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Summary 

Pancreatic cancer has the lowest survival rate among the 21 most common forms of cancer 

with only 5 % of patients surviving five years after their initial diagnosis. Several studies have 

investigated the potential of neo-adjuvant chemo- and / or radiotherapy to downstage 

tumours and increase the number of patients eligible for resection. Unfortunately, such 

treatments are often associated with significant off-target effects due to the non-specific 

nature of the chemotherapy regimen. Therefore, the development of targeted treatments 

that reduce side-effects 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 approved anti-cancer 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 (SDT) is an emerging anti-cancer treatment that involves the 

activation of an otherwise inactive sensitiser drug using low-intensity ultrasound (US). The 

combination of sensitiser and ultrasound, in the presence of molecular oxygen, generates 

cytotoxic levels of ROS causing cell death via oxidative stress. As oxygen is a key 

requirement for the generation of ROS in PDT or SDT and given the fact that hypoxia is a 

characteristic of most solid cancerous tumours, treating hypoxic tumours using PDT or SDT 

can be a challenge. Therefore, an area of interest in this thesis was to investigate new 

methods for enhancing PDT and SDT efficacy in hypoxic tumors. 

Chapter 1 provided a background to current cancer treatments, PDT, SDT, improvement of 

tumor oxygenation and drug delivery systems while Chapter 2 detailed the materials and 

methods utilised in subsequent results chapters. The first results chapter, Chapter 3 

investigated whether combined SDT / gemcitabine treatment, using intravenously delivered 

oxygen carrying lipid stabilised microbubbles (MBs) as delivery vehicle, can provide a 

significant reduction in the volume of Mia-PaCa-2 tumours compared to SDT or gemcitabine 

treatment alone and evaluate potential toxic effects in healthy non-tumour bearing mice. It 

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

loaded Microbubbles (O2MBs-RB/GEM) enhanced cytotoxicity when compared to either 
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treatment alone in a panel of four pancreatic cancer cell lines. In addition, the treatment of 

ectopic Mia Paca-2 tumours with the combined SDT/antimetabolite therapy resulted in a 

statistically significant decrease in tumour volume compared to untreated tumours. The 

effects of multiple treatments on tumour growth was also investigated and it was observed 

that a second treatment 48h following the initial treatment also provided a significant delay 

in tumour re-growth. This work is under revision in the Journal of Controlled Release.   

 

The second results chapter (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 cancer. When decorated with the sensitiser Rose 

Bengal (RB) and the antimetabolite 5-FU and subjected to ultrasound treatment, magnetic 

responsive microbubbles (MagO2MB) conjugates induced a significant reduction in 

pancreatic cancer cell viability, of more than 50%. The combined application of external 

magnetic and ultrasound fields during IV delivery of the MagO2MB 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 increase in apoptosis was observed in tumours that were treated with the 

MagO2MB conjugates and exposed to both magnetic and ultrasonic fields when compared 

to the ultrasound treatment alone or untreated groups. This work has been published in the 

Journal of Controlled Release. 

 

The third and final results chapter (Chapter 5) investigated the ability of calcium peroxide 

nanoparticles to improve oxygenation in a hypoxic environment and enhance PDT-mediated 

treatment of BxPc-3 pancreatic cancer cells in vitro and an ectopic Mia Paca-2 xenograft 

murine model in vivo. A significant elevation in tumour pO2 was observed 10 mins following 

IV administration of a suspension of the particles. This increase in tumour pO2 was also 

shown to have a dramatic effect on PDT efficacy with significant reductions in tumour 

growth observed in mice treated with the particles before PDT when compared to PDT 

alone. This work has also been published in the Journal of Controlled Release. 
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Chapter 6 summarised the conclusions of all the results chapters and provides an outlook 

for future work. 
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Abbreviation 

1O2                      Singlet oxygen 

3O2                      Triplet oxygen 

5-FU                   5-Fluorouracil 

ATCC                  American Type Culture Collection 

CaO2                  Calcium Peroxide 

DNA                   Deoxyribonucleic acid 

5a9a               5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜǎ aŜŘƛǳƳ 

DMF                   N,N-Dimethylformamide 

DCC                    N,N-Dicyclohexylxarbodiimide 

DMSO                Dimethyl sulfoxide 

DCM                   Dichloromethane 

Et2O                    Diethyl ether 

GEM                   Gemcitabine 

MBs                    Microbubbles 

MeOH                 Methanol 

EtOH                   Ethanol 

IP                         Intraperitoneal 

IV                         Intravenous 

LED                      Light emitting diode 

MagMBs            Magnetic Responsive Microbubbles 

MS                      Mass Spectroscopy 
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MTT                   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NIR                     Near Infrared 

NMR                  Nuclear Magnetic Resonance 

OxyMBs            Oxygen carrying microbubbles 

PBS                    Phosphate Buffered Saline 

PDT                    Photodynamic therapy 

PPIX                   Protoporphyrin IX 

PTX                    Paclitaxel 

RB                      Rose Bengal 

SDT                    Sonodynamic therapy 

SEM                   Scanning Electron Microscope 

SOSG                 Singlet Oxygen Sensor Green 

SPIONs              Superparamagnetic iron oxide nanoparticles 

ROS                    Reactive Oxygen species 

PEG                    Polyethyleneglycol 

ESI                      Electrospray Ionization 

MeCN                Acetonitrile 

UV-Vis               Ultraviolet Visible 

US                      Ultrasound 

UTMD               Ultrasound-targeted Microbubble Destruction 
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1. General Introduction 

1.1 Prologue 

Cancer is the second leading cause of death worldwide, with 14.1 million people having 

been diagnosed with the disease and 8.2 million dying from it in 2012 alone. [1] The 

incidence rate of cancer is variable depending on its type, epidemiological factors and 

gender. In less developed countries, the most commonly 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 cancer.[2] 

The occurrence of cancer in less developed countries is increasing as a result of population 

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

Cancer can be defined as a class of diseases characterised by the abnormal division of cells. 

