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Abstract 

The aim of the work undertaken in this thesis was to explore the potential of synthetic peptides to 

enhance anti-cancer photodynamic therapy (PDT) treatment by improving targeting to tumour 

tissue. Chapter 1 provides an introduction to the challenges associated in the treatment of cancer, 

the use of peptides as therapeutics or targeting agents and the potential / limitations of current 

PDT. Chapter 2 discusses the methods used in each of the results chapters 3-6. The first results 

chapter (Chapter 3) describes how ferrocene can be used to quench ROS generation from a Rose 

Bengal sensetiser when both were separated by a short integrin targeting RGD containing peptide. 

The addition of trypsin was shown to cleave the quencher and enhance RB mediated ROS 

generation. In chapter 4, the sensetiser-peptide conjugate RB-C(KLAKLAK)2 was prepared, and 

its PDT efficacy determined in melanoma cells and melanoma tumours in mice. The results 

showed that the PDT treatment using RB-C(KLAKLAK)2 was significantly more efficacious than 

RB mediated PDT or the treatment of RB-C(KLAKLAK)2 alone. This was attributed to the peptide 

sensitizing the cell to ROS generation. This work was extended in Chapter 5 where the contribution 

of both the sensetiser and peptide to PDT mediated efficacy was studied by preparing the 

methylene blue – peptide analogue MB-C(KLAKLAK)2 and the shorter peptide analogue RB-

CKLAKLAK. The results demonstrated that the choice of sensetiser does impact PDT efficacy 

but the peptide length had only a minor effect. The final results chapter, Chapter 6 describes the 

preparation of  biotin labelled αvβ6 integrin targeting peptide A20FMDV2 and its conjugation to 

the surface of avidin coated liposomes. Improved uptake of the A20FMDV2 targeting liposomes 

was observed in αvβ6 integrin expressing BxPC-03 cells when compared to Panc-01 cells that do 

not over express this protein. Collectively, the results described in this thesis demonstrate the role 

peptides can play to enhance anti-cancer PDT efficacy or improve the delivery of drug delivery 

vehicles such as liposomes.  
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1.1. Cancer  

Cancer is the second leading cause of death across the world following cardiovascular diseases, it 

represents a major health and economic burden for healthcare systems leading to approximately  

10 million deaths per year (World Health Organization, 2020). Despite the progress in various cancer 

therapies over the past two decades including chemotherapy, immunotherapy, gene therapy and 

photo/sono-dynamic therapies, the growing numbers of cases and the poor prognosis of the disease 

is still considered a major healthcare issue (Falzone et al., 2018). In 2020, about 19.3 million new 

cancer cases were estimated globally and approximately 10 million deaths occurred which 

included both males and females (Sung et al., 2021). Globally, lung, breast, bowel and prostate 

cancers are the four most common types of malignancy (World Health Organization, 2020). It is 

expected that there will be approximately 27.5 million new global cancer cases each year by 2040 

with higher prevalence in males than females by 12.3%. The worldwide cancer-related deaths are 

expected to rise from 9.5 million deaths estimated each year in 2018 to 16.4 million cancer deaths 

by 2040 (Cancer Research UK, 2018). 

Cancer pathogenesis is characterised by uncontrollable cell division induced by mutations in genes 

that can inhibit normal cell controls responsible for programmed cell death or apoptosis (Cooper 

and Hausman, 2000). Metastasis is the terminal stage of cancer where cancer cells spread through 

the bloodstream or the lymphatic system to reach different organs in body and divide forming 

secondary tumours (Martin et al., 2013). Resistance to the conventional cancer therapies and the 

risk associated with their toxic side effects on normal cells  justify the crucial need for development 

of novel cancer‑targeting therapeutic methods (Housman et al., 2014; Pucci et al., 2019).   

The physiology of tumour cells can be clearly differentiated from normal cells during progression 

of the disease based on tumour microenvironment (TME) components. TME is composed of 

different cell types embedded in an extracellular matrix (ECM) such as cancer-associated 

fibroblasts (CAFs), pericytes, endothelial cells (ECs), mast cells, tumour-associated dendritic cells 

(TADC) and immune cells. The immune cells include tumour-associated macrophages (TAMs), 

tumour-associated neutrophils (TAN), myeloid-derived suppressor cells (MDSCs) and tumour-

infiltrating lymphocytes (TILs), cytokines and chemokines (Wu, L. and Zhang, 2020). TME cells are 

determining factors in tumour growth, invasion and metastasis. In addition, these cells are well 



Introduction 

3 
 

established to be more penetrable and genetically stable than tumour cells, thus, developing drugs 

that specifically target TME cells is an attractive strategy (Zhong et al., 2020). The rapid 

proliferation of cancer cells speeds up the consumption of oxygen, resulting in reduced oxygen 

levels in solid tumour areas. The resulting hypoxia decreases the extracellular pH by producing 

lactic acid during the anaerobic cellular metabolism. In addition, proteases are overexpressed in 

the tumour area as they play an important role in the processes of invasion and metastasis 

(Whiteside, 2008; Quail and Joyce, 2013).  

Targeting TME proliferation markers that are highly overexpressed in the tumour is increasingly 

being highlighted as an effective therapeutic tool for anti-cancer therapy (Baghban et al., 2020). 

Roma-Rodrigues et al. (2019) briefly summarised the anticancer TME targeting strategies recently 

used to induce selective tumour toxicity, these strategies have been categorised into eight groups 

(Figure 1.1). Several TME targeting drugs have been investigated in the clinical trials and many 

have been approved for treatment of certain types of cancer (Table 1.1). 

 

Figure 1.1. TME targeting therapy strategies. Taken from Roma-Rodrigues et al. (2019).  
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Table 1.1. Examples of TME targeting drugs in clinical trials. 

Drug  Mode of action Cancer type Ref 

Incyclinide (COL-3) 

 

Targeting the 

extracellular matrix 

MMP inhibitor 

Soft tissue sarcomas  (Chu et al., 2007) 

Topotecan 

 

Targeting hypoxia 

topoisomerase 1 inhibitor 

Refractory advanced 

solid neoplasms 

expressing HIF-1α 

 (Duffy et al., 2010) 

Pexidartinib 

 

Targeting macrophages 

and myeloid-derived 

suppressive cells CSF-1R 

1 inhibitor 

Tenosynovial Giant 

Cell Tumour 

 (Benner et al., 

2020) 

Chiauranib  Targeting macrophages 

and myeloid-derived 

suppressive cells 

Tyrosine kinase inhibitor 

Refractory advanced 

solid tumour and 

lymphoma. 

 (Sun, Y. et al., 2019) 

Anakinra (Kineret) Targeting chronic  

inflammation by  

targeting interleukin-1 

receptor 

Breast cancer  (Dinarello, 2018) 
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1.2. Skin cancer  

1.2.1. Overview  

The incidence of skin cancer has increased over recent decades particularly in the white population 

(Caucasians) (Gloster Jr and Neal, 2006). Skin cancer includes two main types: non-melanoma and 

malignant melanoma. The first type (non-melanoma cancer) develops in the epidermis in either 

basal cells (basal cell carcinoma) or in squamous cells (squamous cell carcinoma). Basal cell 

carcinoma (BCC) is a slow-growing, locally invasive epidermal tumour with a metastatic rate of 

<0.1%. In contrast to BCC, squamous cell carcinoma (SCC) has a significant rate of metastasis 

(0.3–3.7%). Non-melanoma cancer in the early stages can be treated by surgery, however, 

chemotherapy and radiotherapy are essential in advanced stages (Nakayama et al., 2011). The second 

type is melanoma which represents the most aggressive and invasive form of skin cancer and the 

main cause of cancer related deaths (Figure 1.2). Several factors can increase the risk of skin cancer 

including ultraviolet (UV) light from sun exposure, family history, tanning, gene mutation and 

pollution  (Saladi and Persaud, 2005).  

 

Figure 1.2. Diagram displaying comparison of the three main skin cancers:  basal cell carcinoma, squamous 

cell carcinoma and melanoma. Reproduced from Comprehensive Cancer Centers (2015). 
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1.2.2. Anatomy of skin 

Skin is the largest organ in the body, provides body protection against pathogens and regulates 

body temperature. Skin is composed of three main layers: epidermis, dermis and hypodermis 

(Figure 1.3). Epidermis is the outer layer of the skin. It comprises three different types of cells: 

squamous cells, basal cells and melanocytes which produce the brown pigment melanin 

responsible for the skin colour. Any abnormal growth of epidermis cells can produce a skin cancer. 

Dermis is the second layer of the skin; it consists of collagen, elastin, connective tissue, blood 

vessels, lymph vessels, nerve endings, sweat glands, sebaceous (oil) glands, and hair follicles. 

Hypodermis or subcutis comprises fatty tissue, macrophages, blood vessels and nerves (Yousef et 

al., 2017). 

 

Figure 1.3. Anatomy of the skin. Taken from Comprehensive Cancer Centers (2015). 
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1.2.3. Skin cancer types 

1.2.3.1. Non melanoma skin cancer  

In UK, the incidence rate of non-melanoma skin cancer has increased by 166% since the 1990s, it 

has  accounted for about 151,739 cases and 1,115 deaths every year between 2015 and 2017 with 

nearly equal distribution between males (56%) and females (44%) (Cancer Research UK, 2020).    

According to the type of origin cells,  two main types of non-melanoma skin cancer exist: basal 

cell skin cancer (BCC) and squamous cell skin cancer (SCC). BCC is the most common type of 

skin cancer representing 75% of all non-melanomas. BCC develops from basal cells which are 

found in the deepest part of the outer layer of the skin (the epidermis), it has four different subtypes: 

nodular basal cell carcinoma, superficial basal cell carcinoma, morphoeic basal cell carcinoma and 

pigmented basal cell carcinoma. In contrast, SCC develops in keratinocytes located in epidermis, 

grows faster than BCC and is associated with lower incidence rate (20%) (Nagarajan et al., 2019). 

Bowen's disease (also known as in situ squamous cell carcinoma) is an early stage of SCC with a 

very slow growing cells that can be easily treated. In addition, actinic keratoses is a very common 

skin disease caused by long exposure to sunlight, it can progress to SCC if not treated at early stage 

(Apalla et al., 2017). There are also rare types of skin cancers such as Merkel cell carcinoma, 

Kaposi’s sarcoma, T cell lymphoma of the skin and sebaceous gland cancer (Lanoy et al., 2010). All 

of these non-melanoma cancer types can be treated differently by conventional therapy including 

surgery, chemotherapy or radiotherapy.  

1.2.3.2. Malignant melanoma skin cancer 

Malignant melanoma (MM) is an aggressive form of skin cancer that originates from uncontrolled 

proliferation of melanocytes located in the basal layer of epidermis (Liu and Sheikh, 2014). MM 

constitutes 4% of all skin cancer cases however, it causes nearly 80% of all skin cancer related 

deaths (Cancer Research UK, 2021). Metastasis and highly invasive melanocyte growth in different 

parts of body organs, including subcutaneous tissue, lymph nodes, lung, central nervous system 

(CNS), liver and bone, can lead to an advanced melanoma (Belhocine et al., 2006) which has a poor 

prognosis and severe resistance to the conventional therapeutic options (Menezes et al., 2018). 
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1.2.3.2.1. Incidence and mortality  

Melanoma is the 5th most common cancer in the UK and the most lethal type of skin cancer. 

Approximately 16,200 new cases are diagnosed with melanoma in UK each year which represent 

4% of all new cancer cases and is associated with high rates of mortality and morbidity (Cancer 

Research UK, 2021). Melanoma is slightly more common in men than in women. In general, the 

likelihood of developing the disease is the highest in in people aged 85 to 89 (Cancer Research UK, 

2021). It is estimated that by 2025, approximately 19,513 new cases of MM will be diagnosed each 

year with an associated increase in mortality rate (Melanoma UK, 2021). 

1.2.3.2.2. Risk factors  

MM is characterised by a higher mutation rate compared to other cancer types. Exposure to UV is 

considered to be the most common cause of melanoma as it leads to deoxyribonucleic acid (DNA) 

mutations (Nikolaou and Stratigos, 2014). This explains the increased risk of UV-induced melanoma 

in people with white skin colour compared to those with dark skin colour as the lack of 

pigmentation increases the sensitivity of skin to UV radiation (Eggermont et al., 2014). Nevi, or 

mole, which is an aggregation of dark pigmented melanocytes on the surface of the skin, was 

observed to transform into melanocytic nevi in 81% of melanoma patients (Rhodes et al., 1987). 

Additionally, family history of melanoma is another risk factor that attributed to 9% of melanoma 

cases (Frank et al., 2017). Also, patients with a weakened immune system are more likely to develop 

MM than others (Rangwala and Tsai, 2011). 

1.2.3.2.3. Diagnosis  

Early diagnosis of melanoma at an early stage is critical for quick initiation of the appropriate 

therapeutic intervention which is associated with higher rates of cure. Identification of key factors 

involved in the progression of melanoma, involving specific mutations of regulatory signals such 

as melanocortin type-1 receptors (MC1R), neuroblastoma RAS viral gene (NRAS) and cyclin-

dependent kinase inhibitor 2A (CDKN2A) represents a very useful tool for diagnosis and treatment 

of MM (Yang et al., 2020). In addition, threonine-protein kinase B-Raf (BRAF) was shown to be 

upregulated in approximately 60% of the melanoma cases. Both National Institute for Health and 

Care Excellence (NICE) and Food and Drug Administration (FDA) have approved diagnostic 
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BRAF tests for detection of melanoma and to stratify appropriate treatment using dabrafenib 

(Tafinlar®), trametinib (Mekinist®), vemurafenib (Zelboraf®) alone or in combination with 

cobimetinib (Cotellic®) (FDA. 2017).   

1.2.3.2.4. Classification  

There are five stages of melanoma 0, I, II, III and IV (Figure 1.4). In stage 0 (also known as in situ 

melanoma), the tumour is confined to the outer layer of the skin (epidermis) without spreading to 

the surrounding tissues. Stage I and II are characterised by localised tumour in both epidermis and 

dermis and ulceration can be noticed, however, there is no spread to lymph nodes or metastasis. 

Stage III is the stage in which melanoma cells are spread to regional lymph nodes without 

metastasis. Stage IV is the most aggressive melanoma type in which metastasis are present at 

distant sites such as the  brain and lungs (Rotaru et al., 2019).   

 

Figure 1.4. Illustration of the stages of melanoma. Taken from Aim at Melanoma (2020) . 
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1.2.3.2.5. Treatment 

1.2.3.2.5.1. Conventional treatment 

1.2.3.2.5.1.1. Surgery 

Surgery is an ideal option for patients with early stages melanoma (stages 0-II), however in stages 

III and IV, it is essential that the removal of malignant tumours and lymph nodes through surgical 

intervention should be accompanied and followed by cycles of therapy such as chemotherapy, 

radiotherapy and immunotherapy (Domingues et al., 2018). 

1.2.3.2.5.1.2. Chemotherapy  

Chemotherapy is widely used in cancer treatment as single treatment or combination 

chemotherapies that can be effective in the early stages of cancer. However, it is not an ideal 

therapeutic option in case of melanoma because of the poor prognosis, relapse and drug resistance 

(Domingues et al., 2018). In 1974, the alkylating agent (dacarbazine) was approved by FDA as a 

standard medication for MM, however, it gave an approximately 20% objective response rate with 

median response duration of 5 to 6 months and complete response rates of 5% (Serrone et al., 2000). 

