. T ey Oxidative stress

E : 25

1| 233 : ™ | cellular damage

' 5. 7 ©——> Type ll reaction l
302
Y _ Cell death via
Sy L4 necrosis or apoptosis

Figurel. 12 Modified Jablonski diagram outline the photophysical processes involved inAPDibphysical
processes involved in photodynamic therapy: 1) absorption, 2) fluorescence, 3) internal conversion, 4)
intersystem crossing, 5) phosphorescen 6) formation of free radicals by energy transfer from T
photosensitiserto biological substrates, and 7) formation of singlet oxyg&®)(by energy transfer from,T

photosensitiseto triplet oxygen ioz). Reproduced from refb2]
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Although both type of reactions are responsible for the therapeutic effect observed in PDT,
Type | reactions are dominant in hypoxic environments while Type Il reactions are dominant
in normoxic environmentg53] In most situationssinglet oxygen is the major product of
PDT reaction amongst ROSs. Singlet oxygen is a potent cytotoxic agent due to its highly
oxidative nature, participating in neselective reactions with biological Isstrates such as
lipids, proteins and DNA54] A key feature of singlet oxygen is that it has a short-lfalf

and thereforethe diffusion distance from the treatment tumour area is limitd85] For

these reasons, singlet oxygen is an ideal -eaticer therapeutic in combination with a
controlled light source, as together they can significantly reduce any cytotoxic effect to
healthy tissue[56]

LG A& lfaz2z o0StASOSR GKFG t5¢ Aa NBALRYAaAAOT:
system.[57] In contrast; most conventional treatments for cancers are-seledive killing

a variety ofcells, including bone marrow cells which are responsible for producing immune
cells. PDT can activate B and T catlthe treatment site resuling in a positive immune
response [58] Therefore, the process of killing cancer cells via PDT can arouse the immune
response, recruiting macrophages and dendritic cells to the site of treatment. Kametngar

al. reported an immune response aroused by PDT in botvitro and in vivoexperiments.

[59] Therefore, PDT is a promising treatment as it can kill tumour cells in a specific area and
can elicit an immune response in regions other than the treatment 46£4.

However, a major restriction &¥DT is its ability to treat deegeatedlesionsdue to the poor

ability of lightto penetrate tissue. Tissudsansparency to light is related to the wavelength,
with longer wavelengths being capable of deeper penetratfFigurel.13). [61] The near
infrared (NIR) regioms where light has its maximum penetratidhrough tissue with the

region between750nm to 900nmbeing described as thé& 2 LJiok ghiotb-therapeutic

windog € [@2]
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Figure 1. 13 Schematic diagram representing how tissue depth penetration is wavelength dependent

Reproduced from refi63]

To be useful foclinical application in PDT, phaensitises shouldabsorb strongly in the
photo-therapeutic windowand possess highsinglet oxygemuantum yield Unfortunately,
currently approved photsensitises are mostly activatedisingwavelengthsin the visible
region of the electromagnetic spectrurand thus exhibit low tissue penetration. To
overcome this deficiency, a relatively new concept of gpbmton excited (TPE) PDT was
proposed. [64] This process involves thexatation of a fluorophorésensitiser by two
photons of long wavelength light by a femtosecond laser, which is of relatively low energy
and induces the same excited state as one photon of shorter wavelength of light with high
energy. However, currently Uised photsensitises have low two-photon extinction
coefficiens and therefore require a high amount of energy for excitatidd. such high

energiesesulting inphotodamage to healthy tissue problematic[65]

1.3.1.1 First Generation Phogensitises
Photofrin,a hematoporphyrin derivative (HpD9 regarded as thdirst PS developetbr use

in anti-cancerPDTtreatment. It wasfirst approved by Canada for treating bladder cancer
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and later FDAapprovedfor the treatment of esophageal canceCurrently, Photofrin has
beenused inPDT treatmenfor a range of cancers includirigead & neck skin, lung and
intestinal cancer[66]