[3] Unlike normal cells, cancer cells negatively regulate cellular proliferation by producing 

growth factor ligands and up-regulate expression of anti-apoptotic proteins. As such, cancer 

cells are able to avoid programmed cell death, otherwise referred to as apoptosis. [4]  

Ten hallmarks of cancer have been proposed to provide a logical understanding of the 

diversified neoplastic disease. These hallmarks include (1) evasion of cell death, (2) evasion 

of immune destruction, (3) increasing angiogenesis, (4) resistance to growth suppressors, (5) 

uncontrolled cellular energetics, capability to (6) maintain proliferative signalling, (7) 

consistently replicate, (8) invade to normal tissue, (9) mutate the genome and (10) stimulate 

tumour inflammation. [4] These hallmarks encourage neoplastic growth or progression and 

lead to a more malignant phenotype. However, they have also provided targets for the 

development of anti-cancer therapeutics. 
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Figure 1. 1 Therapeutic targeting of the hallmarks of cancer. Reproduced from ref [4]. 

On the basis of increasing experimental evidence, a therapeutic targeting agent normally 

focuses on one major pathway in a tumour, enabling some tumour cells to survive and 

continue replication. Such adaptive resistance can renew the tumour functional ability and 

lead to clinical recurrence. In addition, tumour cells may switch their dependence from one 

particular hallmark to another. For example, in certain animal models of cancer, it has been 

observed that upon successful suppression of angiogenesis, tumours can reduce their 

angiogenesis dependence and switch to a more invasive and metastatic phenotype. [5] 

Therefore, combination treatments that target two or more of the hallmark targets can lead 

to much more permanent and effective cancer treatments. 

The focus of the work outlined in this thesis is pancreatic cancer, which has the lowest 

survival statistics of the 21 most common forms of the disease. 
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1.2 Pancreatic Cancer 

1.2.1 Incidence and epidemiology  

In the UK, pancreatic cancer is the 11th most diagnosed cancer with approximately 9,000 

cases per year and is the 5th most common cause of cancer related deaths. [1] According to 

GlobalData Pharma, the incidence for pancreatic cancer in 2017 is estimated at 20.573 cases 

per 100,000 population and is projected to continually increase each year with an incidence 

of 22.742 cases per 100,000 population by 2021. 

Pancreatic cancer has a 5-year survival rate of approximately 5% and a 10-year survival rate 

of < 1.0% making it the most lethal of all the most common cancers. [1] Surgical resection of 

the pancreas remains the only cure for pancreatic cancer but only 20% of patients present 

with resectable disease on diagnosis. 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 pancreas, its size or anatomical location means it is not possible for the 

surgeon to remove all of the tumour. [6] When surgery is possible, 5-year survival rates 

improve 4-fold to approximately 20%, which while still low, represents a significant survival 

advantage when compared to un-resectable 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 are (i) improved diagnostics; (ii) neo-adjuvant 

chemo-radiotherapy to downstage tumours and (iii) better awareness campaigns. [7] 

Currently, there is no simple blood or urine test for pancreatic cancer and as the disease 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 prostate cancer. [8] By catching 

patients earlier, one would assume resection rates would increase. Similarly, the 40% of 

patients in the LAPC/BRPC could benefit from chemo- or chemo-radiotherapy before 

surgery with a view of down-staging tumours to again improve resection rates. Several 

studies have investigated the potential of neo-adjuvant treatments with promising results. 

[9] Better awareness campaigns are also necessary to enable the public and practitioners to 

become more familiar with the red-flag symptoms of pancreatic cancer so earlier referrals 

are increased.  



4 
 

There are many risk factors associated with pancreatic cancer, including cigarette smoking, 

age, diabetes and obesity. Among these, cigarette smoking is the most well established risk 

factor. Statistical analysis has shown that nearly 30% of pancreatic cancer patients have 

smoking histories; even after 10 years since cessation, the risk of progress to neoplasia is 

still increased by 75%. [10] One study has reported a remarkable interaction between heavy 

smoking and an Arg399Gln polymorphism of the DNA repair gene XRCC1, which indicated 

that individuals with a disabled DNA repairing system possess a higher risk of pancreatic 

cancer. [11] In a study of oncogene mutations, specific endogenous mutagens: KRAS, a 

member of the RAS oncogene family, significantly induced characteristic patterns of DNA 

alteration in pancreatic cells. KRAS mutation has been related to lifestyle such as heavy 

smoking and drinking alcohol. [12] Apart from cigarette smoking, about 10% of cases of 

pancreatic cancer have a family history. Several genetic syndromes are related to an 

increased risk of pancreatic cancer. Individuals with Peutx-Jeghers syndrome, induced by 

germline mutations in STK11 have a substantially increased risk of pancreatic cancer. [13] 

Additionally, Individuals with diabetes possess an extra 30% risk of pancreatic cancer, which 

lasts for over 20 years after the initial diagnosis of diabetes. [14] 

 

1.2.2 Molecular pathology and biology 

A common characteristic associated with the pathogenesis of cancer is the accumulation of 

somatic mutations that results in this malignant disease. (Figure 1.2) [15] Oncogenes, 

tumour-suppressor genes, and genomic maintenance genes are the three main categories of 

gene mutations in the majority of pancreatic cancer cases. [16] KRAS, as the most commonly 

mutated oncogene, plays a key role in mediating downstream signalling by the activation of 

transcription factors, which has been involved in over 90% of pancreatic carcinogenesis. The 

prevalence of KRAS mutation in patients with pancreatic cancers has been identified as a 

potential early detection label. [17] CDKN2As, also known as p16 tumour-suppressor gene, 

regulates the major cell-cycle of the pancreas, with inactivation in over 90% of pancreatic 

adenocarcinomas. TP53 tumour suppressor genes are another commonly mutated gene 

that plays a role in the cellular stress response and its mutational frequencies are evident in 

75% of pancreatic cancers. [18] Finally, MADH4 tumour suppressor genes control the 

downstream signalling by convertiƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ¢DCʲ ǊŜŎŜǇǘƻǊΣ ǿƘƛŎƘ ƛǎ ƛƴŀŎǘƛǾŀǘŜŘ ƛƴ 

over 50% of pancreatic cancers. [19] 
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Figure 1. 2 Generally mutated oncogenes and tumour-suppressor genes in human pancreatic cancer. 

Reproduced from ref [15]. 