Combining other agents with dacarbazine such as cisplatin and nitrosoureas has been reported to 

yield higher response rates, up to 40% (Gogas et al., 2007). Chemotherapy can be used after surgical 

removal of melanoma lesions as an adjuvant therapy to lower the relapse or recurrence of the 

disease. 

1.2.3.2.5.1.3. Radiotherapy  

Radiotherapy can be used as an adjuvant therapy after surgical excision of the primary melanoma 

lesions. The decision about the use of postoperative radiotherapy is dictated by the risk estimate 

for recurrence, treatment related side-effects and the possibility for successful salvage 

radiotherapy. Combining radiotherapy with immunotherapy can enhance the immune response, 

this is attributed to the ability of radiation to stimulate breakage and release of tumour antigens 

that stimulate an adaptive immune response. This phenomenon has been referred to the abscopal 

effect and first identified in the 1950’s but has gained further interest recently due to the emergence 

of immune checkpoint inhibitors (Kang et al., 2016).          
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1.2.3.2.5.2. Non-Conventional treatment     

1.2.3.2.5.2.1. Immunotherapy  

Melanoma is known to be a highly immunogenic cancer in which proliferating melanoma cells 

upregulate several kinds of signals such as T-cells, natural killer cells (NKs), tumour-associated 

macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and endothelial cells that 

influence cancer prognosis (Tucci et al., 2019). Cytotoxic T lymphocyte antigen-4 (CTLA-4) and 

programmed cell death-1 (PD-1) are receptors that attenuate T-cell activation through either 

attenuating CD28+ co-stimulation by competing for shared B7 ligands or  providing an inhibitory 

signal via an interaction with PD-L1/2 respectively (Guterres et al., 2018). Monoclonal antibodies 

directed against CTLA-4 (ipilimumab) and PD-1 immune checkpoints (nivolumab and 

pembrolizumab) have been approved by FDA for patients with MM (Gravbrot et al., 2019). 

Ipilimumab monotherapy combined with nivolumab or pembrolizumab has shown greater clinical 

benefit than ipilimumab alone, with higher response rates (20-40%) and prolonged survival (Robert 

et al., 2015). However, most patients with advanced stage melanoma do not respond after 1-2 years 

when treated with the immune checkpoint inhibitors (Seidel et al., 2018). Combination anti-CTLA-

4 and anti-PD-1 blockade therapy has shown enhanced efficacy through targeting two distinct 

cellular mechanisms which is preferable than monotherapies (Wei et al., 2019).  

1.2.3.2.5.2.2. Melanoma molecular markers targeted therapies 

Targeted therapies have been developed to combat molecular defects expressed in melanoma 

including BRAF inhibitors (Proietti et al., 2020). Vemurafenib (Zelboraf®) and dabrafenib 

(Tafinlar®) have been approved for MM treatment and both drugs provide survival benefit for 

approximately 60% of patients with melanoma who express B-Raf mutations (Czarnecka et al., 

2020). Vemurafenib and dabrafenib caused a reduction of 63% and 74% in the risk of melanoma 

progression with survival of 16 months and 10 months, respectively (Torres-Collado et al., 2018).  
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1.3. Photodynamic therapy (PDT)  

Photodynamic therapy (PDT) is a promising therapeutic strategy that has been successfully utilised 

for the minimally invasive treatment of many cancers. It involves illumination of a photo sensitive 

drug (photosensitiser) with light of a specific wavelength resulting in the localised generation of 

cytotoxic reactive oxygen species (ROS) in the target tissue. PDT can exert a selective cytotoxic 

activity toward cancerous cells while reducing toxicity to the normal cells by the precise 

positioning of the light source that enables the controlled release of cytotoxic ROS. PDT is 

commonly used in non-melanoma skin cancer including BCC and SCC (Huang, Z., 2005; Griffin and 

Lear, 2016). In contrast to the non-melanoma skin cancer, anti-oxidant properties of melanin in 

melanoma that result in trapping of the ROS generated by photosensitiser (PS) upon light 

excitation, in addition to the ability of melanin to absorb light at 400-720 affect the efficiency of 

PDT. Therefore, new strategies were developed to enable the effective use of PDT by overcoming 

the resistance of the highly pigmented melanoma cells (Naidoo et al., 2018).    

1.3.1. PDT mechanism 

Upon light absorption, PS’s electron is excited from the ground singlet state (S0) to the excited 

singlet state (S1), then undergoes intersystem crossing to reach the triplet excited state (T1). Based 

on the type of the PS interaction in T1 state, PDT mechanisms can be classified into type I and type 

II (Figure 1.5). Type I involves interaction of PS with the surrounding biomolecules through 

hydrogen or electron transfer which results in formation of free radicals of the PS and the substrate, 

interaction of electrons with oxygen molecules leads to ROS generation therefore killing of cancer 

cells. On the other hand, type II involves direct interaction of PS in the triplet state with oxygen 

molecules through energy transfer resulting in cytotoxic singlet oxygen (1O2) release. Type II is 

considered to be the main pathway involved in PDT (Baptista et al., 2017). Many factors have been 

shown to determine the type and degree of cell death including type of cancer cells, mutations, 

enzymes and presence of oxygen, as well as PDT process related factors as light wavelength, light 

dose, PS physiochemical properties and localization inside tissues (Robertson et al., 2009). 
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Figure 1.5. Diagram of PDT mechanism type I and II. Taken from Tegos et al. (2012). 

1.3.2. Fundamental components of PDT 

There are two main elements required for PDT: light and PS. 

1.3.2.1. Light 

Light is an important factor that can affect the efficiency of PDT, its penetration into tissues 

depends on the light type used to activate the PS (Mallidi et al., 2016). Various factors can affect 

PDT efficacy such as the PS used, light source, light wavelength and total light dose including, 

intensity, exposure time and delivery mode (Henderson et al., 2006). Light transmission through 

skin tissues has shown to be highly wavelength dependent which varies according to type of light 

used (Figure 1.6). Near infrared light (NIR) has a greater penetration depth (λ = 700–1000 nm) in 

comparison with UV (λ = 350–420 nm), blue light (λ = 440–490 nm), green light (λ = 500–560 

nm), yellow light (λ = 565–590 nm) and red light (λ = 600–700 nm) (Zhao and Fairchild, 1998). Red 

and NIR are the most commonly used light types in PDT as they provide an ideal absorbance range 

(Juzeniene et al., 2006). The optical properties of tissue can affect the distribution of the delivered 

light in which most tissues scatter light, while highly pigmented areas absorb light as in case of 

melanoma. Melanin in melanocytes can absorb light (400–720 nm) causing PDT resistance (Ma, 

Li-Wei et al., 2007), that makes NIR light an ideal choice for melanoma PDT treatment (Dees et al., 

2002).   
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Figure 1.6. Diagram showing the efficiency of light in penetration through tissues. Taken from Huang et 

al. (2013). 

PDT light delivery devices can be classified as surface and interstitial (Figure 1.7) in which lasers, 

light-emitting diodes (LEDs), and lamps are the main types of light sources utilised for PDT 

applications (Figure 1.8) (Kim, M. M. and Darafsheh, 2020). Optical fibers with a diffusing or 

directional tip are the most commonly used light interstitial delivery devices used for PDT 

treatment purposes and diagnostic applications made of silicate-based glasses and various plastics, 

such as polymethylmethacrylate (PMMA) and perfluorinated (PF) polymers (Kim and Darafsheh, 

2020). 
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Figure 1.7. Light applicators for clinical PDT: surface (left) and interstitial irradiation using optical fibers 

(right). Adapted from Wilson and Patterson (2008). 

 

 

Figure 1.8. Commonly used Light equipment in PDT. Adapted from Amos-Tautua et al.  (2019).  

1.3.2.2. Photosensitiser (PS) 

Photosensitisers (PS) are non-toxic dyes used in PDT to generate ROS upon light activation in the 

presence of O2. An ideal PS should have high ROS efficiency upon light illumination with selective 

wavelength while being nontoxic in the dark. In addition, photostability, excitation by light at 

longer wavelength (600-700 nm), high degree of purity, preferential accumulation in tumour, being 

inexpensive and commercially available are important requirements for successful PDT (Allison 
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and Sibata, 2010). PS can be generally classified as: first-generation, second-generation and third-

generation. 

1.3.2.2.1. First-generation PS 

First-generation PDT sensetisers are porphyrin-based, including the hematoporphyrin derivative 

(HpD) which was introduced in 1960 (Kato, 1996). Twenty years later, HpD was further purified 

and developed into porfimer sodium (Photofrin®) (Figure 1.9) which was the first FDA approved 

PS for the treatment of obstructive esophageal cancer. Subsequently, approvals for Photofrin® 

were obtained in different countries for treatment of lung, gastric and cervical cancers (Lightdale et 

al., 1995; Dougherty et al., 1998). Furthermore, another two HpD derivatives including Photogem® 

and Photosan-3® were approved for the clinical use in different countries (Beneš et al., 2011; 

Trindade et al., 2012). The three hematoporphyrin derivatives efficiently generated 1O2 inducing 

high PDT cytotoxicity in different cancer types. However, there were some limitations restricting 

their use as efficient PS including lack of tumour selectivity, absorption of light at short wavelength 

(630 nm) that caused moderate light penetration, low chemical purity and long half-life causing 

high accumulation in the skin that led to prolonged skin photosensitivity (Kou et al., 2017).  

 

Figure 1.9. Chemical structure of Photofrin®, n indicates that Photofrin® is not a single chemical entity; 

it is a mixture of oligomers formed by ether and ester linkages of up to nine porphyrin units.   
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1.3.2.2.2. Second-generation PS 

In the early 1980s, second-generation sensetisers were developed to overcome the limitations of 

first-generation PS by offering higher purity, lower skin phototoxicity, longer light absorbance 

(650–800 nm) leading to better penetration into body tissues, in addition to the flexible methods 

of synthesis. Second-generation PS can be classified into two groups: porphyrins and non-

porphyrins.  

1.3.2.2.2.1. Porphyrins 

While introduced above, porphyrins are classified as a group of heterocyclic macrocycle organic 

compounds, consisting of four modified pyrrole subunits attached at their α carbon atoms through 

methine bridges (=CH−). This class comprises porphyrin, chlorins, bacteriochlorin, pheophorbide, 

bacteriopheophorbide, texaphyrin, porphycene and phthalocyanine. A number of second-

generation porphyrins have been approved for PDT treatment in different countries (Figure 1.10)  

(Zhang, Qizhi et al., 2020). 

 

Figure 1.10. Examples of second-generation porphyrins commonly used in cancer therapy. 
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1.3.2.2.2.2. Non-Porphyrins   

Non-porphyrin sensitisers are a class of dyes that involves either naturally occurring chromogens 

such as anthraquinones and curcuminoids or synthetically prepared dyes such as phenothiazines, 

xanthenes and cyanines. Non-porphyrin sensitisers have been shown to exhibit antibacterial and 

antiviral activities, in addition, they show antitumour activity in different types of cancer (Table 

1.2).  

Table 1.2. Examples of non-porphyrin second-generation sensitisers used in cancer therapy. 

Class 

 

PS λmax (nm) Cancer Reference 

Cyanines Indocyanine 

green (ICG) 

808 Murine Mammary 

Carcinoma 

(Shafirstein et al., 

2012) 

Perylene quinone Hypericin 

 

520– 750   Adult T-cell leukemia  (Xu et al., 2019) 

Boron-

dipyrromethenes 

BODIPY dyes 495–535  Human colorectal 

carcinoma and 

human breast 

adenocarcinoma 

(Banfi et al., 2012) 

Squaraine Halogenated 

squaraine 

600  Human tumour 

fibrosarcoma. 

(Serpe et al., 2016) 

Doxorubicin Anthracycline 400-550  Breast cancer  (Kluza et al., 2004)  

 

RB a is the synthetic halide derivative of the widely used biological probe fluorescein in which 

two of the ring hydrogen atoms have been replaced with the halogen atoms chlorine and iodine 

(Figure 1.11). It is widely used as a xanthine dye-based PS with high ΦΔ (0.76 in ethanol) which 

is 8-fold higher than the ΦΔ of its parent compound fluorescein (Lutkus et al., 2019). This is 

attributed to the enhanced spin−orbit coupling due to the heavy atom effect that promotes the 

intersystem crossing and therefore the triplet state population resulting in improved ROS 

generation (Buck et al., 2017). In addition, RB has a broad excitation band in the green region of 
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visible region of the spectrum (480-550 nm) with high extinction coefficient (εmax = 99,800 M-

1cm-1 at 532 nm) (Houba‐Herin et al., 1982). RB has also been shown to undergo rapid clearance 

from the systemic circulation in in vivo models. Accordingly, RB is regarded as an emerging PS 

for its efficient induction of cell death caused by high ROS generation at tumour tissue (Panzarini, 

Elisa et al., 2011).  

The role of RB to induce melanoma phototoxicity as a PS has not been shown, however, IL 

injection of RB as an investigational drug (PV-10) in absence of light has been shown to elicit 

regression of melanoma tumours. Toomey et al. (2013) studied the immune mechanism of (PV-10) 

in vivo using mice subcutaneously (S.C) implanted with 1×105 B16 melanoma cells, in addition, 

5×105 B16 cells were implanted intravenously (I.V) to establish multiple lung lesions. On day 7, 

mice were treated with 50 µL phosphate buffer saline (PBS) (control) or PV-10 IL. The results 

showed that all control mice displayed growth of S.C tumours and had more than 250 lung lesions. 

In contrast, mice that received IL PV-10 exhibited fewer lung lesions (p<0.01) and had 

significantly smaller S.C tumours (p<0.05) compared to the control. Combination of PV-10 with 

the checkpoint inhibitors such as pembrolizumab has been investigated in a clinical trial 

(NCT02557321) in which, the preliminary results of a phase Ib study showed higher target lesion 

response rate compared to single agent (PV- 10) (Ambrosi et al., 2019). 

 

 

Figure 1.11. Chemical structure of Rose Bengal (RB). 
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1.3.2.2.3. Third-generation PS    

Despite the advantages achieved by utilizing second-generation sensitisers, there were still 

limitations involving the poor water solubility that restricted their I.V use in clinical settings and 

the lack of tumour accumulation leading to off-target phototoxicity (Nowak-Stepniowska et al., 

2013). Therefore, targeting strategies have been developed to enhance the second-generation PS 

efficacy by increasing their affinity to tumour tissues. Design of the prodrug PS that can be 

activated only at the tumour site (activatable PS) or PS conjugates with targeting molecules such 

as antibodies, peptides, DNA or nanoparticles (NPs) are considered to be the main strategies in the 

design of third-generation PS  (Lee, Chang-Seuk et al., 2020).  