Hematoporphyrin (HP) was discoverégt removingthe red pigmentin blood (Haem). HP is
able to transform to HpDBollowing treatmentwith 5% sulfuric acid in acetic adm produce
a mixture of porphyrin monomers,dimers and oligomersvith ether, ester, andcarbon
carbon linkagesThepurified Photofrinproductis then extractedfrom HpDby removing the

monomeric componentd67]
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Figurel. 14 Structure of Photofrin

Theattraction of Photofrinas a P$clude(1) a relatively high singkeoxygen quantum yield
(v 10, = 0.89)and (2)afavorable safetyrofile fromvarious clinical trial. [68] In one clinical
trial involving patients withO dzil I y S 2 dza Y I, |PRobofkiwias admihidirated lto
patients at 2mg/kg plus light treatmer8h post infusiorat a dose 0200-300J/cnt. Due to
its minimallyinvasive nature and excellent tolerability this trial proved PDT to be an
attractive alternative to conventional chemotherapy treatmen69] However, several
deficiencies were identified that limited a more widespreagplication of PDT using
Photofrin. Firsty, the extinction coefficient at thelongest wavelength @and of Photofrin
is low 6 tat 630 nm= 3000 M cm™), which restricted the 'O, when excited at this
wavelength.In addition,630nm wavelengthight hasonly moderatetissue penetration (2B

mm) making itdifficult to treat larger or more deephgeated lesions.Furthermore, the
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multicomponent nature of the mixed dimers / oligomers is not ideal. Therefore, much

development work continued to identifgbetter PS to replace Photofrin.

1.3.1.2Second Generation Phosensitises

The development of second generation &®ed to improve on the main limitations die
first generationPS, mainlabsorbancenefficiency and thenixedfinal productcomposition
To enhance absorbance efficiency foa better therapeutic effect, metatetra
(hydroxyphenyl) porphyrin (mTHPP) was developedince the enhanced conjugation
resulted in more desirable characteristifg0] Bererbaumlet al. demonstratean-THPP was
25 to 30 times as effective as HpD RidbFinduced tumour necrosisy measuringhe depth
of necrosison slices of the fixed tumors after illuminatiof7.1] However, the exience of

skinhypersensitivity limied the employment of this agemto clinical use.

Figurel. 15 Structure of mTHPP

Protoporphyrin I1X (PPIX) is anotheritygd second generation PS that s&DA approved for
the PDT treanent of actinic keratosis in 1999.72] This PS camlso be metabolically
generated from the pralrug: 1, 5-aminolevulinic acid (ALA)y human cellsThe bie
syntheticprocess otonvertingALA to PPI¥ viathe heme pathwayasshown in scheme 1.1
with excess ALAacilitating cellulaPPIXaccumulationsince the final step to generate heme
is limited via its slow conversion rat&s a resulta concentration gradienof PPIXs evident
between neoplastic andhealthy tissue.[73] Furthermore,as ALAis converted relatively

slowly to PPIX (&2h)skin photatoxicity was greatly reduced74] Kennedyet al. were first
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to demonstrde successfulPDT treatment of skin malignancies vithe transdermal
application of ALA.[75] Subsequently ALA has beemvidely used in anticancer therapy
including skin, head and neck cancer, lolder cancer andprostate cancerdespite its

inefficient'O, generationat its Qbandexcitation wavelength (635nm n=0.56)[76]
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Figure 116 Biosynthesis schenfer the conversiorof ALA to PPIXReproduced from reff72].