At the molecular biology level, the mechanisms correlating genetic mutations with invasive 

characteristic are connected not only to the activated oncogenes and inactivated tumour-

suppressor genes but also the crucial stress factors like cytokines and acidosis, which have 

an impact 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 survival advantage in pancreatic cancer cells so that they possess a higher 

chance to develop into an advanced or metastatic pancreatic cancer, which are incurable 

with traditional anticancer treatments. Kleeff et al have demonstrated that various 

ŎȅǘƻƪƛƴŜǎ ǎǳŎƘ ŀǎ ƛƴǘŜǊƭŜǳƪƛƴ мΣ с ŀƴŘ уΣ ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ ŀƴŘ ǘǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ 

ŦŀŎǘƻǊ ʲ ŀǊŜ ǳǇ-regulated in human pancreatic neoplasm. [21] The over-expression of these 

growth factors result in the resistance of cell death, activation of invasion and metastasis. 

Shi et al have shown that a low pH microenvironment or acidosis may lead to the over-

expression of vascular endothelial growth factor into the tumour tissue, especially in the 

area encapsulated by necrosis. [22] However, a better understanding of such factors 

involved in the pathophysiology of pancreatic cancer is required before innovative methods 

or approaches to combat it can be developed. 
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1.2.3 Current Pancreatic Cancer Treatments 

The current treatments for pancreatic cancer include surgery, chemotherapy, radiation 

therapy or combination of two or more of these treatments. The chosen treatment is 

decided on the basis of the general health of a patient and stage of pancreatic cancer in a 

multi-subject pathway. (Figure 1.3) [18] According to the American Joint Committee on 

Cancer, pancreatic cancer is classified into three different groups for treatment purposes, 

which are surgically resectable, unresectable locally advanced and metastatic. [23] 

 

Figure 1. 3 Schematic diagrams of treatment options for pancreatic cancer. Reproduced from ref [23] 

 

1.2.3.1 Surgery 

Currently, surgical resection is the only treatment that can cure patients with pancreatic 

cancer. Surgical procedures for pancreatic cancer contain pancreaticoduodenectomy, distal 

pancreatectomy with splenectomy, and total pancreatectomy. However, all these resections 

may lead to a reduced quality of life as the removal of the pancreas means the patients lack 

important enzymes that facilitate food digestion and absorption. This means patients must 

take dietary supplements, such as pancrelipase (eg CREON), for the rest of their life. The 

overall survival rates after surgical resection is highly dependent on the expertise and 

techniques available in the specialist pancreatic cancer centre. [24] Laparoscopic techniques 

have also been applied in surgery for various types of pancreatic cancers, such as mucinous 
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cystadenocarcinoma, neuroendocrine carcinoma, pancreatic ductal adenocarcinoma and 

intra-ductal papillary mucinous carcinoma.[25] A previous study has demonstrated that 

laparoscopic distal pancreatectomy of left-sided pancreatic ductal adenocarcinoma has 

several advantages over open surgery with a view to the survival rate and dramatically 

reduces the duration of hospital stay with faster recovery times, which result from 

eliminating the need for intricate reconstructions. [26] 

 

1.2.3.2 Chemotherapy  

1.2.3.2.1 Typical antimetabolite agents for pancreatic cancer 

The pyrimidine 5-fluorouracil (5-FU) has been used as an anticancer drug for over 60 years 

and was one of the earliest chemotherapies used in pancreatic cancer treatment. 

 

Figure 1. 4 Structure of 5-FU 

The mechanism of action for 5-FU can be divided into two major pathways as shown in 

Figure 1.5. The first involves the conversion from 5-FU to 5-fluorouridine triphosphate (FUTP) 

via phosphorylation by nucleotide kinases. FUTP is then incorporated into cellular RNA and 

leads to the inhibition of RNA transcription. [27] An alternative activation pathway includes 

the thymidine phosphorylase catalysed conversion of 5-FU to fluorodeoxyuridine (FUDR) 

and subsequent thymidine kinase (TK) phosphorylation to the active metabolite 5-fluoro-н-

deoxyuridine monophosphate (FdUMP). [28] FdUMP is capable of inhibiting thymidylate 

synthase, which leads to an increased amount of deoxyuridine triphosphate (dUTP) 

recognised as damaged DNA. When the cell repair system is overloaded to set up a cycle of 

misincorporation and repair, single strand and double strand breaks result in cell death. [29] 

However, resistance can occur in pancreatic cancer patients when the metabolic rate of 5-

FU decreases or DNA repair efficiency increases. [30] Therefore, as the response rate to 5-

FU was only 20%, more effective drugs or combination treatments were required. [31] 
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Figure 1. 5 Mechanism of 5-FU resulting in RNA and DNA damage. Reproduce from ref [29] 

 

Gemcitabine (GEM) was first investigated as an antiviral drug but soon- after was also 

identified for its anti-cancer activity in solid and haematological cancer models. [32] GEM 

was FDA approved in 1996 as single chemotherapy agent for metastatic pancreatic cancer 

with a better overall survival rate when compared to 5-FU. [21] Its molecular structure is a 

н-deoxycytidine analogue where hydrogen is replaced by fluorines ŀǘ ǘƘŜ н  Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ 

furanose ring as shown in Figure 1.6.  

 

Figure 1. 6 Structure of GEM 

The mechanism of GEM action depends on its phosphorylation state leading to the 

inhibition of DNA repair and replication enzymes that result in cell death via apoptosis. GEM 

is first taken into the cells via human equilibrative nucleoside transporters (hENTs) or 

human concentrative nucleoside transporters (hCNTs). [33] The next step involves the 

conversion from GEM to gemcitabine monophosphate (dFdCMP) via phosphorylation by 
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deoxycytidine kinase, which is further phosphorylated by nucleotide kinase into the active 

diphosphate (dFdCDP) and triphosphate (dFdCTP) nucleoside metabolites. [34] The major 

cytotoxic effect of GEM comes from the triphosphate metabolite, which is able to 

incorporate into the DNA strand resulting in destruction of DNA chain formation and single 

strand shatter via the inhibition of DNA polymerase activity. [35] Furthermore, dFdCDP and 

dFdCTP can inhibit the function of ribonucleotide reductase and deaminase respectively, 

which not only enhance the phosphorylation of GEM to the active metabolite dFdCTP but 

also inhibit deoxycytidylate (dCMP) deaminase activity producing mutated genes.  (Figure 