1.3.2.2.3.1. Activatable PS 

Activatable PS-conjugated NPs were designed and prepared by conjugation of pyropheophorbide 

(PPa) onto the surface of gold nanorods (GNRs) via a protease-cleavable peptide linker (Jang and 

Choi, 2012). The resulting conjugate (MMP2P-GNR) showed fluorescence and phototoxicity 

inhibition due to the energy transfer from the excited PPa to the GNRs in addition to self-quenching 

between the bound PS (off-state) (Figure 1.12). In vitro study was undertaken using matrix 

metalloproteinase-2 (MMP-2) positive HT1080 cells (human fibrosarcoma cell line) and negative 

BT20 cells (human mammary adenocarcinoma cell line). The results showed that HT1080 cells 

treated with 5 µM MMP2P-GNR exhibited a greater inhibition of cell viability by approximately 

50% compared to BT20 cells when illuminated with red light 670 nm using Paterson xenon lamp. 

In addition, confocal microscope images (Ex. 405 nm and Em. 646–753 nm) of cells treated with 

MMP2P-GNR at 5 µM showed stronger fluorescence in HT1080 compared to BT20 cells.  
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Figure 1.12. Design of MMP2 cleavable peptide-PS conjugated gold nanorod (MMP2P-GNR) construct 

for activatable PDT. Taken from Jang and Choi  (2012). 

1.3.2.2.3.2. Targeted PS   

Klein et al. (2017) prepared an integrin targeted photodynamic construct (EtNBS-cRGD-DOTA-

PEG) by conjugation a cationic benzo[a]phenothiazinium molecule (EtNBS) PS to three moieties: 

1) a cyclic RGD (cRGD) peptide that provides α5 targeting and 2) a 5 kD polyethylene glycol 

(PEG) 3) DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) (Figure 1.13). Cellular 

uptake study using confocal fluorescence microscopy was undertaken using human ovarian cancer 

cells (OVCAR5) and genetically modified human OVCAR5 cells (α5 integrin positive). The 

results showed that targeted EtNBS-cRGD-DOTA-PEG construct exhibited higher cellular uptake 

in cells that overexpress the α5 integrin when excited at 635 nm comparing to the α5 integrin 

negative cells. 
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Figure. 1.13. Structure of the EtNBS-cRGD-DOTA-PEG construct. Taken from Klein et al. (2017). 

1.3.3. PDT in skin cancer treatment 

1.3.3.1. PDT in non-melanoma cancers 

PDT has proven to achieve effective treatment for non-melanoma cancers including actinic 

keratoses, BCC, and SCC. Methylaminolevulinate (MAL) and 5-aminolevulinic acid (ALA) are 

common PS prodrugs utilised in non-melanoma PDT (Szeimies et al., 2005).  

1.3.3.2. PDT in melanoma  

1.3.3.2.1. PDT melanoma resistance 

PDT is not efficient in the treatment of highly pigmented melanoma; this can be explained by the 

antioxidant properties of melanin located in melanocytes that can trap the ROS generated upon 

triggering of the PS with light. In addition, the use of PS with light absorbance at low wavelength 

is restricted as melanin absorbs light at 400–720 nm causing PDT resistance. Therefore, the 

selection of PS for melanoma treatment is important to achieve efficient PDT (Huang et al., 2013).  
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1.3.3.2.2. Overcoming PDT melanoma resistance 

1.3.3.2.2.1. PS with high melanin affinity  

Methylene blue (MB) (Figure 1.14) is a phenothiazine dye that has strong absorption of red light 

at (550–700 nm) and strong photodynamic efficiency. MB has high affinity for melanin due to the 

fused heteroaromatic chromophore, therefore, accumulates preferentially in melanoma cells (Rice 

et al., 2000). It has been shown that MB can be used as a carrier for radioisotopes to enable selective 

radiation at melanoma cells. 131 I-MB in conjunction with gamma camera imaging has already 

been proven in clinical studies as a selective tool for early diagnosis of melanoma (Link, 1999). 

Chen et al. (2008) evaluated the MB-PDT mediated efficacy in vitro using B16F1 cells, the results 

revealed that MB (20 μM) exhibited approximately 54.7% inhibition of cell viability (cells were 

irradiated with 650 nm light produced by the red diode laser, a total light dose of 100 J/cm2). In 

addition, in vivo studies using C57BL6 mice implanted S.C with B16F1 cells showed that the slope 

for the tumour growth curve for the MB-PDT treatment was 2.8-fold lower than that for the control 

(light only), in which two weeks post-treatment, the tumour volume was reduced by 69.6% (P < 

0.01, n = 8). The survival rate for MB-PDT mediated group was extended to 51 days compared to 

30 days in the control group (light only) and 39 days in MB group in absence of light. 

             

Figure 1.14. Chemical structures of methylene Blue (left) and melanin (right). 
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1.3.3.2.2.2. Near infrared (NIR) PS   

NIR absorbing sensetisers that possess absorption maxima in a region where melanin does not 

absorb (400-720) have shown improvement in PDT efficacy of melanoma treatment. Dabrowski 

et al.  (2011) described the synthesis of 5,10,15,20‐tetrakis(2‐chloro‐5‐sulfophenyl) bacteriochlorin 

(TCPBSO3H) with the absorbance at 742 nm. The in vitro studies using mouse melanoma (S91) 

cells showed greater PDT mediated cytotoxicity (∼60‐fold) in the cells treated with 5 μM 

(TCPBSO3H) than that of the analogous porphyrin with lower absorbance (500 nm). 

1.3.3.2.2.3. Dual-Agent PDT 

Pires et al. (2020) studied the PDT effect of combining Photodithazine® (PDZ) and Visudyne® 

(VIS) in vivo using B16F10 pigmented melanoma cells and B78H14 non-pigmented melanoma in 

nude mice. Specific growth rates (SGR) were calculated for tumours treated with single or dual 

PS after PDT treatment (670-690 nm). SGR reduction was observed by around 80% in non-

pigmented tumours treated with single PS with negative growth rates in case of dual-agent PDT. 

In the case of pigmented tumours, no difference between the untreated control and Photodithazine-

PDT groups was observed, while a SGR reduction of 50% was observed in the Visudyne-PDT 

which was enhanced to 90%  in case of dual-PS treatment. 

1.3.3.2.2.4. Targeted PDT in melanoma 

1.3.3.2.2.4.1. PDT using targeting peptides 

Melanocyte-stimulating hormone (MSH) is the natural ligand of the MCR1 which highly 

expressed in melanocytes. Radiolabeled analogs of α-MSH including [Nle(4), Asp(5), D-Phe(7)]-

alpha-MSH(4-11) (NAP-amide) have great potential as diagnostic tools for MM diagnosis. 

Bigliardi et al. (2017) prepared two NAP-PS conjugates for melanoma targeting using 2-(1-

hexyloxyethyl)-2-devinyl pyropheophorbide (HPPH) and MB by covalent attachment to NAP 

peptide (Figure 1.15). PDT cytotoxicity of NAP-MB was determined in mice B16-F10 cells, 

human primary melanocytes (MeL) and human melanoma cells (FM55) as target cell lines and 

keratinocytes (N/TERT-1) as a negative control upon activation with light at 660 nm. The results 

demonstrated remarkable toxicity in the three melanoma cell lines compared to keratinocytes, it 

was clearly observed that B16-F10 showed the higher levels of toxicity as they express MC1 



Introduction 

25 
 

receptors 10-fold more than the other cells. By comparing results of both sensitisers, it has been 

found that NAP-MB conjugate is more specific and cytotoxic than HPPH-NAP inducing less 

collateral damage to other peripheral skin cells. 

 

Figure 1.15. Chemical structures of the synthesised peptide ligand NAP-PS conjugates for targeting MC1 

receptor in melanoma a. NAP (MC1 targeting peptide), b. HPPH-NAP and c. NAB-MB. Taken from 

Bigliardi et al.  (2017). 
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1.3.3.2.2.4.2. Targeted PDT nanocarriers    

Beack et al.  (2015b) reported the preparation of the transdermal carbon dot–chlorine e6–

hyaluronate (Cdot-Ce6-HA) conjugate in which HA is the tumour targeting motif by binding to 

the over expressed HA receptors in tumour tissues (Figure 1.16). PDT efficacy was evaluated in 

vitro and in vivo using B16F10 melanoma cells, the results revealed that cells treated with (Cdot-

Ce6-HA) in presence of laser light at 660 nm exhibited a significant inhibition in cell viability (P 

≤ 0.001) compared to the (Cdot-Ce6) or the free Ce6. In addition, in vivo studies using SKH-1 

hairless mice showed a significant suppression of tumour volume (P ≤ 0.05) in the group treated 

with (Cdot-Ce6-HA) compared to Cdot-Ce6 or free Ce6 (P ≤ 0.01) as well as the control group 

(laser only). 

 

 

Figure 1.16. Transdermal carbon dot–chlorine e6–hyaluronate (Cdot-Ce6-HA) conjugate. Taken from 

Beack et al. (2015). 
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1.4. Targeted cancer therapy using therapeutic peptides 

Peptides are defined as the molecules that consist of between 2 and 50 amino acids (molecular 

weight <500 Da), whereas proteins are made up of 50 or more amino acids (molecular weight 

>5,000 Da). Proteins and peptides have a great biological importance in living organisms such as 

hormones, neurotransmitters and growth factors that makes them an interesting target for 

therapeutics. Peptides and proteins of living organisms are built from the 20 naturally occurring 

amino acids in which a peptide bond is formed by condensation of a carboxylic acid group with a 

functional amine (Lodish et al., 2000). Encoded library technologies enabled the discovery of new 

endogenous peptides and protein sequences, thus, enabling the development of new targeted 

therapeutics  (Ottl et al., 2019). 

Globally, the therapeutic peptides have a great contribution to the pharmaceutical industrial market 

with a value of $ 21.5 billion in 2016 and is expected to grow to $ 48.04 billion by 2025 (2017). 

The application of therapeutic peptides in cancer therapy was significantly increased in the last 

decade with an average cost of $ 1.85 billion (Figure 1.17).  

 

Figure 1.17. Diagram showing contribution of therapeutic peptides in different diseases. Taken from Grand 

View Research (2017). 
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Over the past few decades, the importance of using therapeutic peptides for the targeted cancer 

therapy has been significantly increased as a therapeutic strategy used to induce selective tumour 

toxicity by targeting specific markers related to cancer (J Boohaker et al., 2012). Moreover, labelling 

targeting peptides with fluorescent agents enabled the development of molecularly targeted 

imaging probes as an important tool for cancer diagnosis and detection at early stages giving rise 

to enhanced survival rates (Lee, Seulki et al., 2010).  

1.4.1. Preparation of therapeutic peptides 

Generally, three techniques are used for the preparation of peptides and proteins including in vivo 

expression, cell-free protein synthesis, and chemical synthesis (Hou et al., 2017).  

1.4.1.1. In vivo protein expression    

This method utilises the genetically engineered cells for recombinant DNA-based protein 

expression. It provides a tool of native protein production with the possibility of changing amino 

acids sequence by inducing mutagenesis. However, there is a limitation of using this method as it 

is time consuming, requires numerous steps and it is limited to the production of 20 genetically 

encoded amino acid proteins  (Sakamoto et al., 2002).  

1.4.1.2. Cell-free protein expression 

This is a simple method that provides easy and rapid synthesis of proteins in a cell-free system. It 

enables protein synthesis by providing the lysate extract from growing cells with exogenous supply 

of amino acids, nucleotides and mRNA/DNA. It has the advantage of easily preparing novel 

molecules by adding non-natural chemically modified amino acids into the expressed protein 

during translation (Olejnik et al., 2005). However, introducing modified groups such as biotin or 

fluorescent labels is restricted using this method (Kulkarni et al., 2018). 

1.4.1.3. Chemical synthesis 

Chemical synthesis is considered to be the best method for therapeutic peptide preparation as it 

enables rapid, efficient and controlled synthesis of peptides with natural or unnatural amino acids 

in addition to the flexibility of peptide functionalization and labelling with different agents  (Isidro-
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Llobet et al., 2019). Basically, chemical synthesis of peptides involves activation of the free carboxy 

group of the C-terminal followed by reacting with the amino function of the amino acid resulting 

in formation of peptide bond, that can be achieved by using two methods: liquid phase peptide 

synthesis (LPPS) or solid phase peptide synthesis (SPPS).  

1.4.1.3.1. Liquid phase peptide synthesis (LPPS) 

Chemical synthesis of peptides started at the beginning of 20th century when Fischer (1901) 

identified the term of peptide by preparation of glycylglycin as the first synthesised dipeptide. 

Vigneaud et al. (1953) developed the synthetic method (liquid phase peptide synthesis) for the 

preparation of octapeptide amide with oxytocin hormonal activity. However, LPPS requires 

isolation and purification of peptide intermediates after each coupling step before further reactions 

which limit the use of this method for peptide synthesis, particularly for longer peptide sequences 

as it is time consuming with limited flexibility (Bruckdorfer et al., 2004; Kim, S. J. and McAlpine, 2013).  

1.4.1.3.2. Solid phase peptide synthesis (SPPS) 

In 1963, Merrifield utilised for the first time a polystyrene-based solid support (resin) for the 

synthesis of a tetrapeptide using carboxybenzyl group (Cbz) as an α-amino protecting group, N,N'-

dicyclohexylcarbodiimide (DCC) as a coupling reagent and HBr to cleave the peptide from the 

resin (Merrifield, 1963). This method was identified as SPPS and it successfully replaced the 

previous method (LPPS) because of the flexibility of rapid and efficient synthesis of peptides. 

There are many parameters that affect the efficiency of SPPS including the type of solid support, 

linker with the solid support and the choice of protecting groups for the amino acids (Stawikowski 

and Fields, 2012a). The first automated peptide synthesiser was developed by Merrifield (1966) 

using tert-butyloxycarbonyl (Boc) as a protecting group to protect the N-terminal of amino acids 

in which deprotection can be achieved using acid. By 1994, 98% of peptide laboratories were using 

fluorenyl methoxycarbonyl (Fmoc) chemistry instead of Boc methodology, in which the protecting 

group can be easily removed using a mild base that reduces side reactions during cleavage. This 

also makes it easier to handle than the strong organic acids used in the case of Boc deprotection. 

(Stawikowski and Fields, 2012b).  
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1.4.1.3.2.1. General mechanism of SPPS 

The general procedure of SPPS involves repeated cycles of successive N-terminal deprotection, 

activation and coupling reactions until the synthesis of the desired sequence followed by cleavage 

of the peptide from the solid resin (Figure 1.18).  

 

Figure 1.18. Scheme showing the general mechanism of SPPS. Taken from Palomo (2014). 

1.4.1.3.2.1.1. Deprotection   

1.4.1.3.2.1.1.1. Fmoc deprotection  

Rink amide 4-Methylbenzhydrylamine (MBHA) resin is the most commonly used resin in the 

Fmoc SPPS and involves an amide linker attached via norleucine to MBHA resin (Figure 1.19). 

Deprotection of rink amide MBHA resin (deblocking) involves removal of the Fmoc protecting 

group using a mild base such as piperidine resulting in active amine functionalisation (Figure 

1.20). Next, the first protected amino acid is attached through the C terminal to the free amine 
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function of the deblocked resin. Further couplings with amino acids proceed via the N-terminal 

end until the desired peptide sequence is obtained. 

 

Figure 1.19. Chemical structure of rink amide MBHA resin, le denotes leucine. 