The discovery of the chlorigroup of PSincluding metatetra (hydroxyphenyl) chlorin (m
THPC) and NPébat were derivedirom chlorophyll a, represeetd another step forwardn
the development osecond generation P®/hen compared t@orphyrinbased PSadouble
bond onone pyrroleringwas saturated in thehlorins, leading to aignificantbathochromic
shift (from &40nm to 700nm) in th&-bandabsorbancgFigurel.17). [77] This variatioralso
enabled enhancedinglet oxygen quantum yieddu , = 0.87)and much betterextinction
coefficient at the peak wavelength than the porphyrins (¢ max ~ 35000M"* cn™). [78] Due
to the efficient singlet oxygen production reduced dosevasrequiredfor PO treatment

and m-THPGwvas approved in Europe for treatingead &neck cancernd further clinical

19



trials were conducted to investigate its antitumour effect on prostate, breast and pancreatic
cancers[79] The onlysignificantdeficiencyassociated withm-THPQvasthe long circulatory

half-life increasing thdikelihoodof skin phototoxicity

OH

e ) Q
KOH, pyridine

HO
m-THPP m-THPC

Figure 117 Transformation of mTHPC from iTHPPReproduced from reff77].

NPe6 s another representativesecond generatio®S frorthe chlorin familyand is capable
of excitation using a wavelength in theed region of the spectrum(664nm) witha high
extinction coefficient €= 40000M"™* cn™).[80] It also possessesninimal dark toxicity and
skin phototoxicity owing to the fast systemic pharmacokinetics resultingtsinquick
elimination from the bodyIn a phase Itlinical study, NPe6 was adminisited IV at 40
mg/m? and following 4h light irradiation post injection at 10nT almost 85% of patients
with endobronchial lung canceesponded tathe therapy.[81] Therefore m 2003, NPeévas
approved for trating lung cancer in Japamd alsodemonstratedpotential for treating oral,

brain and liver cancef82]

MH

HOLC COH
NPebH

Figure 118 Structure of NPe6
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Table 1.1 various photosensitisers with sfieavavelength, power output of light and duration.

Photosensitisers Wavelength Light power Duration Reference
Photofrin 630nm 200300 J/crd 3 hours [69]
5-ALA 635nm 200300 J/c\d 2 hours [76]
m-THPC 652nm 200 J/cm 2 hours [79]
NPe6 664nm 100 J/cn 4 hours [82]

Even though most of PSs haleen based on gorphyrin type structures, some non
porphyrinrelated compounds havdemonstratel promise as sensitisers for PDOnesuch

compound ighe hydrophilic xanthenasensitiseilRose Bengal (RB$ubstitition of Xanthene

ring hydrogen atoms in fluorescein to halogen atoms in Rose Bengal, significantly enhanced
GKS AyUuSNBealiSYy ONRaaAy3d LINRPOS&aa QOAl GKS aKS
increase in singlet oxygen quantum yigld, = 0.76) [83] In addition,RBalso possessed a

broad excitationbandin the greenregion of the spectrun{480-550nm) with an excellent

extinction co-efficient (5max = 99,800 M* cm™ at 532nm).[84] For these reasors, RB is

regarded as arefficient photcsensitiserthat has been applied foma variety of PDT

applications[85]

Figurel. 19 Structure ¢ RB

1.3.13 Third generation Photeensitises

Third generation PSsliffer from their ' and 2 generation couterparts in that they
containatumor- targetingcharacteristiovhich can beachieved viawo main approachesl)
the attachmentof biomolecués such as monoclonal antibodies (mA8)the PSor 2)

encapsulation of PS into delivery vehictaat direct the PS to their target$-or the first
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approach advantages takenof the unique surface antigens on tumor cells in comparison
with normal cellswhich will selectively attach ta corresponding antibody derivaisedPS
without influencing surrounding tissug86] The avidirbiotin interaction is one common
method employedto link the mAB and PS, which enssra highdose PS delivery to the
targeted site resulting in an enhanced PDT efff&%] Wohrleet al. have demonstrated the
successful biding and excellent therapeiat effect of this mABS systenvia an enzyme
linkedimmunosorbentassay(ELISA)Breast carcinoma cells and colon carcinoma ce#se
treated with biotinylated antibody, avidin and biotinylate@inc phthalocyanine PSs
successively, folload byillumination for 30s at 5 J/cfrusing ared light source The results
showed that cell cytolysis occurred on 90%tlé breast carcinoma cellsnd 45% othe
colon carcinoma celleespectively{87] For the secondpproach adenovwrus Type 2 capsid
proteins were utilised to covdently attach to an AIPc$SPSvia an ester linkage. These
proteins display high selectivity and strong association with integrin receptors
overexpressed via various cancer types such as breast cancer and lung é#thoaighin
vitro data was linted, in vivo studies usinga breast cancerEMTF6 murine model
demonstrated increasedpiake of the adenavus Type Zorotein labeled AlPgRompared
to the free AlIPcg indicating a promising delivery system for tuntargeting PDT treatment.
[88]