1.7) In spite of its broad-spectrum characteristic, resistance to this agent still exists due to 

several mechanisms. The main cause is the low level expression of the human equilibrative 

nucleoside transporter 1 (hENT1) resulting in the poor intracellular uptake of GEM. [36] In 

the ESPAC-3 trial study, the levels of hENT1 were discovered to have a great impact on the 

overall survival time of patients, where patients with lower levels of hENT1 more likely to 

die earlier than those with higher levels of hENT1.[36] 

 

Figure 1. 7 Mechanism of GEM leading to cell death via apoptosis. Reproduced from ref [32] 

 

1.2.3.2.2 Taxanes in Pancreatic Cancer 

Abraxane (albumin-bound paclitaxcel particles for injectable suspension) is a Cremophor-

free, 130 nm colloidal nanoparticle suspension that has been developed to overcome the 
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limitations of single-agent paclitaxel involving its poor solubility and the solvent-associated 

toxicities (Cremophor in this case). In September 2013, Gemcitabine plus nab-paclitaxel 

became a first-line therapy for metastatic pancreatic cancer (MPC) following positive 

outcomes from a global phase III trial (MPACT). [37] 

 

Figure 1. 8 Diagram illustrating the nab-paclitaxel complex. Reproduced from ref [38] 

  

The intra-tumor drug delivery mechanism utilised the biological characteristic of albumin. 

Firstly, albumin attaches to the cell surface receptor gp60 and activates the intracellular 

protein caveolin-1, leading to the formation of vesicular structures. [39] Albumin-bound 

complexes are then transferred through these vesicles into the interstitial space. Secondly, 

due to the crucial role of secreted protein acidic and rich in cysteine (SPARC) as a high-

affinity receptor for albumin, albumin-bound complexes are likely to accumulate in SPARC-

positive areas of tumors. SPARC is over-expressed in the stroma of pancreatic tumours and 

this is the most likely reason for the enhanced activity of nab-paclitaxel when compared to 

paclitaxel delivered in a cremophor vehicle. 
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Figure 1. 9 Mechanisms of drug delivery of nab-paxclitaxel. Reproduced from ref [40] 

 

1.2.3.2.3 FOLFIRINOX and Pancreatic Cancers 

Since the result of the PRODIGE 4/ACCORD 11 trial was published in 2011, the FOLFIRINOX 

regimen (combination of infusional 5-FU, leucovorin, irinotecan and oxaliplatin) has 

emerged as a new treatment for patients with metastatic pancreatic cancer. [41] The 

mechanism of 5-FU delivery and metabolism has already been described in section 1.2.3.2.1. 

Leucovorin or folinic acid, is a reduced form of folic acid and improves the effectiveness of 

5-FU chemotherapy. With regard to the platinum compound Oxaliplatin, the excision repair 

cross-complementing rodent repair deficiency, complementation group 1 (ERCC1) play a 

crucial role in elimination of damaged DNA involving nucleotide excision repair and thus are 

regarded as potential biomarkers.[42] For instance, Fuereder et al. investigated the activity 

and safety of GEMOX (gemcitabine/oxaliplatin combination alongside erlotinib) and 

correlated the benefit with ERCC1 expression. The data showed that patients with higher 

ERCC1 staining pattern received a therapeutic effect.[43] As for irinotecan, the irinotecan 

target topoisomerase-I (TOP1) and carboxyl esterase-2 (CES2) were evaluated potential 

biomarkers in pancreatic cancer cells.  For the former, a recent clinical study demonstrated 

that increased TOP1 copy number benefited the overall efficacy of irinotecan. [44] For the 

later, a more integrated study involving genetic analyses demonstrated that patients having 
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metastatic pancreatic cancer with over expression of CES2 had a better OS and PFS rates 

when treated with FOLFIRINOX. [45] 

 

Figure 1. 10  Mechanisms of action and metabolism of the drugs in the FOLFIRINOX regimens. Reproduced 

from ref [46] 

 

1.2.3.3 Management of chemotherapy to different patients based on the presentation of 

disease 

It is important that each patient is given an appropriate treatment for their particular 

condition, therefore pancreatic cancer is divided into three main presentation classes, which 

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

[47] 

For surgically resectable pancreatic cancer, patients will normally ŦƛǊǎǘ ǳƴŘŜǊƎƻ ²ƘƛǇǇƭŜΩǎ 

surgery to remove 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 or 5-FU plus 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 cancer, the recommended treatment is 

chemoradiotherapy using capecitabine as a radiosensitiser.[49] In addition, systemic 
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combination chemotherapy including FOLFIRINOX, gemcitabine plus nab-paclitaxel, or 

nanoliposomal irinotecan plus 5-fluorouracil and leucovorin is recommended to patients 

who are well enough to tolerate it. Adjuvant gemcitabine is recommended to patients who 

are not well enough to tolerate combination chemotherapy. 

As for metastatic pancreatic cancer, FOLFIRINOX is regarded as the first-line treatment to 

patients with an Eastern Cooperative Oncology Group (ECOG) performance status of 0-1. 

Gemcitabine combination therapy is recommended to patients who are not well enough to 

tolerate FOLFIRINOX. With regards to patients who are not well enough to tolerate 

combination chemotherapy, adjuvant gemcitabine is recommended as the first-line 

treatment. With regards to second-line treatment, oxaliplatin-based chemotherapy is 

recommended to patients who have not first-line oxaliplatin; gemcitabine-based 

chemotherapy is recommended to patients whose cancer sustains progress even after the 

first-line FOLFIRINOX treatment. 