  

Figure 1.20. Mechanism of Fmoc deprotection using piperidine as base and nucleophilic scavenger. Taken 

from Pedersen et al. (2012). 
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1.4.1.3.2.1.1.2. Alloc deprotection     

The allyloxy carbonyl (Alloc) group can be used for the protection of the side chain amino group 

of amino acids. Alloc has advantage of being easily removed in neutral conditions with catalytic 

amounts of palladium-tetrakis(triphenylphosphine) Pd(Ph3)4 in the presence of 

nucleophiles/scavengers such as phenyl silane (PhSiH3) (Figure 1.21) (Isidro-Llobet et al., 2009). 

The neutral conditions used are suitable for a broad range of acid labile protecting groups, such as 

Boc, the 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) and 4-tert-butyl ester (OtBu). 

(Thieriet et al., 1997). Therefore, the Alloc protecting group is ideal to functionalise peptides with 

different reactive groups while being attached on resin affording a convenient orthogonal route to 

substituted peptides.  

 

 

 

Figure 1. 21. Deprotection of Allyl group. 
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1.4.1.3.2.1.2. Coupling   

Activation of the carboxyl function of Fmoc protected amino acids used to build up the peptide 

sequence is required to enable peptide bond formation with the amine function of the deprotected 

amino acid attached to resin. Coupling reagents 1-hydroxybenzotriazole (HOBT) and N-[(1H-

Benzotriazol-1-yl)(dimethylamino)-methylene]-Nmethylmethanaminium hexafluoro phosphate 

N-oxide (HBTU) in the presence of a base usually N,N-Diisopropylethylamine (DIPEA) can be 

used to achieve the coupling step (Figure 1.22). 

 

Figure 1.22. Scheme for coupling amino acids through activation of carboxy function using 

HOBT/HBTU/DIEPA. Taken from Palomo (2014). 
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1.4.1.3.2.1.3. Cleavage/ final deprotection   

The aim of the cleavage/ final deprotection step is to separate the peptide from the solid resin and 

also removing the acid labile side chain protecting groups such as Boc, Pbf, and OtBu. This can 

be achieved using strong acids like trifluoroacetic acid (TFA) in presence of scavengers to prevent 

the formation of by-products that can be formed by highly reactive carbocations generated during 

the cleavage step. The most common scavengers used are water (scavenges t-butyl cations), 

triisopropyl silane (TIS) (scavenges trityl and Pbf cations) and ethane dithiol (EDT) (scavenges t-

butyl cations). Non-polar solvents such as diethyl ether can be added to the crude peptide in 

cleavage cocktail mixture after removal of excess TFA by evaporation under reduced pressure in 

order to precipitate the peptide and enable the removal of by products by discarding the filtrate 

(Figure 1.23). 

 

Figure. 1.23. a. Mechanism of Boc deprotection and b. cleavage of peptide from resin using TFA in 

SPPS.  
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1.4.2. Purification of synthetic peptides 

The improvement of high-performance liquid chromatography (HPLC) technology over the past 

25 years enables convenient purification and isolation of synthetic therapeutic peptides. HPLC 

comprises a mobile phase reservoir, pump, injection valve, column, a detector and a computer to 

process the data. (Figure 1.24). Three types of HPLC are commonly used dependent on the mode 

of peptide separation: size-exclusion HPLC, ion-exchange HPLC and reversed-phase HPLC (RP-

HPLC). Size-exclusion HPLC separation is based on the peptide molecular weight (100–7000 Da), 

while ion-exchange HPLC separation is based on the net charge of peptide (anionic or cationic). 

RP-HPLC is the most common type used for rapid efficient peptide purification based on the 

interaction between polar compounds of peptides with polar mobile phase in the presence of non-

polar stationary phase usually composed of octadecyl carbon chain (C18)-bonded silica (Mant et 

al., 2007). 

 

Figure 1.24. Diagram shows basic HPLC components. Taken from Salvato and de Lima Leite (2012). 

Peptide purification progress can be monitored by matrix-assisted laser desorption/ionization time-

of-flight mass spectrometry (MALDI-TOF-MS) or ion-trap electrospray to provide information 

regarding the expected molecular weight of the peptide (Hillenkamp et al., 1991). 



Introduction 

36 
 

1.4.3. Classification of therapeutic peptides used for targeted cancer therapy 

Two types of therapeutic peptides can be used for the targeted cancer therapy: the first is targeting 

peptides that induce specific tumour toxicity by honing cytotoxic drugs to overexpressed tumour 

markers. The second is the modified cell penetrating peptides (CPPs) that enhance the cell 

internalization of either targeting therapeutic moieties or prodrugs that can be activated in certain 

TME.  

1.4.3.1. Targeting peptides 

1.4.3.1.1. Cell surface receptors targeting 

Cancer cells can be distinguished from normal cells by overexpressing specific cell membrane 

receptors such as interleukin-13 receptor subunit alpha-2 (IL-13Rα2), soluble transferrin receptor 

(sTfR), human epidermal growth factor receptor 2, aminopeptidase N (APN) and CXC-chemokine 

receptor4 (CXCR4), gastrin releasing peptide receptor (GRPR) and G-protein-coupled receptors 

(GPCRs) (Boonstra et al., 2016; Roveri et al., 2017). Many cancer cell surface targeting peptides have 

been developed and evaluated in different cancer types; some examples are shown in Table 1.3. 
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Table 1.3. Examples of cancer cell surface targeting peptides. 

Drug  

 

Targeting receptor Cancer cells Reference 

Dox- HAIYPRH 

peptide- PEGylated 

poly(amidoamine) 

dendrimers 

sTfR Bel-7402 human 

hepatoma cells 

 (Han, L. et al., 2010) 

dox-CNGRC peptide 

conjugate 

APN MDA-MB-435 human 

melanoma cells  

(Pasqualini et al., 

2000) 

peptide R CXCR4 U87MG human 

glioblastoma cells 

 (Mercurio et al., 

2016) 

FQWAVGH-Sta-L-

NH2 

GRPR A549 human lung 

cancer cells 
 (Akbar et al., 2019) 

Pep-1 

CGEMGWVRC 

 

IL-13Rα2 U87 human brain 

cancer cells 
 (Akbar et al., 2019) 

 

Integrins are an important class of the cell adhesion molecules that are naturally detected at low 

levels and involved in regulating different cell processes in the human body including cell 

proliferation and death. However, some of these integrins αvβ3, αvβ5 and αvβ6 that can bind to 

their ligands via an Arg-Gly-Asp (RGD) peptide motif, are known to be overexpressed in certain 

tumours during angiogenesis and metastasis (Figure 1.25). Therefore, targeting of theses integrins 

with selective RGD peptide ligands conjugated to the herapeutic and labelling agents has been 

suggested as a promising area for cancer therapy and imaging  (Ahmad et al., 2019). 
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Figure 1.25. Illustration of targeting integrins via RGD peptides for targeted anticancer therapy. 

1.4.3.1.2. Organelle targeting (intracellular targeting)  

The mitochondrion plays an important role in cellular physiology and homeostasis by providing 

the energy in the form of adenosine triphosphate (ATP) through oxidative phosphorylation. In 

addition, the mitochondrion is the key cellular element responsible for controlling the level of 

calcium ions and ROS inside cells (Sena and Chandel, 2012). DNA damage induced by 

mitochondrial excessive production of ROS, metabolic plasticity and high mitochondrial turnover 

have been identified to play an important role in tumour progression and metastasis in cancer 

(Frattaruolo et al., 2020). Recently, many mitochondrial inhibitors have been developed and 

approved by the FDA as anticancer agents (Fiorillo et al., 2016).  

Cationic amphipathic peptides (CAMPs) are an example of organelle targeting peptides that target 

mitochondria. Some CAMPs can specifically recognise negative charge on tumour cells caused by 

high levels of ROS and hypoxia which are attributed to TME dysregulation. Other CAMPs can 

recognise phosphatidylserine in the outer leaflet of the plasma membrane which is a specific 
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marker of cells undergoing apoptosis (Deslouches and Di, 2017; Tornesello et al., 2020). A number of 

CAMPs have been investigated in clinical trials for treatment of different cancer types (Table 1.4). 

Table 1.4. Examples for CAMPs used in clinical trial of cancer diseases. Taken from Tornesello et al. 

(2020). 

Peptide  Phase 

number 

Cancer type Identifier 

Number 

LLGDFFRKSKEKIGKEFFJVQRI

KDFLRNLVPRTES (LL37) 

II  

 

 

Melanoma NCT02225366 

 

 

LL37 I Melanoma NCT01058616 

KKWWKK-Dip-K-NH2 (LTX315) I 

 

Melanoma 

 

NCT01986426 

 

LTX315 II Soft Tissue Sarcoma NCT03725605 

RIVPA (SGX942)       III Head and neck cancer NCT03237325 

(KLAKLAK)2 peptide is the most common example of CAMPs that can induce apoptotic cell 

death of cancer cells by targeting mitochondria, however, enhancing cellular uptake is required 

since CAMPs peptides are poorly permeable to the eukaryotic plasma membranes. Many strategies 

have been developed to increase the permeability of (KLAKLAK)2 peptides using CPPs, 

biopolymers and NPs in order to induce the selective toxicity by mitochondrial targeting (Alves et 

al., 2014). Conjugation of (KLAKLAK)2 peptide to the targeting domains such as CNGRC (Ellerby 

et al., 1999), TMTP1  (Ma, Xiangyi et al., 2012) or CGKRK (Mozhi et al., 2017) was investigated as a 

means of enhancing the cellular uptake in different cancer cells. Many studies demonstrated that 

nano carrier delivery systems such as liposomes can be loaded or conjugated with (KLAKLAK)2 

resulting in enhanced cellular uptake and apoptosis (Ko et al., 2009; Lim et al., 2019). Moreover, gold 

nanoparticles (AuNPs) have been used to improve the cellular penetration of KLA peptides as 

alpha-lipoic acid peptide conjugate LA-WKRAKLAK (Akrami et al., 2016a) and biotinylated 

(KLAKLAK)2 (Ma, Xiaochuan et al., 2013), therefore, enhancing their ability to induce cancer cell 

death via apoptosis.  
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1.4.3.2. Modified cell penetrating peptides (CPPs)     

CPPs involves non-selective cell permeable short peptides that can be used as drug delivery 

systems to enhance cell internalization of different therapeutic moieties (Habault and Poyet, 2019).  

1.4.3.2.1. Activatable cell penetrating peptides 

CPPs specificity can be improved by designing peptides that are activated in the TME (Li, Shi-Ying 

et al., 2015). Doxorubicin-CPP conjugate (DOX-CR8G3PK6-DMA) was prepared in which DMA 

(2,3-dimethylmaleic anhydride) blocks the permeability function of the polycationic CPP 

(CR8G3PK6) through the intramolecular electrostatic attractions at physiological pH 7.4. Acidic 

tumour extracellular pH (6.8) led to DMA hydrolysis resulting in the recovery of the R8 cell 

penetrating and selective DOX cellular uptake  (Cheng et al., 2015).  

1.4.3.2.2. Targeted cell penetrating peptides 

Targeted CCPs can be prepared by conjugating to the targeting molecules including antibodies, 

polymers and peptides (Habault and Poyet, 2019). A novel tumour targeting drug delivery system 

(P-(dNP2)-DOX) was prepared by attaching a CPP (dNP2) 

(CKIKKVKKKGRKKIKKVKKKGRK) to the tumour honing copolymer poly( N-(2-

hydroxypropyl)-methacrylamide)-DOX conjugate (P-DOX). Flow cytometry results using 

cervical cancer HeLa cells revealed that (P-(dNP2)-DOX) had a significant 1.54-fold higher 

cellular uptake compared to the non-modified copolymer (P-DOX). Moreover, P-(dNP2)-DOX 

showed 3-fold greater cell cytotoxicity and 10.5-fold greater DNA damage than (P-DOX) (Xiang 

et al., 2018). 

1.4.4. Tumour targeted peptide-nanoparticles 

Nanocarriers are colloidal systems of particle size below 500 nm designed for enhanced drug 

delivery and diagnostic testing in different diseases (Rizvi and Saleh, 2018). Various forms of 

nanocarriers have been developed in the last few decades including liposomes, polymeric micelles, 

polymeric NPs, dendrimers, carbon nanotubes and mesoporous silicon (Figure 1.26) (Lombardo et 

al., 2019). Nanocarriers have been used in cancer therapy to enhance the therapeutic index of 

cytotoxic drugs by the enhanced permeation and retention (EPR) effect allowing higher 
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accumulation inside the tumour (passive targeting). Moreover, nanocarriers for tumour-targeted 

drug delivery have been prepared by conjugation with targeting ligands such as peptides or 

antibodies to enable binding to specific receptors on the tumour tissue (active targeting) (Hirsjarvi 

et al., 2011). In addition, tumour targeted peptides-NPs have been developed for the specific tumour 

imaging in many cancers as colorectal cancer, leukemia, lung, breast and glioblastoma (Parvanian 

et al., 2017). Yeh et al. (2016) described the preparation of the prostate targeting peptide 

KQFSALPFNFYT-quantum dots conjugate (SP204-QD). Its ability for specific tumour imaging 

was evaluated in vivo using mice bearing human prostate carcinoma tumours (PC3). The results 

showed that the NIR fluorescence signal intensity in the tumour of SP204-QD-treated mice was 

increased by 16.6-fold compared to QD-treated mice. 

 

 

Figure 1.26. Illustration of the common types of nanocarriers used for drug delivery. Taken from Deng et 

al. (2019). 

 

 

 



Introduction 

42 
 

1.4.4.1. Liposomes                                                                                                   

Liposomes are the most common nanocarrier used for the anticancer drug delivery as they show 

better intracellular drug delivery and higher retention time of the encapsulated payload in cancer 

cells compared to other types of nanocarriers (ud Din et al., 2017). Liposomes are unilamellar 

vesicles (ULV) or multilamellar vesicles (MLV) composed of phospholipid bilayers with an 

aqueous core, the driving force for liposomes formation is spontaneous due to the self-association 

of the amphiphilic phospholipids into bilayers. Several liposomal encapsulating cytotoxic drugs 

have been clinically approved including DOX-PEGylated liposomal formulation Doxil® (known 

internationally as Caelyx®) showing significant enhancement in cancer therapy and a reduction of 

cardiotoxicity when compared to free DOX, along with an increased circulation time (Franco et al., 

2018). 