1.3.2Sonodynamic Therapy

While the use of NHabsorbing PS and twphoton excitation schemes enablg®tential
sensitiser excitation in the phototherapeutic window, the penetration depths are still
limited to aboutl cm.[89] In this context, alternative methods for sensitiser excitation have
also been explored. One such approach is Sonodynamic Therapy (SDT). Like PDT, SDT
requiresthe combination ofthree individual canponents to enablghe generation of RQS
Typically the same sensitiser is employed and molecular oxygen is also a mandatory
component. However, while light is used to excite the sensitiser in PDT, this is replaced with
low-intensity ultrasound inSDT. Kigure 1.20) Ultrasound is widely used as an economical
and safe imagingnodality [90][91] and unlikelight, its penetration depthin soft tissue
enables sensitiser exation at depths oftens of centimeters enabling the possible

treatment oflesiorsin the abdominal or thoracic cavity92]
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Figurel. 20 Essential elements f@DTprocess andhe generation of cytotoxic reactive oxygen species.

1.3.2.1 Basic physical principles dfrasound

Ultrasoundcomprisessound waves Wwh frequencieggreaterthan 20 kHz whichexceed the
upper range of human hearing An USwave is atype of mechanicaknergy, whichis
transferred through amediumby vibraing molecules. It can bsub-divided into two types
of wave: te first is a longitudinal wayewnhich involvesthe oscillation of molecules in a
linear direction (in mediums such as gadepjids, orplasma). The second ist@nsverse
wave, whichinvolvesthe oscillation of moleculeserticalto the direction of thetransmitted

wave (such as in solids).
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Figurel. 21 Theillustration of (a) a longitudinal sound awve and (b) &ransverse sound wave

To better understand this processfew parameters areisedto describethe mechanisnof

how US waves propagates through tissid@efrequency (flof an US wave includeise cycle
number or the variation of pressure thaccursin one second. Frequency is nofluenced

by the medium with sound traves through but bythe source generating USThe velocity

(v) of an US wave is fileed as the speed at which sound can pass through the medium.
Unlike frequencyyelocityis only determined byfeatures of the mediumncluding density
and compressibility. Wavelengthx)(is described as the distance between two identical
points on the US wavdt is determined by the frequency and velocity of the US wave as

described irEquatian 1.1.

<I' @kT¥T (Equation 1.}

Equation 1.1shows that he wavelength ad frequency of US are inversely related. In
practical applications such as improgiresolution in diagnostic imagirand procedurdUS,
it is crucial to select a suitable source frequer@gnerallyspeakinglower frequency waves

are lessattenuated thanhigh frequency waves for a given distanaad thus penetrate to
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deeper tissuesin contrast a higher axial resolution image care lgenerated byhigher
frequency waves For this reason, it igdeal to apply highfrequency sourcesto image

superficial structures (suctsdor stellate ganglion blockg®3]
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Figurel. 22 Acomparison of the resolution and penetration of various ultrasound frequencies.