 

1.3 Targeted Cancer Treatments 

1.3.1 Photodynamic therapy (PDT) 

Photodynamic Therapy (PDT) involves three specific components: (i) a photosensitiser drug 

(PS), (ii) molecular oxygen and (iii) light of a specific wavelength (Figure 1.11). Each 

component exhibits no cytotoxcity independently, however, when utilised in combination, 

highly reactive singlet oxygen (1O2) and other reactive oxygen species (ROS) are generated 

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

 

 

Figure 1. 11 Essential elements for the photodynamic process and the generation of cytotoxic reactive oxygen 

species.  
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The photophysical processes involved in PDT are illustrated in Figure 1.12.[50] First, an 

electron in the photosensitiser is excited by a photon of light from the singlet ground state 

(S0) to the first excited singletςstate (S1), which is relatively short-lived. 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. Alternatively, it can change its spin state and engage 

in inter-system crossing (ISC), converting to the relatively long-lived first excited triplet state 

(T1). There are also two options for the triplet state electron: (i) to drop back to the ground 

state causing emission 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 I and Type II. In the Type I 

reaction, the electron interacts with a bio-molecule (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 II reaction, energy from the excited triplet state is transferred to the 

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

both types of reaction are cytotoxic and cause cellular damage via oxidative stress. [51] 

 

 

Figure 1. 12 Modified Jablonski diagram outline the photophysical processes involved in PDT. Photophysical 

processes involved in photodynamic therapy: 1) absorption, 2) fluorescence, 3) internal conversion, 4) 

intersystem crossing, 5) phosphorescence, 6) formation of free radicals by energy transfer from T1 

photosensitiser to biological substrates, and 7) formation of singlet oxygen (1O2) by energy transfer from T1 

photosensitiser to triplet oxygen (3O2). Reproduced from ref [52] 
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Although both type of reactions are responsible for the therapeutic effect observed in PDT, 

Type I reactions are dominant in hypoxic environments while Type II reactions are dominant 

in normoxic environments. [53] In most situations, singlet 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 non-selective reactions with biological substrates such as 

lipids, proteins and DNA. [54] A key feature of singlet oxygen is that it has a short half-life, 

and therefore the diffusion distance from the treatment tumour area is limited. [55] For 

these reasons, singlet oxygen is an ideal anti-cancer therapeutic in combination with a 

controlled light source, as together they can significantly reduce any cytotoxic effect to 

healthy tissue. [56] 

Lǘ ƛǎ ŀƭǎƻ ōŜƭƛŜǾŜŘ ǘƘŀǘ t5¢ ƛǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŀŎǘƛǾŀǘƛƴƎ ǘƘŜ ōƻŘȅΩǎ ŀƴǘƛǘǳƳƻǳǊ ƛƳƳǳƴŜ 

system. [57] In contrast; most conventional treatments for cancers are non-selective killing 

a variety of cells, including bone marrow cells which are responsible for producing immune 

cells. PDT can activate B and T cells at the treatment site resulting 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. Kamangar et 

al. reported an immune response aroused by PDT in both in vitro and in vivo experiments. 

[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 area. [60] 

However, a major restriction of PDT is its ability to treat deep-seated lesions due to the poor 

ability of light to penetrate tissue. Tissues transparency to light is related to the wavelength, 

with longer wavelengths being capable of deeper penetration (Figure 1.13). [61] The near-

infrared (NIR) region is where light has its maximum penetration through tissue with the 

region between 750nm to 900nm being described as the άƻǇǘƛŎŀƭ or photo-therapeutic 

windoǿέΦ [62] 
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Figure 1. 13 Schematic diagram representing how tissue depth penetration is wavelength dependent. 

Reproduced from ref [63] 

 

To be useful for clinical application in PDT, photosensitisers should absorb strongly in the 

photo-therapeutic window and possess a high singlet oxygen quantum yield. Unfortunately, 

currently approved photosensitisers are mostly activated using wavelengths in the visible 

region of the electromagnetic spectrum and thus exhibit low tissue penetration. To 

overcome this deficiency, a relatively new concept of two-photon excited (TPE) PDT was 

proposed. [64] This process involves the excitation of a fluorophore/sensitiser 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 utilised photosensitisers have low two-photon extinction 

coefficients and therefore require a high amount of energy for excitation. At such high 

energies resulting in photodamage to healthy tissue is problematic. [65] 

  

1.3.1.1 First Generation Photosensitisers 

Photofrin, a hematoporphyrin derivative (HpD) is regarded as the first PS developed for use 

in anti-cancer PDT treatment. It was first approved by Canada for treating bladder cancer 
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and later FDA approved for the treatment of esophageal cancer. Currently, Photofrin has 

been used in PDT treatment for a range of cancers including head & neck, skin, lung and 

intestinal cancer. [66] 

Hematoporphyrin (HP) was discovered by removing the red pigment in blood (Haem). HP is 

able to transform to HpD following treatment with 5% sulfuric acid in acetic acid to produce 

a mixture of porphyrin monomers, dimers and oligomers with ether, ester, and carbon-

carbon linkages. The purified Photofrin product is then extracted from HpD by removing the 

monomeric components. [67] 

 

Figure 1. 14 Structure of Photofrin 

 

The attraction of Photofrin as a PS include (1) a relatively high singlet oxygen quantum yield 

(ʊ1O2 = 0.89) and (2) a favorable safety profile from various clinical trials. [68] In one clinical 

trial involving patients with ŎǳǘŀƴŜƻǳǎ YŀǇƻǎƛΩǎ ǎŀǊŎƻƳŀ, Photofrin was administrated to 

patients at 2mg/kg plus light treatment 48h post infusion at a dose of 200-300 J/cm2. Due to 

its minimally-invasive nature and excellent tolerability, this trial proved PDT to be an 

attractive alternative to conventional chemotherapy treatment. [69] However, several 

deficiencies were identified that limited a more widespread application of PDT using 

Photofrin.  Firstly, the extinction coefficient at the longest wavelength Q-band of Photofrin 

is low όʶ at 630 nm = 3000 Mҍ1 cmҍ1), which restricted the ʊ1O2 when excited at this 

wavelength. In addition, 630nm wavelength light has only moderate tissue penetration (2-3 

mm) making it difficult to treat larger or more deeply-seated lesions. Furthermore, the 

https://en.wikipedia.org/wiki/Pigment
https://en.wikipedia.org/wiki/Blood
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multicomponent nature of the mixed dimers / oligomers is not ideal. Therefore, much 

development work continued to identify a better PS to replace Photofrin.  

 

1.3.1.2 Second Generation Photosensitisers 

The development of second generation PS aimed to improve on the main limitations of the 

first generation PS, mainly absorbance inefficiency and the mixed final product composition.   