1.4.4.1.1. Types of liposomes 

Liposomes can be classified into four different groups: conventional, PEGylated, ligand targeted 

and multifunctional liposomes (Figure 1.27). Conventional liposomes are composed of two layers 

of phospholipids in which hydrophilic drugs can be encapsulated in the aqueous core while 

hydrophobic drugs can be incorporated in lipid alkyl chain layer. These liposomes can be restricted 

by a short circulation time when administered I.V as they are rapidly taken up by the 

reticuloendothelial system (RES) and destroyed by phagocytes. Preparation of PEGylated or 

stealth liposomes by coating the liposome surface with the hydrophilic polymer PEG enhances the 

liposomal circulation time by increasing the repulsive forces between liposomes and blood 

components (Hatakeyama et al., 2013). Functionalization of liposomes with the targeted ligands 

including protein, peptides, antibodies, aptamers, small molecules and carbohydrates enabled the 

selective delivery of cytotoxic agents at the target site resulting in targeted liposomes with lower 

off-target side effects (Fu and Xiang, 2020). Multifunctional liposomes including liposomes 

decorated with CPPs and targeting peptides (Yuan et al., 2015), targeting ligands in presence of one 

or more cytotoxic drugs (Zhang, Yue et al., 2017) or an imaging agent with therapeutic agent (Erdogan 

and Torchilin, 2010; Li, Shihong et al., 2012) have been developed offering the advantage of variable 

functions when compared to monofunctional liposomes.  
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Figure 1.27. Illustration of different types of liposomes based on the addition of various moieties to the 

surface: (A) Conventional liposomes, (B) PEGylated liposomes, (C) ligand targeted liposomes and (D) 

multifunctional liposomes. Taken from Riaz et al. (2018).  
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1.4.4.1.2. Liposome preparation 

The method used for the preparation of liposomes can affect their properties including shape, size, 

drug loading and stability. The thin-film hydration is the most common method used for the 

liposome preparation in which cytotoxic drugs can be encapsulated in liposomes depending on the 

hydro-philic/phobic properties by adding either at the lipid film production stage (water insoluble) 

or at the hydration stage (water soluble) (Szoka Jr and Papahadjopoulos, 1980). A lipid thin film can 

be produced by drying lipids dissolved in chloroform and/or methanol mixture using rotary 

evaporator under reduced pressure then hydration by adding water and agitating at temperature 

higher than the main phospholipids transition temperature resulting in MLV of size (1–5 μM) 

(Figure 1.28). MLVs size can be reduced into small unilamellar vesicles (SUV) with diameters in 

the range of 15-50 nm or large unilamellar vesicles (LUV) with a mean diameter of 120-140 nm 

by sonication (mechanical energy) or extrusion (thermal energy). Liposome purification can be 

accomplished by centrifugation, dialysis or ultrafiltration to remove the non-encapsulated drugs 

(Meng LinXian-Rong Qi, 2019). 

 

 

Figure 1.28. Illustration of liposome preparation using thin-film hydration method. Taken from de Araújo 

Lopes, Sávia Caldeira et al. (2013). 
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1.4.4.2. Peptide functionalised liposomes for receptor targeted cancer therapy 

Encapsulation of anticancer drugs in liposomes conjugated with targeted peptides, that hone to 

particular types of tumour or TME is a promising strategy in targeted cancer therapy that minimises 

off-target toxicity. A number of targeted liposomes have been developed by conjugation with 

different targeting peptides that hone different tumour receptors (Table 1.5) (Aronson et al., 2021). 

NGR peptide conjugated liposomal DOX showed improved survival outcome in clinically relevant 

animal models (neuroblastoma, ovarian, and lung cancers) through targeting angiogenic blood 

vessels when compared to non-peptide targeting Caelyx® of (Franco et al., 2018). 

Table 1.5. Tumour targeting peptides used for preparation of targeted liposomes. Adapted from Aronson 

et al. (2021). 

Targeted receptor Peptide 

name 

Peptide sequence 

sTfR T7 HAIYPRH 

Epidermal growth factor 

(EGFR/HER1) 

GE11 YHWYGYTPQNVI 

APN NGR 

 

NGR 

Vascular endothelial growth factor 2 

(VEGFR2) 

STP 

 

SKDEEWHKNNFPLSP 

 

Integrins 

 

Linear and 

cyclic RGD 

RGD, GRGDS and c(RGDyC) 
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1.4.4.3. Surface modification of liposomes with targeting peptides 

Liposomal surface functionalization can provide different reactive groups to enable the covalent 

attachment with targeting peptides. Generally, the most common four chemical bonds involve: 

amide bond by reaction of activated carboxyl groups with amino groups, disulfide bond by reaction 

of pyridyldithiols with thiols, thioether bond by reaction of maleimide derivatives with thiols or 

carbamate bond by reaction of p-nitrophenylcarbonyl groups with amino groups (Torchilin, 2005).  

Riaz et al. (2019) reported the synthesis of T7 (HAIYPRH) surface-functionalised liposomes 

loaded with quercetin (QR) (T7-QR-lip) for targeting sTfR overexpressed in lung cancer. The 

liposomal surface functionalisation was achieved by a thiol-ene click reaction of the sulfhydryl 

group (–SH group) from the terminal cysteine of T7 peptide and the maleimide part of DSPE-

PEG(2000)-MAL. In vitro cytotoxicity results using lung cancer (A549) cells revealed that (T7-

QR-lip) showed significantly higher cytotoxicity (~ 3-fold) as compared to free QR (p<0.01). In 

addition, the IC50 values were calculated for T7-QR-lip (40.50±7.55 µM), QR-lip (63.54±9.02 

µM) and free QR solution (107.46±7.62 µM). 
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1.5. Overall aim and specific chapter objectives  

The overall aim of the work conducted in this thesis was to develop peptide based photosensitisers 

for enhanced PDT treatment of cancer. The work discussed in each chapter is summarised below.  

 

1.5.1. Chapter 3 - This chapter investigated the ability of ferrocene to quench the excited state of 

Rose Bengal by Photoinduced Electron Transfer (PET). The ferrocene was attached to the Rose 

Bengal using a RGD peptide linker and the effect of protease enzymes on cleavage of the peptide 

and cancelling the PET process was determined.  

 

1.5.2. Chapter 4 - This chapter discussed the preparation of a Rose Bengal-C(KLAKLAK)2 

conjugate and its PDT mediated efficacy in melanoma cells and murine tumours was determined. 

This work has been published in Journal of medicinal chemistry, 63(3), pp.1328-1336. 

https://doi.org/10.1021/acs.jmedchem.9b01802. 

 

1.5.3. Chapter 5 – Building on the results from Chapter 4, the work discussed in this chapter 

explored the role of sensitiser and CAMP in the PDT mediated efficacy of sensitiser-CAMP 

conjugates. A shorter CAMP (CKLAKLAK) and a different sensetiser (methylene blue) were used 

and the impact of these changes on PDT mediated efficacy determined.  

 

1.5.4. Chapter 6 – This chapter discussed the preparation of liposomes labelled with the integrin 

targeting peptide A20FMDV2 and the selectivity of the liposome-A20FMDV2 conjugate to αvβ6 

positive and negative pancreatic cancer cells. 
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1.6. Statement of collaboration.  

The MB acid synthesis discussed in chapter 5 was carried under supervision of Dr Sukanta Kamila. 

The animal experiments discussed in chapter 4 were conducted by Dr. Yingjie Sheng and chapter 

5 by Dr. Heather Nesbitt. Microscopic imaging discussed in chapter 6 was performed under 

supervision of Dr. Heather Nesbitt. 
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2.1. Materials and reagents 

All reagents and equipment used were purchased at the highest purity available from Sigma-

Aldrich with the exception of ferrocene carboxylic acid, ferrocene aldehyde and RB disodium salt 

(sold as Acid Red 94) which were purchased from Tokyo Chemical Industries. Singlet oxygen 

Sensor Green (SOSG) was purchased from Invitrogen (UK). Knorr amide resin (MBHA) was also 

purchased from Novabiochem at the highest purity possible. Ultra-pure water was prepared using 

a PURELAB® Ultra water purification system. Absorbance measurements were recorded on a 

Varian Cary 50 Spectrometer using a quartz cuvette. Fluorescence measurements were recorded 

using a Cary Eclipse Fluorescence Spectrophotometer using a quartz cuvette. Fenix LD01 LED 

(Fenix Light Ltd, Shenzen, China) 50 mW output was used to irradiate samples with white light. 

Samples were exposed to red light using Paterson xenon lamp at 650 nm. Preparative RP-HPLC 

was carried out on a Shimadzu LC-8 preparative pump system (Shimadzu Corp., Kyoto, Japan) 

using a 250  21.20mm Luna 10 C18 (2) 100A preparative column (Phenomenex, Torrance, CA). 

Mass spectroscopy was performed using an LCQTM quadrupole ion-trap mass spectrometer 

(Finnigan MAT, San Jose, California, USA) utilising electrospray ionisation (ESI). Denoted, “+ 

or – ESMS. 1H NMR was performed using a Varian 500 MHz nuclear magnetic resonance 

spectrometer. Freeze drying was performed using a Labconco Freezone Freeze Dryer. Cancerous 

cells (B16-F10-Luc2, Hela, MCF-7, Panc-1 and BxPC-3) were obtained from the American Type 

Culture Collection (ATCC) (Manassas, VA, USA). SCID mice (C.B-17/IcrHanHsd- PrkdcSCID) 

and nude mice were bred in house. Dynamic light scattering (DLS) measurements were performed 

using a Malvern Zetasizer 3000HSA (Malvern, Worcs, UK). 1,2-dibehenoyl-sn-glycero-3-

phosphocholine (DBPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methOxy(polyethyleneglycol)-2000]-biotin (DSPE-

PEG(2000)-biotin) and 25-[N-[(7-nitro-2–1,3-benzOxadiazol-4-yl)methyl]amino]-27-

norcholesterol (25-NBD Cholesterol) were purchased from Avanti Polar Lipids (Alabaster, 

Alabama, USA). Microson ultrasonic cell disruptor, 100 W, 22.5 kHz, from Misonix Inc. (NY, 

USA). Fluorescence images were obtained using a NIKON Eclipse E400 Phase contrast 

microscope. Statistical error in data was expressed as standard error of the mean (SEM). Statistical 

analysis was carried out using Microsoft Excel (Microsoft Excel for Office 365 MSO) and 

GraphPad Prism 5 for Windows (Version 5.01). Statistical analysis was undertaken using one-way 
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ANOVA followed by Tukey’s post hoc test. * denotes p ≤ 0.05, ** denotes P ≤ 0.01, *** denotes 

p ≤ 0.0001, ns (no significance) denotes P > 0.05.  

2.2. Synthesis of RB octanoic acid 

RB octanoic acid was prepared by following a method described by Nomikou et al. (2012). Briefly, 

a mixture of RB disodium salt (15.20 g, 0.015 mol), 8-bromooctanoic acid (5.00 g, 0.02 mol) and 

dimethylformamide (DMF) (60 ml) were added to a round bottomed flask (RBF) and refluxed 

overnight at 80°C. After the reaction was stopped, ice cold diethyl ether was added to the RBF 

until a solid precipitate was formed, after stirring for 18 h at room temperature and pressure (RTP) 

the mixture was filtered under suction and the solid was washed with some more diethyl ether and 

allowed to dry. At this point the solid was transferred to a clean RBF and allowed to stir in distilled 

water for 18 h. The solid was again filtered under suction and the remaining water was removed 

under reduced pressure. A purple solid was obtained at the end of the reaction (Yield = 14.50 g, 

87%). 1H NMR (500 MHz, DMSO-d6) δ: 11.85 (s, COOH, 1H), 8.13 (s, ArOH, 1H), 7.41 (s, ArH, 

2H), 3.87 (t, OCH2, 2H), 2.12 (t, CH2COOH, 2H), 1.40 (m, CH2, 2H), 1.10 ( m, CH2, 4H), 1.00 

(m, CH2, 2H), 0.80 (m, CH2, 2H). Negative mode ESI-MS: [M-H]: calculated for C28H18Cl4I4O7 

= 1115.87 g/mol, found = 1114.70 Da. 

2.3. Synthesis of RB-GRGDKGG  

Fmoc solid phase peptide synthesis (SPPS) was employed using Knorr amide MBHA resin, amino 

acids were attached to solid resin in the following sequence: Fmoc-Glycine-OH, Fmoc-Glycine-

OH, Fmoc-Lysine(Boc)-OH, Fmoc-Aspartate(OtBu)-OH, Fmoc-Glycine-OH, Fmoc-

Arginine(Pbf)-OH, Fmoc-Glycine-OH. First, resin beads (1.00 g) were swollen by mixing with 

DMF for 30 min followed by deblocking by mixing with a solution of 25% piperidine in DMF (15 

mL) for 10 min then draining (repeated twice). A mixture of 8.17 eq of HOBt (1.00 g, 6.53 mM), 

HBTU (2.48 g, 6.53 mM), DIPEA (12.48 eq, 9.98 mM, 1.31mL) and amino acids (2.95 eq, 2.25 

mM) in DMF (15 mL) was prepared, added to the resin  and stirred in the reaction vessel for 2 h. 

This was then drained and DMF (15 mL) was added and allowed to stir for 5 min (repeated twice). 

After coupling of the last amino acid, Fmoc deprotection was followed by RB octanoic acid (2.50 

g, 2.24 mM) coupling using the same coupling reagents. The beads were then shrunk by mixing 

with DCM for 30 min (repeated once). A cleavage cocktail was prepared using TFA (19.50 mL), 
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TIPS (0.50 mL) and distilled water (0.50 mL) in a RBF (95:2.5:2.5 v/v) and allowed to stir for 2 h 

under N2 atm at RTP. After completion, the contents of the reaction vessel were filtered under 

suction and the TFA removed under reduced pressure to yield an oily red mixture. At this point 

ice cold diethyl ether was added and a red solid precipitate was formed. The ether was decanted 

and the crude product was obtained as a red solid powder. Purification was carried out by gradient 

RP-HPLC. Products were eluted with a linear gradient of 75% to 2% solvent A over a period of 

60 min. Solvent A, 89.9% H2O, 10% acetonitrile (ACN), 0.1% TFA; solvent B, 99.9% ACN, 0.1% 

TFA. The samples to be injected into the system were prepared using acetonitrile to obtain a 

transparent solution. An injection volume of 500 µL was used and the peak at 13.50 min was 

collected as it contained the pure peptide fraction. After combination of the desired fractions and 

subsequent freeze drying, a fluffy red solid (50 mg) was obtained. Positive mode ESI-MS: 

calculated for C52H60Cl4I4N12O15 = 1742.53 g/mol, found = 1742.60 Da and the base peak at 872.00 

Da corresponding to the doubly charged ion. 

2.4. Synthesis of RB-GRGDK(Fc)GG Schiff base (in solution reaction) 

Pure RB-GRGDKGG (6 mg, 3.44 µM) was placed into a small RBF along with ferrocene 

carboxaldehyde (7 mg, 0.03 mM), triethylamine (1 ml, 7.17 mM) and 1 mL anhydrous DMF. The 

reagents stirred under N2, overnight at RTP. The reaction was monitored using LC-MS with a mass 

of 1938.45 Da corresponding to the molecular ion C63H68Cl4FeI4N12O15 with the base peak at 

970.06 Da corresponding to the doubly charged ion a peak of 1938.45 Da. The final product could 

not be separated from the crude mixture. 

2.5. Synthesis of RB-GRGDK(Fc)GG-amide  

Fmoc SPPS was used using same procedure mentioned in section 2.3, Fmoc-Lysine(Boc)-OH was 

replaced with Fmoc-Lys(Alloc)-OH. After coupling the last amino acid in peptide sequence, Alloc 

was deprotected by preparing a solution of PhSiH3 (2 mL, 0.02 mol), and Pd(PPh3)4 (0.09 g, 0.08 

mmol) in DCM and stirred with the beads for 30 min (repeated twice). Then, ferrocene acetic acid 

(0.54 g, 2.20 mmol) was stirred with the resin beads using the same coupling reagents (repeated 

twice). This step was followed by adding RB octanoic acid to the N-terminus of peptide using the 

same coupling reagents, repeated twice. Cleavage and RP-HPLC of peptide was performed using 

the same method as used in section 2.3. After combination of the desired fractions and subsequent 
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freeze drying, a fluffy red solid (47 mg) was obtained. Positive mode ESI-MS: calculated for 

C64H70Cl4FeI4N12O16 = 1968.59 g/mol, found = 1968.90 Da. 