For the ultrasound mediated SDT, the frequenused istypically in the region ol-2 MHz

[94] Two further important charaeristics of the ultrasound used in SDT are intensity and
duty cycle. The intensity (power) of ultrasound is calculated in W/nu determineshe
strength grade of the energy from this salinvave. Intensity iscrucial when discussing
bioeffects and safgt whichvaries in diagnostic ultrasourginceit's highest at the center of

the beam and falls off near the peripher.also varies along direction of travel due to
focusing and attenuationSpatial Peak (SP) and Spatial Average (SA) intensity aretased
describe the peak intensity and the average intensity of the ultrasound output over of the

area of the transducer respectively.
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Figurel. 23 Schematic diagrasto describe US intensity metrias diagnostic ultrasound.
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In pulsed ultrasoud, intensity varies with timeit's zero between pulses angreater than
zeroduring each pulseTemporal peak (TP) is the greatest intensity fodlding a pulse,
while temporal average (TA) includes the "dead" time between pulSke plse average
(PA) is in between for a given pulse bed and TA are related by the duycle andhe
duty cycle is measured as a percentage of the time in wiiehultrasound is appliedver
the cumulative time of the treatment. This function is ablélitoit temperatureincreasein

heat-sensitiveapplicatiors. [95]

Temporal average

g{/ Temporal peak

Ultrasound Pressure

Pulse aveage

Figure 1. 24 Schematic diagram to describe US pressure and intensity metrics in pulsed ultrasound.

Reproduced from ref96]

1.3.2.2 Mechensim of ROS generation in SDT.

While the mechanism for ROS generation in ED#ell undestood at the molecular level,

the mechanism foiits generation followingultrasoundirradiation in SDT itess clear. A
dzy AljdzS LIKSy2YSy2y OFffSR a&OII @A dvhthiah agfebus 2 O O dzNZ
environment, where gas filled bubblesndergo aseries of processes including the
generation, expansion andcollapse. Stable and inertial cavitatare terms applied to
further subdivide this phenomenorStable cavitatiorleads to the generationof bubbles,
which carries onoscillating and consequently stirrinthe surroundingmedia Inertial
cavitation is when the cavitation bubbles grow to a resomasze before collapsing
violently. The energy released by collapsifgibbles can transfer into extreme high
temperature and pressure, which caeach up to 10,000K and 81MPa respectiv§dy]
These extreme micrenvironmental conditions have been described assanochemical
reactore [98] and forms the basis for the two main theories for ROS generation in SDT:

sonoluminescence and pyrolysis.
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Sonoluminescencas the proess oflight generation followingultrasound irradiationof a
solution. Pickworth et al. have confirmed this light productiby utilizing a photomultiplier
tube and processing througlpulse height analys[99] It has been suggested thahe
sonoluminescencegenerated from the process of cavitatiofl00] is then capable of
activatingsensitises in a similar way as in POhe secondheory of pyrolysissuggests that
the sonochemcial reactor type conditions experienced by a sensitiser in the vicinity of
bubble undergoing inertial cavitation results in sensitiser pyrolysis liberagagtive free
radicalsthat subsequentlyreact with surroundingendogenous substrate® generate ROS.
[101] a XP et al haveattempted to provethis theory and confirmed the production érfee
radicals through the application of eleecbn paramagnetic resonance (EPR). They also
investigated that these free radicals play a great role in the water dissociatigerterate
hydroxyl radials and hydrogen peroxidgL02]

Although neither mechanism has substantial body otvidenceas support,numerous
studies are available to confirm that the irradiation of sensitisangh low-intensity
ultrasound generate®ROSwith a correspondingytotoxic effect.[103-105] However, given
the exact mechanism of SDT remains uncertais, difficultto identify the ideal structure or
characteristics of thesensitiserfor optimum SDT efficiencyDespite this various different
photosensitises, including porphyrins andanthene dewvatives have also been identified

as capble of generaing ROS upon le intensity ultrasound irradiation andised as

sonasensitises iINSDT Some examples of SDT anticancer treatment are provided below.