To enhance absorbance efficiency for a better therapeutic effect, meta-tetra 

(hydroxyphenyl) porphyrin (m-THPP) was developed since the enhanced conjugation 

resulted in more desirable characteristics. [70] Berenbauml et al. demonstrated m-THPP was 

25 to 30 times as effective as HpD for PDT-induced tumour necrosis by measuring the depth 

of necrosis on slices of the fixed tumors after illumination. [71] However, the existence of 

skin hypersensitivity limited the employment of this agent into clinical use.  

 

Figure 1. 15 Structure of m-THPP 

 

Protoporphyrin IX (PPIX) is another typical second generation PS that was FDA approved for 

the PDT treatment of actinic keratosis in 1999. [72] This PS can also be metabolically 

generated from the pro-drug: 1, 5-aminolevulinic acid (ALA) by human cells. The bio-

synthetic process of converting ALA to PPIX is via the heme pathway as shown in scheme 1.1 

with excess ALA facilitating cellular PPIX accumulation since the final step to generate heme 

is limited via its slow conversion rate. As a result, a concentration gradient of PPIX is evident 

between neoplastic and healthy tissue. [73] Furthermore, as ALA is converted relatively 

slowly to PPIX (8-12h) skin photo-toxicity was greatly reduced. [74] Kennedy et al. were first 
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to demonstrate successful PDT treatment of skin malignancies via the transdermal 

application of ALA. [75] Subsequently, ALA has been widely used in anticancer therapy 

including skin, head and neck cancer, bladder cancer and prostate cancer despite its 

inefficient 1O2 generation at its Q-band excitation wavelength (635nm, ʊɲ = 0.56). [76] 

 

Figure 1. 16 Biosynthesis scheme for the conversion of ALA to PPIX. Reproduced from ref [72]. 

The discovery of the chlorin group of PS, including meta-tetra (hydroxyphenyl) chlorin (m-

THPC) and NPe6 that were derived from chlorophyll a, represented another step forward in 

the development of second generation PS. When compared to porphyrin based PS, a double 

bond on one pyrrole ring was saturated in the chlorins, leading to a significant bathochromic 

shift (from 640nm to 700nm) in the Q-band absorbance (Figure 1.17). [77] This variation also 

enabled enhanced singlet oxygen quantum yields (ʊɲ = 0.87) and much better extinction 

coefficient at the peak wavelength than in the porphyrins ( mʁax ~ 35000 Mҍ1 cmҍ1). [78] Due 

to the efficient singlet oxygen production, a reduced dose was required for PDT treatment 

and m-THPC was approved in Europe for treating head & neck cancer and further clinical 
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trials were conducted to investigate its antitumour effect on prostate, breast and pancreatic 

cancers. [79] The only significant deficiency associated with m-THPC was the long circulatory 

half-life increasing the likelihood of skin phototoxicity.  

 

Figure 1. 17 Transformation of m-THPC from m-THPP. Reproduced from ref [77]. 

NPe6, is another representative second generation PS from the chlorin family and is capable 

of excitation using a wavelength in the red region of the spectrum (664nm) with a high 

extinction co-efficient (ʁ = 40000 Mҍ1 cmҍ1).[80] It also possesses minimal dark toxicity and 

skin phototoxicity owing to the fast systemic pharmacokinetics resulting in its quick 

elimination from the body. In a phase II clinical study, NPe6 was administrated IV at 40 

mg/m2 and following 4h light irradiation post injection at 100 J/cm2 almost 85% of patients 

with endobronchial lung cancer responded to the therapy. [81] Therefore in 2003, NPe6 was 

approved for treating lung cancer in Japan and also demonstrated potential for treating oral, 

brain and liver cancer. [82] 

 

 

Figure 1. 18 Structure of NPe6. 
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Table 1.1 various photosensitisers with specific wavelength, power output of light and duration. 

Photosensitisers Wavelength Light power Duration Reference 

Photofrin 630nm 200-300 J/cm2 3 hours [69] 

5-ALA 635nm 200-300 J/cm2 2 hours [76] 

m-THPC 652nm 200 J/cm2 2 hours [79] 

NPe6 664nm 100 J/cm2 4 hours [82] 

 

Even though most of PSs have been based on a porphyrin type structures, some non-

porphyrin related compounds have demonstrated promise as sensitisers for PDT. One such 

compound is the hydrophilic xanthene sensitiser Rose Bengal (RB).  Substitution of Xanthene 

ring hydrogen atoms in fluorescein to halogen atoms in Rose Bengal, significantly enhanced 

ǘƘŜ ƛƴǘŜǊǎȅǎǘŜƳ ŎǊƻǎǎƛƴƎ ǇǊƻŎŜǎǎ Ǿƛŀ ǘƘŜ άƘŜŀǾȅ ŀǘƻƳ ŜŦŦŜŎǘέ ǿƛǘƘ ŀ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŘǊŀƳŀǘƛŎ 

increase in singlet oxygen quantum yield (ʊɲ = 0.76). [83] In addition, RB also possessed a 

broad excitation band in the green region of the spectrum (480-550nm) with an excellent 

extinction co-efficient ( mʁax = 99,800 Mҍ1 cmҍ1 at 532nm). [84] For these reasons, RB is 

regarded as an efficient photosensitiser that has been applied for a variety of PDT 

applications. [85] 

 

Figure 1. 19  Structure of RB 

 

1.3.1.3 Third generation Photosensitisers 

Third generation PSs differ from their 1st and 2nd generation counterparts in that they 

contain a tumor- targeting characteristic which can be achieved via two main approaches: 1) 

the attachment of biomolecules such as monoclonal antibodies (mAB) to the PS or 2) 

encapsulation of PS into delivery vehicles that direct the PS to their targets. For the first 