2.6. Synthesis of RB-C(KLAKLAK)2  

RB-C(KLAKLAK)2 peptide was synthesised via a standard Fmoc SPPS using 0.50 g Rink amide 

MBHA resin. In each coupling step, a mixture of (2.85 eq, 1.14 mmol) amino acid, (8.12 eq., 3.25 

mmol) of both HOBt (0.50 g) and HBTU (1.23 g) and (12.18 eq, 4.87 mmol, 0.63 g) DIPEA in 

DMF (15 mL) was prepared and allowed to stir in the reaction vessel for 2 h. This was then drained 

and DMF (15 mL) was added and allowed to stir for 5 min (repeated twice). Amino acids were 

attached to resin in the following order: KALKALKKALKALKC. followed by coupling of RB 

octanoic acid (2.85 eq, 1.14 mmol, 1.27 g) after deprotection of Fmoc group of cysteine using 

same coupling mixture. The peptide was cleaved using a TFA/water/ EDT/TIPS (94:2.5:2.5:1 v/v) 

cleavage cocktail, and the crude peptide was purified using reverse-phase HPLC (C18 column, 

solvent A: 89.9% H2O, 10% acetonitrile, 0.1% TFA; solvent B: 99.9% acetonitrile, 0.1% TFA, 

gradient of 75−2% solvent A over a period of 60 min). Fractions containing the peak of interest 

were combined and freeze-dried to afford the desired product as a red solid (25 mg). Positive mode 

ESI-MS: calculated for C103H161Cl4I4N22O21S = 2725.01 g/mol, found = 2724.16 Da. 

2.7. Synthesis of PpIX-C(KLAKLAK)2 

Protoporphyrin IX-C(KLAKLAK)2 peptide was synthesised via a standard Fmoc SPPS using 0.50 

g Rink amide MBHA resin following the procedure described above. Protoporphyrin IX (2.85 eq, 

1.14 mmol, 0.67 g) was dissolved in DMF and used with the same coupling mixture used for RB 

octanoic acid (described in section 2.6). After peptide cleavage, the crude peptide was purified by 

RP-HPLC using the same mobile phases prepared in the previous section. Fractions containing the 

peak of interest were combined and freeze-dried to afford the desired product as a brown solid. 

Positive mode ESI-MS: [M+Na]+ calculated for C109H175N26O18S = 2169.79 g/mol, found = 

2192.78 Da. 

2.8. Synthesis of methyl 5-(N-methylanilino)valerate 

A mixture of N-methyl aniline (5.30 g, 0.05 mol) and methyl 5-bromovalerate (10 g, 0.05 mol) 

was refluxed at 110 οC for overnight. Then, the mixture was made alkaline with an aqueous sodium 
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bicarbonate. The resulting mixture was extracted with ethyl acetate, dried over anhydrous 

magnesium sulfate and concentrated. The residue was distilled under reduced pressure to obtain 

the product as green gummy liquid. (Yield = 5 g, 94.73%). 1H NMR (500 MHz, CDCl3) δ: 7.21-

7.25 (m, ArH, 2H), 6.68 (d, ArH, 3H), 3.66 (s, OCH3, 3H), 3.32 (t, N-CH2, 2H), 2.93 (d, N-CH3, 

3H), 2.35 (t, CO-CH2, 2H), 1.60-1.66 (m, CH2 X 2, 4H). 13C NMR (500 MHz, CDCl3): 173.90, 

149.18, 129.16, 116.05, 112.67, 52.37, 51.49, 38.33, 38.29, 33.95, 32.99, 26.24, 22.53. Positive 

mode ESI-MS: [M+H]: calculated for C13H19NO2 = 221.3g/mol, found = 222.2 Da.    

2.9. Synthesis of  2-amino-5-dimethylaminophenylthiosulfonic acid  

A solution of N’,N’-dimethyl-p-phenylene diamine (10.0 g, 0.0735 mol) in water (160 ml) and 

methanol (40 ml) was cooled to 5 °C in RBF. Sodium thiosulfate (20.0 g, 0.08 mol) in water (20 

ml) was added to the solution in one aliquot. Sodium persulfate (17.5 g, 0.07 mol) in water (40 ml) 

was added drop-wise over a 15 min period. The reaction mixture was stirred for 3 h at 5 °C and 

then warmed to RT over a period of 1 h. The black solid which precipitated was collected via 

filtration, washed with water (50 ml) then dried under vacuum (1000 mbar) at 40 °C for 16 h. 

Crude product was added to RBF and ethyl acetate (150 ml) was added. The slurry was heated to 

reflux for 1.5 h and then cooled in ice bath, then the purple solid was collected via filtration. The 

purple solid was washed with ethyl acetate (100 ml) and dried under vacuum (1000 mbar) at 40 

°C for 16 h, (Yield = 5.47 g, 54.70%). 1H NMR (500 MHz, MeOH-d4) δ: 7.20-7.22 (s, ArH, 1H), 

6.93 (bs, ArH, 2H), 3.01-3.06 ( m, N-CH3 X 2, 6H), 2.94 (s, NH2, 3H). Positive mode ESI-MS: 

[M+Na]: calculated for C8H12N2O3S2 = 248.32 g/mol, found = 271.40 Da.    

2.10. Synthesis of 3-[N-(4-methoxycarbonylbutyl)-N-methylamino]-7-

dimethylaminophenazathionium chloride   

Methyl 5-(N-methylanilino)valerate (5.0 g, 0.02 mol)  was dissolved by addition of 1N HCl (20 

ml) and H2O (200 ml) under ice-cooling. Then 2-amino-5-dimethylaminophenylthiosulfonic acid 

(5.0 g, 0.02 mol) was added. A solution of sodium dichromate 2 hydrate in water (40 ml) was 

added drop wise under ice cooling and the mixture was stirred in ice bath for 30 min. Glacial acetic 

acid (1.0 ml) was added to the reaction mixture and stir for 1 h at RT. The resulting precipitate 

was decanted and washed with water (repeated twice). Then the precipitate was suspended in 

acetonitrile (150 ml). Manganese dioxide (5.0 g) and catalytic amount of copper sulfate 
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pentahydrate were added and resulting mixture was heated under reflux for 1 h. The reaction 

mixture was filtered and the filtrate was concentrated to dryness under reduced pressure. The 

residue was subjected to column chromatography on silica gel and eluted with acetonitrile 

followed by a mixed solvent of CH3CN/H2O/1N HCI (40:5:1) to obtain 3-[N-(4-

methoxycarbonylbutyl)-N-methylamino]-7-dimethylaminophenazathionium chloride as a gummy 

blue product. (Yield = 2.50 g, 50%). 1H NMR (500 MHz, MeOH-d4) δ: 8.84 (s, ArH, 1H), 7.58 (s, 

ArH, 1H), 7.42 (s, ArH, 1H), 7.06 (s, ArH, 1H), 6.72-6.77 (s, ArH, 2H), 3.99 (s, N-CH3 X 3, 9H), 

3.29 (s, OCH3, 3H), 2.35-2.42 (m, N-CH2, COCH2, 4H), 1.58-1.68 (m, CH2 X 2, 4H). Positive 

mode ESI-MS: calculated for C21H26N3O2S = 384.51g/mol, found = 384.31 Da. 

2.11. Synthesis of MB-carboxylic acid  

3-[N-(4-methoxycarbonylbutyl)-N-methylamino]-7-dimethylaminophenazathionium chloride 

ester (2.0 g, 5.20 mmol) hydrolysis was undertaken by adding 150 ml HCl (37%) and stirring at 

RT overnight then reflux for further 2 h afforded MB carboxylic acid as blue solid product. (Yield 

= 0.95 g, 48%). Due to the polarity of the final MB-COOH compound it was not possible to obtain 

a quality NMR spectrum to enable its characterisation. Negative mode ESI-MS: calculated for 

C20H24N3O2S = 370.49 g/mol, found = 370.33 Da.  

2.12. Synthesis of MB-C(KLAKLAK)2 peptide 

MB-C(KLAKLAK)2 peptide was synthesised via a standard Fmoc SPPS using 0.50 g Rink amide 

MBHA resin following procedure described in section 2.6. MB-carboxylic acid (2.85 eq, 1.14 

mmol, 0.42 g) was used instead of RB octanoic acid. After peptide cleavage, the crude peptide 

obtained as blue-white sticky solid (330 mg) was purified by RP-HPLC using the same mobile 

phases prepared in section 2.6. Fractions containing the peak of interest (Rt = 8.55 min) were 

combined and freeze-dried to afford the desired product as a blue solid (25 mg). Positive mode 

ESI-MS: calculated for C95H166N25O16S2 = 1978.62 g/mol, found = 1978.98 Da. 

2.13. Synthesis of RB-CKLAKLAK peptide 

RB-CKLAKLAK peptide was synthesised via a standard Fmoc SPPS using 0.50 g Rink amide 

MBHA resin following procedure described in section 2.6. Amino acids were added in the order 

of KALKALKC following by adding RB octanoic acid (2.85 eq, 1.14 mmol, 0.42 g). After peptide 
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cleavage, the crude red peptide (430 mg) was purified using RP-HPLC (C18 column, solvent A: 

89.9% H2O, 10% acetonitrile, 0.1% TFA; solvent B: 99.9% acetonitrile, 0.1% TFA, gradient of 

75−2% solvent A over a period of 30 min). Fractions containing the peak of interest (Rt = 8.55 

min) were combined and freeze-dried to afford the desired product as a red solid. Positive mode 

ESI-MS: calculated for C67H93Cl4I4N12O14S = 1972.02 g/mol, found = 1972.02 Da. 

2.14. Synthesis of biotin-hexyl-A20FMDV2 peptide  

Fmoc SPPS was used using 0.5 g Knorr amide MBHA resin in which amino acids were attached 

in the following sequence: NAVPNLRGDLQVLAQKVART. Side chain protections of the amino 

acids used were the following: asparagine, glutamine: trityl; arginine: 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl; aspartic acid: tert-butyl; lysine: tert-butoxycarbonyl; 

and threonine: tert-butyl. Amino acid (2.85 eq, 1.14 mmol) was stirred with a coupling mixture of 

(8.12 eq., 3.25 mmol, 0.50 g) HOBt, (8.12 eq., 3.25 mmol, 1.23 g) HBTU and (12.18 eq., 4.87 

mmol, 0.63 g) DIPEA in DMF (15 mL) for 2 h. After draining, DMF (15 mL) was added for 

washing and allowed to stir for 5 min, this was repeated twice. The last amino acid coupling 

reaction using Fmoc-Thr(tBu)-OH was followed by reacting 6-(Fmoc-amino)hexanoic acid (0.40 

g, 1.14 mmol). Finally, biotin (0.28 g, 1.14 mmol) was added using the same coupling mixture. 

Removal of the side chain protecting groups during the cleavage off the resin was achieved using 

same conditions described in section 2.3 giving 400 mg crude compound as a white solid powder. 

Purification was carried out by gradient RP-HPLC. Products were eluted with a linear gradient 

starting at 10% solvent B ( for 2 min), increasing to 90% over 30 min. Solvent A: 0.05% TFA in 

water (v/v); solvent B: 0.005% TFA in water/ acetonitrile 1:9 (v/v/v). Purified product was 

characterised by MALDI-MS. Base beak was shown at 2501.58 Da consistent with the expected 

mass for C109H189N35O30S 2501.95 g/mol    

2.15. Determination of the ability of ferrocene to quench RB emission  

A solution of RB (10 µM) in methanol with ferrocene added at different concentrations 0, 10, 100, 

1000, 5000, 10000 µM was prepared followed by recording the intensity of RB fluorescence at λex 

=555 nm. 
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2.16. Determination of ROS generation by RB in the presence of increasing concentrations 

of ferrocene 

Solutions containing 40 µM 1,3-Diphenylisobenzofuran (DPBF), 10 µM RB and 0,10,100 or 1000 

µM ferrocene carboxaldehyde were prepared in methanol. The solutions were then irritated with 

light for 30 sec (50 mW output, 22.7 J/cm2). The absorbance of each solution was measured at 410 

nm using a UV spectrometer.   

2.17. Photophysical characterisation of RB-GRGDKGG and RB-GRGDK(Fc)GG-amide 

Two solutions of 5 µM of RB-GRGDKGG and RB-GRGDK(Fc)GG-amide DMF:PBS (pH 7.4 ± 

0.01) (1:100) were prepared and absorbance was recorded using UV-Vis spectroscopy. Then, 

fluorescence emission intensity was recorded at 595 nm (ex = 540 nm) after matching the 

absorbance of two compounds at the same wavelength (λmax= 580 nm). 

2.18. Determination of the ability of ferrocene to quench 1O2 generation in RB-

GRGDK(Fc)GG-amide 

The ability of ferrocene moiety to quench 1O2 was determined using the 1O2 probe (singlet oxygen 

sensor green) SOSG. A vial of SOSG (100 µg) was dissolved by 1 ml methanol, 47 µL was added 

to 1 μM solution of RB-GRGDKGG or RB-GRGDK(Fc)GG-amide DMF:PBS (pH 7.4 ± 0.01) 

(1:100) resulting in a final concentration of 2.5 μM (SOSG). The solutions were then irritated with 

light for 5 min (50 mW output, 113.0 J/cm2). Control solution (solvent only) was also undertaken 

and included. The intensity of SOSG fluorescence at λ= 525 nm upon excitation at λ= 505 nm was 

recorded at the beginning and at the end of each experiment and the increase in SOSG emission at 

λ= 530 nm was determined for each sample. 

2.19. Investigating the cleavage of RB-GRGDKGG and RB-GRGDK(Fc)GG-amide using 

protease enzymes 

Three DMF:PBS (pH 7.4 ± 0.01) (1:100) solutions of RB-GRGDKGG or RB-GRGDK(Fc)GG-

amide (5 µM) were prepared, then collagenase (5 µg/mL) or trypsin (1 mg/mL) were added to two 

of the prepared solutions and the third one was kept as control. All solutions of RB-GRGDKGG 

or RB-GRGDK(Fc)GG-amide were incubated at 37°C for 15 min or 7 days, respectively and 

subsequently analysed by positive mode liquid chromatography-mass spectroscopy (LC-MS). The 
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fluorescence emission intensity of 7 days incubated solutions of RB-GRGDK(Fc)GG-amide was 

recorded at 595 nm (ex = 540 nm). 