1.3.23 SDT as an anttancer treatment.

A pioneering study bimemura et alin 1999 demonstrateda significant96% reluctionin
cell viabilityof sarcoma 18@fter 60s USexposure(1 MHz,5.9 W/cnf) in the presence of
160 >M RB while RB alone lhonly a minor effect[106] A further study involving mice
bearing intracranial gliom&umours treated with focused ultrasound at 25 W/ch{1 MH2)
for 5min and Rosedhgal (50 mg/kgf body weight)resulted in a80%reduction intumor
volume comparedto untreated mice without affecting surrounding brain tissuefgL07]
Although RB has attracteal significant amount of attention as a sonosensitigkre to its
hydrophilic nature, it suffered from bbw accumulation capacity ahe tumor regionthat

seriously restricted its further developmenith regard toclinical use. When RB is delivered
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via IV administration into systemic circulation, it regpidly eliminated from the blood
circulation and expelled through bild108] To overcome this deficiencya series of
amphiphilic B derivatives were syntiséssed by adding a carboxyl group or alkyl chain to
modify the structure as shown irFigure1.25. The tumor uptake capabilitpf RED1 was
evaluated in colon 26 carcinomaice model and resultsdemonstrateda much better
uptake in tumor tissuecompared to norumor tissue which indicated that tumor
accumulation andDT anticancer efficiency can be eaihced via the suitable structural
modification of soneensitises. [109] Previous workby Nomikouet al has also investigated
covalently attaching RBD2o lipid microbubbles andobsewed an ultrasoundinduced
anticancer effecin RIFL cellsin vitro. In vivodata alsodemonstrateda dramatic reduction
in tumor growth via the combination of the conjugate and ultrasound buteffect on
tumor growth in the absence of the ultrasound stifasin mice bearing prostate LNGaRc

tumours. [110]

RBD1 R=(CH2)7COOH
RBD2 R=CHCOOH(CH2)11CH3

Figurel. 25 Sructure of RB derivativeqReproduced from rgfL09]

Asporphyrins repesented the earliest class of photosensitisers used in PDT, it is no surprise
they have also been investigated for use in SDT, phibtofrin, HPand PPIXbeing proven

capable of generatinROSvhen irradiated with ultrasound
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Figurel. 26 ChemicalSructure of some selected HP derivativeeluding Hematoporphyrin monomethy!l
ether (HMME) DCPHP-Na(l) and AT=XO.

Hematoporphyrinmonomethyl ether (HMME) is a recéyntdeveloped HP derivativevith
the ability to selectivelyaccumulate in cancer callis nontoxic in the absence of ultrasound
andis rapidy metabolised by the body.Previousin vitro studies demonstrated that HMME
(20 pg/mL, incubatedin dark for 2 ) exhibited significant cytotoxicityon C6 glioma cells
following ultrasound irradiation(1.0 MHz and 0.5 W/cfrfor 2 min) and SDTinduced cell
apoptosis and necrosis was aledserved as a result oROS generation[111][112]
Furthemore, gene expressioranalysis indicatedhat HMMEmediated SDT treatment
resulted in dowrregulationof Bct2 expressionwhich isinvolved inthe apoptoticsignalling
pathway. [113] Moreover, SDT mediated treatmendf osteosarcoma imrats usingHMME
(20 mg/kg, IV) and ultrasound radiation (10.5 MHz) for 426onds at an intensity of 0.8
W/cm? demonstratinga significant48.9% inhibitoryrates of tumour volume compared to
animals treated with drug or ultrasound alorj&14]

The previously mentionegorphyrin derivaised DCPFP-Na(l), has also demonstrated
effective SDT mediated toxiciagainsta panelof human cancer cellgncludinghuman lung
cancer cell lines, LU65A, RERRLCHLA, VMRC, and KM, human gastric cancer cell
lines, MKNL, MKN28, MKN45, MKN74, and KATI, a human pancreas cell line, QGP
and a human prostate cancer cell line-B@ vitro. [94] Furthermore,it was suggested that
its effective SDT efficacy wdsrived from ROS generation sirte DCPHP-Na () mediated
SDT effect was drastically decreased upon the additionhidtidine as a scavenger of ROS.
In addition, efficient tumor growth inhibitiorwasobservedin MKN-45 tumor bearing mice,

when tumours were exposefibr 10 min to ultrasoundat 1 MHz, 2W/cm?, 50% duty cycle
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