22 
 

approach, advantage is taken of the unique surface antigens on tumor cells in comparison 

with normal cells, which will selectively attach to a corresponding antibody derivativised PS 

without influencing surrounding tissue. [86] The avidin-biotin interaction is one common 

method employed to link the mAB and PS, which ensures a high dose PS delivery to the 

targeted site resulting in an enhanced PDT effect. [87] Wöhrle et al. have demonstrated the 

successful binding and excellent therapeutic effect of this mAB-PS system via an enzyme-

linked immunosorbent assay (ELISA). Breast carcinoma cells and colon carcinoma cells were 

treated with biotinylated antibody, avidin and biotinylated zinc phthalocyanine PSs 

successively, followed by illumination for 30s at 5 J/cm2 using a red light source. The results 

showed that cell cytolysis occurred on 90% of the breast carcinoma cells and 45% of the 

colon carcinoma cells respectively.[87] For the second approach, adenovirus Type 2 capsid 

proteins were utilised to covalently attach to an AlPcS4 PS via 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 cancer. Although in 

vitro data was limited, in vivo studies using a breast cancer EMT-6 murine model 

demonstrated increased uptake of the adenovirus Type 2 protein labeled AlPcS4 compared 

to the free AlPcS4, indicating a promising delivery system for tumor targeting PDT treatment. 

[88] 

 
 

1.3.2 Sonodynamic Therapy  

While the use of NIR-absorbing PS and two-photon excitation schemes enables potential 

sensitiser excitation in the phototherapeutic window, the penetration depths are still 

limited to about 1 cm. [89] In this context, alternative methods for sensitiser excitation have 

also been explored. One such approach is Sonodynamic Therapy (SDT). Like PDT, SDT 

requires the combination of three individual components to enable the generation of ROS. 

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 in SDT. (Figure 1.20) Ultrasound is widely used as an economical 

and safe imaging modality [90][91] and unlike light, its penetration depth in soft tissue 

enables sensitiser excitation at depths of tens of centimeters enabling the possible 

treatment of lesions in the abdominal or thoracic cavity. [92]   
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Figure 1. 20  Essential elements for SDT process and the generation of cytotoxic reactive oxygen species.  

 

1.3.2.1 Basic physical principles of ultrasound 

Ultrasound comprises sound waves with frequencies greater than 20 kHz, which exceed the 

upper range of human hearing. An US wave is a type of mechanical energy, which is 

transferred through a medium by vibrating molecules. It can be sub-divided into two types 

of wave: the first is a longitudinal wave, which involves the oscillation of molecules in a 

linear direction (in mediums such as gases, liquids, or plasma). The second is a transverse 

wave, which involves the oscillation of molecules vertical to the direction of the transmitted 

wave (such as in solids).  
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Figure 1. 21 The illustration of (a) a longitudinal sound wave and (b) a transverse sound wave 

To better understand this process, a few parameters are used to describe the mechanism of 

how US waves propagates through tissue. The frequency (f) of an US wave includes the cycle 

number or the variation of pressure that occurs in one second. Frequency is not influenced 

by the medium which sound travels through but by the source generating US.  The velocity 

(v) of an US wave is defined as the speed at which sound can pass through the medium. 

Unlike frequency, velocity is only determined by features of the medium including density 

and compressibility. Wavelength (˂) is described as the distance between two identical 

points on the US wave. It is determined by the frequency and velocity of the US wave as 

described in Equation 1.1. 

 

˂Ґ ǾκŦ                                                      (Equation 1.1) 

 

Equation 1.1 shows that the wavelength and frequency of US are inversely related. In 

practical applications such as improving resolution in diagnostic imaging and procedural US, 

it is crucial to select a suitable source frequency. Generally speaking, lower frequency waves 

are less attenuated than high frequency waves for a given distance and thus penetrate to 

(a) 

(b) 
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deeper tissues. In contrast, a higher axial resolution image can be generated by higher 

frequency waves. For this reason, it is ideal to apply high-frequency sources to image 

superficial structures (such as for stellate ganglion blocks). [93] 

 

Figure 1. 22 A comparison of the resolution and penetration of various ultrasound frequencies. 

 

For the ultrasound mediated SDT, the frequency used is typically in the region of 1-2 MHz. 

[94] Two further important characteristics of the ultrasound used in SDT are intensity and 

duty cycle. The intensity (power) of ultrasound is calculated in W/cm2 and determines the 

strength grade of the energy from this sound wave. Intensity is crucial when discussing 

bioeffects and safety, which varies in diagnostic ultrasound since it's highest at the center of 

the beam and falls off near the periphery. It also varies along direction of travel due to 

focusing and attenuation. Spatial Peak (SP) and Spatial Average (SA) intensity are used to 

describe the peak intensity and the average intensity of the ultrasound output over of the 

area of the transducer respectively. 

 

Figure 1. 23 Schematic diagrams to describe US intensity metrics in diagnostic ultrasound. 
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In pulsed ultrasound, intensity varies with time: it's zero between pulses and greater than 

zero during each pulse. Temporal peak (TP) is the greatest intensity found during a pulse, 

while temporal average (TA) includes the "dead" time between pulses. The pulse average 

(PA) is in between for a given pulse beam. PA and TA are related by the duty cycle and the 

duty cycle is measured as a percentage of the time in which the ultrasound is applied over 

the cumulative time of the treatment. This function is able to limit temperature increase in 

heat-sensitive applications. [95] 

 

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

Reproduced from ref [96] 

 

1.3.2.2 Mechensim of ROS generation in SDT. 

While the mechanism for ROS generation in PDT is well understood at the molecular level, 

the mechanism for its generation following ultrasound irradiation in SDT is less clear.  A 

ǳƴƛǉǳŜ ǇƘŜƴƻƳŜƴƻƴ ŎŀƭƭŜŘ άŎŀǾƛǘŀǘƛƻƴέ ƻŎŎǳǊǎ ǿƘŜƴ ǳƭǘǊŀǎƻǳƴŘ ƛƴǘŜǊŀŎǘs with an aqueous 

environment, where gas filled bubbles undergo a series of processes including their 

generation, expansion and collapse. Stable and inertial cavitations are terms applied to 

further subdivide this phenomenon. Stable cavitation leads to the generation of bubbles, 

which carries on oscillating and consequently stirring the surrounding media. Inertial 

cavitation is when the cavitation bubbles grow to a resonance size, before collapsing 

violently. The energy released by collapsing bubbles can transfer into extreme high 

temperature and pressure, which can reach up to 10,000K and 81MPa respectively. [97] 

These extreme micro-environmental conditions have been described as a άsonochemical 

reactorέ [98] and forms the basis for the two main theories for ROS generation in SDT: 

sonoluminescence and pyrolysis.  