2.20. Determination of the in vitro PDT efficacy of RB, RB octanoic acid, RB-C(KLAKLAK)2, 

PpIX-C(KLAKLAK)2, MB-COOH, MB-C(KLAKLAK)2 and RB-CKLAKLAK  

B16-F10-Luc2 melanoma, Hela, Panc-01 and MCF-7 cells were cultured in Dulbecco’s modified 

Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS). All cell lines 

were incubated at 37 °C in a humidified 5% (v/v) CO2 atmosphere. Cells were seeded at a 

concentration of 5 ×103 cells per well in a 96-well tissue culture plate for 24 h. The medium was 

then removed from each well and replaced with media solutions containing RB, RB octanoic acid, 

RB-C(KLAKLAK)2, PpIX-C(KLAKLAK)2, MB-COOH, MB-C(KLAKLAK)2 or RB-

CKLAKLAK at the concentrations of 0.05, 0.1, 0.5 and 1µM. Control cells were seeded at same 

conditions, with adding media instead compounds. The cells were incubated for 3 h at 37 °C in a 

humidified 5% (v/v) CO2 atmosphere. Individual wells were washed with PBS to remove the 

excess drug before treatment with white light (60 s, total dose: 22.8 J cm−2), other wells were kept 

in dark to test dark toxicity of compounds. Wells were washed again with PBS, and 100 μL aliquots 

of the respective medium supplemented with 10% (v/v) fetal bovine serum were dispensed into 

each well. Plates were then incubated in a humidified 5% CO2 atmosphere at 37 °C for 21 h. The 

cell viability was then determined using a MTT assay. The same procedure was repeated again by 

replacing white light with red light using a Paterson xenon lamp (1 min, total dose: 22.8 J cm−2) 

to evaluate the red light mediated cytotoxicity of MB-COOH and MB-C(KLAKLAK)2.  

2.21. Investigating the mechanism of cell death using flow cytometry analysis 

The cell death mechanism induced by RB-C(KLAKLAK)2-mediated PDT was investigated using 

Alexa Fluor 488 Annexin V. Samples were treated as in MTT experimental conditions (section 

2.19) at 0 and 1.0 μM and prepared as per the manufacturer’s instructions. B16-F10-Luc2-treated 

melanoma cells were washed with ice-cold PBS, were centrifuged at 1200 g for 5 min, and the 

supernatant was removed. Cell pellets were resuspended in 600 μL of 1× annexin buffer containing 

1 μL of propidium iodide (100 μg mL−1 stock) and 5 μL of Alexa Fluor 488 Annexin V and 

incubated for 15 min in the dark at RT. Stained cells were analyzed using the Beckman Coulter 

Gallios.  
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2.22. Intracellular Imaging Experiments (cellular uptake study) 

B16-F10-Luc2 melanoma cells were cultured as described in section 2.20 and sterile 22 × 22 mm2 

cover slips were placed in each well of a 6-well plate. Cells were seeded onto the cover slips at 5 

× 104 per 500 μL and incubated for 18 h at 37 °C. The medium was then removed from each sample 

and replaced with 500 μL of the medium/PBS solution (50:50, v/v) of RB, RB octanoic acid or 

RB-C(KLAKLAK)2 (10 μM) and incubated for a further 3 h. The cover slips were then carefully 

removed from the wells and washed three times with PBS (1000 μL) before securing on a glass 

slide and imaged using the Leica SP5 confocal laser-scanning multiphoton microscope. Samples 

were excited at 488 nm, and emission was collected between 530 and 630 nm. Images were 

processed using the image processing software, and the fluorescent intensity was calculated per 

μM across the cell. 

2.23. Determination of ROS generation of RB-C(KLAKLAK)2 and MB-C(KLAKLAK)2  

Solution was prepared containing RB, RB octanoic acid, RB-C(KLAKLAK)2 or MB-COOH and 

MB-C(KLAKLAK)2 (1 μM) and 1,3-diphenylisobenzofuran (DPBF) (10 μM) in ethanol (EtOH). 

The solution was aerated for 10 min before being irradiated with white light (total dose: 342 J 

cm−2) for 15 min. Red light (50 mW output, total dose: 342 J cm−2) was also used for comparison 

in case of MB-COOH and MB-C(KLAKLAK)2. Aliquots were removed, their absorbance was 

recorded every 5 min at 410 nm.  

2.24. Intracellular singlet oxygen determination 

B16-F10- Luc2 melanoma cells 2 × 103 were seeded into 96-well plates and incubated for 18 h at 

37 °C in a % CO2 humidified atmosphere as described in section 2.20. The medium was then 

removed and incubated with a medium/PBS solution (50:50, v/v) of RB, RB octanoic acid or RB-

C(KLAKLAK)2 (10 μM) for 3 h. The solution was then removed and was incubated with 100 μL 

of a PBS containing 2′,7′-dichlorofluorescein diacetate (DHFA) (8.2 μM) for 1 h. The solution was 

again removed, the cells were washed with PBS, and a fresh medium was added. A fluorescence 

image was then recorded using an excitation wavelength of 488 nm with emission collected 

between 515 nm and 540 nm. The wells were then treated with white light for 1 min (total dose: 

22.8 J cm−2), and the fluorescence images were recorded again immediately following irradiation 

using the same parameters.  
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2.25. Determination of PDT efficacy in B16-F10-Luc2 murine model 

All animals were treated humanely and in accordance with licensed protocols under the U.K. 

Animal (Scientific Procedures) Act 1986. Local ethical approval was obtained from the 

institutional Animal Welfare and Ethical Review Board (AWERB). B16-F10-Luc2 cells were 

maintained as described in section 2.19. Cells (3 × 105) were resuspended in 100 μL of PBS and 

were subcutaneously implanted into the rear dorsum of Severe Combined Immune Deficient 

(SCID) mice or CD-1 nude mice for evaluation of RB-C(KLAKLAK)2 or MB-C(KLAKLAK)2, 

respectively. Tumour measurements were taken using Vernier calipers. Anesthesia was induced 

by intraperitoneal (IP) injection of Hypnorm (0.32 mg mL−1 fentanyl citrate and fluanisone 10 mg 

mL−1, VetaPharma Ltd, U.K.): Hypnovel (10 mg mL−1 Midazolam). 

For the in vivo evaluation of RB-C(KLAKLAK)2 involved in chapter 4, four days after 

implantation, tumour volume was calculated from the geometric mean diameter using the equation 

tumour volume = 4πR3/3, where R is the radius of the tumour. Once tumours had reached an 

average size of 80 mm3, animals were randomly distributed into four groups: group 1 received no 

treatment (control), group 2 received RB-C(KLAKLAK)2, group 3 received RB-C(KLAKLAK)2 

+ white light, while group 4 was treated with RB + white light. Following induction of anesthesia, 

a 100 μL aliquot of PBS containing 100 μM RB or RB-C(KLAKLAK)2 was administered by tail 

vein injection, and 30 min later, tumours were exposed to white light for 3 min (68.4 J cm−2). After 

treatment, animals were allowed to recover from anesthesia, and the tumour volume was monitored 

for 12 days with animals retreated using the same conditions on days 1, 2, 7, and 9. The % increase 

in the tumour volume was calculated using the pretreatment measurements for each group. On day 

13, the animals were euthanised by cervical dislocation. 

For the  in vivo evaluation of MB-C(KLAKLAK)2 involved in chapter 5, tumour volume was 

calculated according to the following equation: 

𝑇𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑤𝑖𝑑𝑡ℎ ∗ ℎ𝑒𝑖𝑔ℎ𝑡

2
 

Once tumours reached a mean volume of 150 mm3 (12 days later), the mice were randomly 

allocated to 5 groups. Group 1 received no treatment, groups 2 and 3 received MB-COOH, with 

or without red light, respectively, while group 4 and 5 were treated with MB-C(KLAKLAK)2 in 
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absence or presence of red light, respectively. A 100 µL PBS solution (2.5% DMSO) at 

concentration of 500 µM of either MB-COOH or MB-C(KLAKLAK)2 (Dose= 5 mg/Kg) was 

administered to animals by intratumoural injection. Tumour site was exposed to red light at 

wavelength of 650 nm for 4.5 min (light dose= 100 J/cm2) using a Paterson xenon lamp 20 min 

after drug I.T administration. After treatment, animals were allowed to recover from anesthesia, 

and the tumour volume was monitored for 12 days with animals retreated using the same 

conditions on days 1, 2, 7, and 9. The % increase in the tumour volume was calculated using the 

pretreatment measurements for each group. On day 11, the animals were euthanised by cervical 

dislocation. As the first animal removed from the study was on the fourth day, the tumour growth 

delay plot recorded over three days. Kaplan-Meier curve was constructed to monitor survival over 

10 days. 

2.26. Determination of cytotoxicity of biotin-hexyl-A20FMDV2 peptide in pancreatic cell 

lines 

BxPC-03 cells were cultured in (RPMI 1640) and Panc-01 in (DMEM) both supplemented with 

10% (v/v) fetal bovine serum (FBS) and incubated at 37 °C in a humidified 5% (v/v) CO2 

atmosphere. Cells were seeded at a concentration of 4 ×103 cells per well in a 96-well tissue culture 

plate and incubated for 24 h at 37 °C. The media was then removed from each well and replaced 

with media solutions containing biotin-hexyl-A20FMDV2 prepared in section 2.14 at 

concentrations of 0, 0.5, 1 and 5 μM. The plate was then incubated for 24 h at 37 °C, individual 

wells were washed with PBS twice to remove any excess peptide and the cell viability was then 

determined using the MTT assay. 

2.27. Preparation and characterisation of biotinylated liposomes containing 25-NBD labelled 

cholesterol 

25-NBD cholesterol fluorescently labelled biotinylated liposomes were prepared using the thin-

film hydration technique. In a 5 ml RBF, DPPC, DSPE-PEG(2000)-biotin and 25-NBD cholesterol 

were added at a molar ratio of 90:5:5 in chloroform. The chloroform solvent was evaporated at 40 

οC using vacuum evaporation to leave a dried lipid film followed by hydration by adding 2 mL 

distilled water. Then, the hydrated lipid mixture was warmed at 70 οC for 45 min to form a 

suspension of multilamellar vesicles. The resulting suspension was sonicated with a Microson 



Methodology 

62 
 

ultrasonic cell disruptor for four 30 s cycles (100 Watts, 22.5 kHz at power setting 25%) with a 30 

s gap between cycles. Size characterisation was performed using DLS. For further purification, the 

liposome suspension was transferred to a centrifugal filter tube (30,000 MWCO) and centrifuged 

at 3900 rpm for 1 h. The resulting liposome pellet (50 mg) was resuspended in 2 ml distilled water 

and DLS measurement was repeated.  

2.28. Preparation and characterisation of 25-NBD cholesterol fluorescently labelled 

liposome-A20FMDV2 conjugate 

Avidin in PBS (1 mL, 5 mg/mL) was added to 2 mL suspension of the biotinylated liposomes 

prepared in the previous section and the contents mixed for 10 min on a rotary shaker. The 

suspension was transferred into centrifugal tube and centrifuged at 1200 rpm for 5 min to remove 

any excess avidin. Then, the biotin-hexyl-A20FMDV2 peptide in PBS (1 mL, 2.5 mg/mL) was 

added to the avidin coated liposome suspension and the contents mixed for 10 min on a rotary 

shaker. The suspension was transferred into a centrifugal filter tube (30,000 MWCO) and 

centrifuged at 3900 rpm for 1 h to remove any excess peptide. The liposome pellet was 

resuspended in 1 mL distilled water and the centrifuge step was repeated. The pellet was 

resuspended in distilled water and DLS used to check the particle size of peptide-liposomes.                                             

2.29. Cellular uptake investigation of 25-NBD cholesterol fluorescently labelled liposome-

A20FMDV2 conjugate in vitro by pancreatic cells 

2.29.1. Using microplate reader 

BxPC-03 and Panc-01 cells were incubated with 0, 12 μM or 24 μM of either 25-NBD cholesterol 

fluorescently labelled liposome-A20FMDV2 or free liposome suspension for 24 h. The media was 

removed and cells were twice washed with PBS. Then, fluorescence intensity was recorded by 

FLUstar Omega plate reader (Ex= 485 nm and Em= 520 nm).  

 

2.29.2. Using fluorescence microscope 

Cellular uptake of the 25-NBD cholesterol fluorescently labelled liposome-A20FMDV2 was 

determined in two pancreatic cell lines: αvβ6 positive cell line (BxPC-03) and αvβ6 negative cell 
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line (Panc-01). Cells were seeded in 4 well slide chambers at concentration of (8 ×104 cells/well) 

and incubated at 37 οC overnight. Then, media in each well was replaced with fresh 1 mL of media 

(RPMI media for BxPC-03 cells or DMEM media for Panc-01) containing 0, 12 μM or 24 μM of 

either 25-NBD cholesterol fluorescently labelled liposome-A20FMDV2 or free liposome 

suspension. After 24 h incubation, media was removed and cells were washed with PBS, then 

incubated with 500 μL of fixing solution (4% formaldehyde) for 30 min followed by washing twice 

with PBS after removal of fixing solution. At this point, slides were removed from the chambers 

and 10 μL of mounting media was added to each well. Finally slides with fixed cells were covered 

with glass coverslip in which the edges of each coverslip were sealed with regular transparent nail 

polish and allowed to dry for 3 min. Fluorescent images were recorded using 20x objective 

magnification and the intensity of green fluorescence corresponding to 25-NBD cholesterol 

incorporated in the liposomes lipids was detected. 
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3.1. Introduction 

PDT is a non-invasive therapeutic method, used mainly for anticancer therapy, in which light is 

used to activate a PS compound that in the presence of oxygen generates toxic levels of ROS 

(Triesscheijn et al., 2006). While the generation of ROS in PDT can to a large extent, be spatially 

controlled by localisation of the sensitiser and positioning of the light source, non-specific 

activation by ambient light can occur following parenteral administration of the sensitiser leading 

to unwanted side-effects (Fabris et al., 2001). Treatment of internal lesions using PDT also requires 

the use of fibre-optic light delivery which can be an intricate procedure given the anatomical 

position of some lesions adjacent to major arteries or veins (Feather et al., 1990). Therefore, 

controllable PDT is required to selectively modulate ROS production in tumour tissues (Hudson 

and Boyle, 2004; Shirasu et al., 2013).  

Controlling the fluorescence emission of the fluorophores by modulation of the excited state 

(switch on/off) is possible using a variety of mechanisms (Feng et al., 2019). Fluorescent probes are 

important tools that enable monitoring of cellular and biological processes by modulating their 

fluorescence emission in response to their environment (Wu, D. et al., 2017). Two mechanisms that 

are involved in controlling the emission of fluorophores are Förster resonance energy transfer 

(FRET) and photoinduced electron transfer (PET) (Wu, W. et al., 2017).  

As shown in Figure 3.1, FRET involves non-radiative energy transfer between an energy donor 

and energy acceptor. Excitation of the donor fluorophore results in indirect excitation of the 

acceptor fluorophore provided the corresponding emission and absorbance bands overlap when 

the distance between the donor and acceptor is optimum  (Forster, 1948).  
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Figure 3.1. Illustration for FRET mechanism quenching of fluorophore. Taken from Hussain and 

Chakraborty (2017). 