27 
 

Sonoluminescence is the process of light generation following ultrasound irradiation of a 

solution. Pickworth et al. have confirmed this light production by utilizing a photomultiplier 

tube and processing through pulse height analysis.[99] It has been suggested that the 

sonoluminescence generated from the process of cavitation [100] is then capable of 

activating sensitisers in a similar way as in PDT. The second theory of pyrolysis suggests that 

the sonochemcial reactor type conditions experienced by a sensitiser in the vicinity of 

bubble undergoing inertial cavitation results in sensitiser pyrolysis liberating reactive free 

radicals that subsequently react with surrounding endogenous substrates to generate ROS. 

[101] aƛǑƤȳƪ et al have attempted to prove this theory and confirmed the production of free 

radicals through the application of electron paramagnetic resonance (EPR). They also 

investigated that these free radicals play a great role in the water dissociation to generate 

hydroxyl radicals and hydrogen peroxide. [102]  

Although neither mechanism has a substantial body of evidence as support, numerous 

studies are available to confirm that the irradiation of sensitisers with low-intensity 

ultrasound generates ROS with a corresponding cytotoxic effect. [103-105] However, given 

the exact mechanism of SDT remains uncertain, it is difficult to identify the ideal structure or 

characteristics of the sensitiser for optimum SDT efficiency. Despite this, various different 

photosensitisers, including porphyrins and xanthene derivatives, have also been identified 

as capable of generating ROS upon low intensity ultrasound irradiation and used as 

sonosensitisers in SDT.  Some examples of SDT anticancer treatment are provided below.   

 

1.3.2.3 SDT as an anti-cancer treatment. 

A pioneering study by Umemura et al. in 1999 demonstrated a significant 96% reduction in 

cell viability of sarcoma 180 after 60s US exposure (1 MHz, 5.9 W/cm2) in the presence of 

160 M˃ RB, while RB alone had only a minor effect. [106] A further study involving mice 

bearing intracranial glioma tumours treated with focused ultrasound at 25 W/cm2 (1 MHz) 

for 5min and Rose Bengal (50 mg/kg of body weight) resulted in a 80% reduction in tumor 

volume compared to untreated mice, without affecting surrounding brain tissues. [107] 

Although RB has attracted a significant amount of attention as a sonosensitiser, due to its 

hydrophilic nature, it suffered from a low accumulation capacity at the tumor region that 

seriously restricted its further development with regard to clinical use. When RB is delivered 
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via IV administration into systemic circulation, it is rapidly eliminated from the blood 

circulation and expelled through bile. [108] To overcome this deficiency, a series of 

amphiphilic RB derivatives were synthesised by adding a carboxyl group or alkyl chain to 

modify the structure as shown in Figure 1.25.  The tumor uptake capability of RBD1 was 

evaluated in colon 26 carcinoma mice model and results demonstrated a much better 

uptake in tumor tissue compared to non-tumor tissue, which indicated that tumor 

accumulation and SDT anticancer efficiency can be enhanced via the suitable structural 

modification of sonosensitisers. [109] Previous work by Nomikou et al has also investigated 

covalently attaching RBD2 to lipid microbubbles and observed an ultrasound-induced 

anticancer effect in RIF-1 cells in vitro. In vivo data also demonstrated a dramatic reduction 

in tumor growth via the combination of the conjugate and ultrasound but no effect on 

tumor growth in the absence of the ultrasound stimulus in mice bearing prostate LNCaP-Luc 

tumours. [110] 

 

Figure 1. 25 Structure of RB derivatives. Reproduced from ref [109] 

 

As porphyrins represented the earliest class of photosensitisers used in PDT, it is no surprise 

they have also been investigated for use in SDT, with photofrin, HP and PPIX being proven 

capable of generating ROS when irradiated with ultrasound.  
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Figure 1. 26 Chemical Structure of some selected HP derivatives including Hematoporphyrin monomethyl 

ether (HMME), DCPH-P-Na(I) and ATX-70.  

 

Hematoporphyrin monomethyl ether (HMME) is a recently developed HP derivative with 

the ability to selectively accumulate in cancer cells, is nontoxic in the absence of ultrasound 

and is rapidly metabolised by the body. Previous in vitro studies demonstrated that HMME 

(10 µg/mL, incubated in dark for 2 h) exhibited significant cytotoxicity on C6 glioma cells 

following ultrasound irradiation (1.0 MHz and 0.5 W/cm2 for 2 min) and SDT induced cell 

apoptosis and necrosis was also observed as a result of ROS generation. [111][112] 

Furthermore, gene expression analysis indicated that HMME-mediated SDT treatment 

resulted in down-regulation of Bcl-2 expression, which is involved in the apoptotic signalling 

pathway. [113] Moreover, SDT mediated treatment of osteosarcoma in rats using HMME 

(20 mg/kg, IV) and ultrasound radiation (10.5 MHz) for 120 seconds at an intensity of 0.8 

W/cm2 demonstrating a significant 48.9% inhibitory rates of tumour volume compared to 

animals treated with drug or ultrasound alone. [114] 

The previously mentioned porphyrin derivatised DCPH-P-Na(I), has also demonstrated 

effective SDT mediated toxicity against a panel of human cancer cells (including human lung 

cancer cell lines, LU65A, RERFLC-KJ, HLC-1, VMRC, and KNS-62, human gastric cancer cell 

lines, MKN-1, MKN-28, MKN-45, MKN-74, and KATO-III, a human pancreas cell line, QGP-1, 

and a human prostate cancer cell line, PC-3) in vitro. [94] Furthermore, it was suggested that 

its effective SDT efficacy was derived from ROS generation since the DCPH-P-Na (I) mediated 

SDT effect was drastically decreased upon the addition of L-histidine as a scavenger of ROS. 

In addition, efficient tumor growth inhibition was observed in MKN-45 tumor bearing mice, 

when tumours were exposed for 10 min to ultrasound at 1 MHz, 2 W/cm2, 50 % duty cycle 




















































































































































































































































































