Design of protease-activatable fluorescent probes for targeted cancer cell imaging have been 

developed based on conjugation of a fluorophore to a quencher (Q) through a peptide linker that 

can be cleaved by a specific proteolytic enzyme thus cancelling the FRET channel and increasing 

fluorescence emission (R Drake et al., 2011). Sun et al. (2019) described the design and synthesis of 

a novel semisynthetic fluorescent protein assembly-based FRET probe (sFPAP) for protease 

activity detection. As shown in Figure 3.2, the probe includes two parts: 1) GFP1-10 (the 1st–10th 

β -strands of green fluorescent protein) attached at the N-terminus with a membrane inserting 

peptide (MIP) as a cell surface protease targeting motif and 2) a synthetic peptide conjugate (P) 

where the 11th β-strand of GFP is conjugated to tetramethyl rhodamine (TAMRA) via a protease 

substrate sequence (RVRRSVK) covalently attached to the C-terminus. The two parts were 

assembled spontaneously into a whole construct (sFPAP) in which FRET between GFP1-10 

(donor) and TAMRA (acceptor) can be cancelled by separation of two moieties upon proteolytic 

cleavage. In vitro cell imaging of furin membrane protease expressed human malignant 

glioblastoma cells (U251) and non-expressed human colon cells (LoVo) treated with 30 µM of 

GFP construct showed that the ratio of fluorescence intensities of the green and red channels 

(FGFP(507nm) /FTAMRA(580nm)) were 1.19 and 0.52, respectively. However, this ratio in U251 cells was 
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decreased to 0.39 upon treatment with 50 µM furin inhibitor Dec-RVKR-cmk suggesting that 

(sFPAP) could specifically detect cell membrane protease activity on the basis of FRET.  

 

Figure 3.2. Diagram showing the principle of the semisynthetic fluorescent protein assembly-based FRET 

probe (sFPAP). Taken from Sun et al.  (2019). 

The type and length of cleavable peptide linker is a determining factor in the design of the protease 

activable PS as the proximity between PS and Q dictates fluorescence and 1O2 quenching (Verhille 

et al., 2012). The RGD (arginine-glycine-aspartic acid) is the most common peptide motif used for 

targeted drug delivery by binding to cell membrane receptors particularly (αvβ3) that are known 

to be overexpressed in tumour cells (Dal Pozzo et al. 2010). Shi et al. (2006a) used the MMP cleavable 

linker RGDC in the synthesis of rhodamine labelled peptide coated CdSe/ZnS quantum dots (QDs) 

as probes for the detection of MMP activity based on FRET. This linker successfully provided an 

ideal proximity between donor (QDs) and acceptor (Rhodamine) to enable FRET quenching of 

fluorescence that was subsequently enhanced following enzymatic cleavage. Incubation with 

collagenase (5.0 µg/mL) in PBS solution at pH 7.4 for 15 min increased the ratio between emission 

peaks of the QDs at 545 nm and the rhodamine molecules at 590 nm (F donor /F acceptor). Digital 

fluorescence microscopy imaging of human cell lines HTB 126 (breast cancer cells) and HTB 125 

(normal breast cells) incubated with the probe for 15 min was able to detect tumour overexpressed 
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MMPs activity in HTB 126 by giving high FRET signal (Fd/Fa) of nearly 1.8 while less than 1.2 

in HTB 125 and control cells. 

In contrast to FRET, PET controls the fluorescence emission of the fluorophore by electron transfer 

from a Q (electron donor) to the excited state of a fluorophore (acceptor) (Ueno et al., 2004). The 

mechanism of PET-based optical sensors can be explained as shown in Figure 3.3. A receptor with 

specificity for a target analyte is attached to a fluorophore via a suitable linker. In the OFF-mode, 

the highest occupied molecular orbital (HOMO) energy level of the donor lies between the HOMO 

and lowest unoccupied molecular orbital (LUMO) energy levels of the excited fluorophore, that 

enables electron transfer to the half-vacant orbital on fluorophore leading to fluorescence 

quenching. In the ON-mode, a binding interaction between receptor and the specific analyte 

stabilise and lower the HOMO energy level of the receptor below the HOMO level of the 

fluorophore resulting in inhibiting of PET, and consequently fluorophore emission (Schäferling et 

al., 2011). 

 

Figure 3.3. Molecular orbital energy diagrams involved in PET. Taken from Schäferling et al.  (2011). 

In PDT, the fluorophore can be replaced by PS so that PET inhibits the ROS generation by 

providing a deactivation pathway from the PS singlet excited sate that restricts intersystem 

crossing to the excited triplet state. An emodin based PS derivative was functionalised with two 

PET active tertiary amine groups (Figure 3.4) and investigated for controlled 1O2 generation as a 

function of pH (Atchison et al., 2015). A pH-fluorescence titration in a H2O:CH3OH (1:1) solvent 
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system showed that emission at 646 nm (λex= 535 nm) was enhanced when pH decreased from 

10.6 to 2.0 due to protonation of the tertiary amine groups that inhibits the PET process (ON-state). 

Singlet oxygen was also significantly increased at lower pH that at neutral pH. HeLa cells treated 

with 3 µM of the derivative at pH 6.0 and exposed to light were 74.7% viable at the end of the 

experiment compared to 95.2% viable when the experiment was repeated at pH 7.4. In a murine 

experiment, human pancreatic cancer BxPc-3 cells were used to establish ectopic xenograft 

tumours in SCID mice. PDT treatment using 1.25 mg kg-1 of the emodin derivative resulted in 

tumours that were 71% smaller six days after treatment than those treated with emodin derivative 

in the absence of light. These results suggested it was possible to control 1O2 generation from PS 

using the PET mechanism.  

 

 

Figure 3.4.  Chemical structure of emodin based PS derivative in PET. Taken from Atchison et al.  (2015). 

Ferrocene (Fc) is widely studied redox moiety, its reduced form Fe2+ can quench the excited state 

of a fluorophore by PET resulting in the formation of its oxidised form Fe3+ (ferrocenium) 

(Mansour et al., 2007). A vinyl pyridinium-substituted tetraphenylethylene (TPEPY) based 

photosensetiser linked via a glutathione (GSH) cleavable disulfide bond to Fc which acts as an 

electron donor (Q) was developed by Zhang et al. (2020). Fluorescence imaging of human 

hepatocarcinoma (SMMC), mouse colon carcinoma (CT-26) and human umbilical vein 

endothelial (HUVEC) cells using TPEPY-S-Fc revealed its ability to be selectively activated in 

cancer cells by exhibiting strong red fluorescence after white light illumination (ON-state) in 

SMMC and CT-26 cancer cells that was  quenched in non-cancerous HUVEC cells (OFF-state) 
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due to lower quantities of GSH. (λex: 405 nm; λem: 560-740 nm). In addition, the viability of cells 

treated with using TPEPY-S-Fc and light were 20% for SMMC, 10% in CT-26 and 45% in 

HUVECs. These results suggest Fc is an effective PET mediated Q of 1O2 from the TPEPY 

sensetiser enabling some control of toxicity which is dependent on GSH expression.  

In this chapter, the ability of ferrocene to quench the RB excited singlet state by PET before the 

triplet state can be formed was explored by preparing a Rose Bengal-RGD peptide-ferrocene 

conjugate and then subjecting the conjugate to protease enzymes to determine if activity could be 

restored.  
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3.2. Aims and Specific Objectives 

 

The main aim of the work undertaken in this chapter was to synthesise a Rose Bengal-peptide-

ferrocene conjugate and determine the ROS generation of the resulting conjugate in response to 

MMP enzymes.  

 

 

The specific objectives were to: 

 

 

1. Determine the ability of ferrocene to quench RB ROS generation upon excitation with light. 

 

 

 

2. Prepare a RB-peptide-Fc conjugate containing a RGD motif. 

 

 

 

3. Purify the RB-peptide-Fc conjugate using preparative-HPLC and characterise using mass 

spectroscopy.  

 

4. Analyse the photophysical properties of the RB-peptide-Fc conjugate investigating the ability 

of Fc to quench RB ROS generation.  

 

 

5. Examine the effect of the protease enzymes (trypsin and collagenase) on the cleavage of the 

peptide linker and activate RB ROS generation upon light activation.  

 

As shown in Figure 3.5, RB will be attached to the N terminus of a short GRGDKGG peptide 

linker and ferrocene will be attached to the amine group of the lysine residue. The hypothesis is 

that upon excitation of the RB-peptide-Fc conjugate, PET will occur from Fc to the excited RB 
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quenching the excited state thereby inhibiting ROS generation. Enzymatic cleavage of the peptide 

sequence should separate RB from the Fc cancelling the PET process and enabling ROS 

production when excited with light.  
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Figure 3.5. (a) Schematic illustration of the RB-peptide-Fc conjugate and how it is activated in response to 

protease enzymes. (b) Chemical structure of intact RB-peptide-Fc and (c) proposed cleavage by protease 

enzymes. 
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3.3. Results and discussion 

3.3.1. Ability of ferrocene to quench RB emission and ROS generation  

The UV-Vis and fluorescence spectra of Rose Bengal, recorded in ethanol, are shown in Figure 

3.6 and reveal a characteristic broad absorbance (λmax= 560.0 nm) with fluorescence emission 

centred at 575 nm when excited at 560 nm. 

 

 

Figure 3.6. UV-Vis and emission spectra of RB (1 µM) in EtOH. 

To test the ability of Fc to quench the excited singlet state of RB, a solution was prepared 

containing RB (10 µM) with an increasing ferrocene concentration from 0 – 10,000 µM in 

methanol. The intensity of RB fluorescence (λex =555 nm and λem=575 nm) was recorded. The 

results are shown in Figure 3.7 and reveal that at concentrations of 100 µM and greater, Fc 

quenches the fluorescence emission of RB in a concentration dependant manner, with 

approximately 90% of emission quenched at a concentration of 10 mM Fc. While this represents 

a large molar excess of Fc with respect to RB, the lack of conjugation between the RB and Fc 

means a large excess of the latter is required to enable a close enough proximity between the 

electron donor and acceptor for electron transfer to be possible. The possibility of this quenching 

being a result of energy transfer can be discounted as the absorption band of Fc is between 335 nm 

and 455 nm. Therefore, these results demonstrate the possibility of Fc to quench the fluorescence 
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of RB by a PET mechanism and if the proximity of the donor-acceptor pair can be confined by 

chemical conjugation, this should be an effective method to quench the excited state energy of RB.  

  

Figure 3.7. Quenching of the percent of relative fluorescence of RB with increasing Fc concentration (0-

10,000 µM). Error bars represent ± SEM (n = 2). 

To determine if the effect of Fc quenching the excited state of RB would also translate into a 

reduction in the amount of ROS generated by of RB, the chromogenic ROS probe, 1,3-

diphenylisobenzofuran (DPBF) was utilised. DPBF is bleached by ROS to form O-

dibenzoylbenzene (DBB), a non-fluorescent substance, resulting in a reduction of DPBF 

absorbance at 410 nm (Figure 3.8) (McDonnell et al., 2005).  
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Figure 3.8. Decomposition of DPBF by 1O2. Taken from Seto et al.  (2016). 

Solutions containing DPBF (40 µM) and increasing amounts of Fc (0 – 1000 µM) with RB (10 

µM) were prepared and the absorbance of each solution recorded at 410 nm, before and after 

irradiation with white light (50 mW output, 11.35 J/cm2) for 30 s. The results are shown in Figure 

3.9 and reveal that light irradiation alone results in a 15% reduction of DBPF absorbance. 

Irradiation of a RB solution in the absence of Fc caused a substantial 90% reduction in DPBF 

absorbance which was unchanged in the presence of 10 µM Fc. However, when the Fc 

concentration was increased to 100 µM and 1 mM, the RB mediated bleaching of DPBF was 

reduced to 80% and 35%, respectively of the starting intensity. This suggests that at the higher 

concentrations of Fc, its likelihood of being in closer proximity to an excited RB molecule is 

increased. As a result, Fc can quench the RB excited singlet state by PET before the triplet state 

can be formed, thereby reducing the amount of ROS generated and increasing the DPBF 

absorbance intensity at 410 nm.  
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Figure 3.9. Plot of % change in DPBF absorbance with increasing concentrations of Fc (0-1000 µM). Error 

bars represent ± SEM (n = 2). 

When taken together, results from the direct fluorescence quenching of RB fluorescence by Fc 

described in Figure 3.7 and the effect on the RB mediated ROS generation discussed above, 

suggest that Fc effectively quenches the excited singlet state of RB.  

3.3.2. Synthesis and characterisation of RB ocatanoic acid  

To prepare the target compound RB-GRGDK(Fc)GG shown in Figure 3.5, it was first necessary 

to prepare a functional RB derivative to attach to the glycine residue of the peptide sequence. To 

this end, a RB-octanoic acid derivative was chosen to be conjugated to the N terminus of the 

peptide as the spacer of eight carbons reduces the effects of delocalisation and steric hindrance by 

the core RB on the reactivity of the carboxylic acid terminal. This involved a nucleophilic 

substitution reaction between RB sodium salt and 8-bromooctanoic acid according to the scheme 

shown in Figure 3.10 (Nomikou et al., 2012). The resulting product was confirmed by 1H NMR and 

mass spectroscopy as shown in Figures 3.11 and 3.12.  
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Figure. 3.10. Reaction scheme for synthesis of RB octanoic acid.  

The 1H NMR spectrum is shown in Fig 3.11 reveals a resonance at 11.9 ppm corresponding to 

carboxylic acid proton A, aromatic protons C at 7.5 ppm and peaks corresponding to methylene 

protons of the aliphatic chain (D-I) in the upfield region between 3.9-0.9 ppm. The ESI-MS shown 

in Fig 3.12 shows a base peak of 1114.7 Da corresponding to [M-H]- ion (calculated for 

C28H18Cl4I4O7, 1115.87 g/mol). Combined, the 1H NMR and ESI-MS confirmed the synthesis of 

the RB octanoic acid derivative (Nomikou et al., 2012). 
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3.3.3. Synthesis of the RB-GRGDKGG conjugate 

Fmoc solid phase peptide synthesis (SPPS) is more preferred to the original Boc based SPPS 

developed by Merrifield (1963), as it involves the protection of the primary amine group of the 

amino acid with a base-labile Fmoc group which can be removed using piperidine which is less 

corrosive and easier to handle than the acid-labile Boc group, that requires TFA for removal. In 

addition, final cleavage of the peptide from the resin can be combined with deprotection of acid-

labile orthogonal side chain protecting groups using a TFA based cleavage cocktail. The 

GRGDKGG peptide was built on rink amide resin using HOBT / HBTU to activate each amino 

acid and the aforementioned piperidine to deprotect the Fmoc protected amine. The RB octanoic 

acid derivative was added to the final glycine residue using similar activation as used for the amino 

acids to generate RB-GRGDKGG as shown in Figure 3.13.  
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Figure. 3.13. Scheme for Solid phase synthesis (SPPS) of the RB-GRGDKGG conjugate. 
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Two approaches were investigated to attach the Fc to RB-GRGDKGG. The first involved cleaving 

RB-GRGDKGG from the resin (Figure 3.13) and attempting to attach Fc to the cleaved RB-

GRGDKGG in solution. This approach is illustrated in Figure 3.14 and used Fc carboxaldehyde 

to form a Schiff base with the amine group of the lysine residue. 

 

 

 

Figure. 3.14. Scheme for the synthesis of RB-GRGDK(Fc)GG Schiff base in solution. 
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The RB-GRGDKGG was cleaved from the resin beads using a cocktail of TFA, H2O and TIPS. 

During the cleavage step, TFA also removed the protecting groups on amino acid side chains such 

as the Boc in lysine, Pbf group in arginine and the OtBu of aspartic acid.  

Preparative HPLC was used to purify the crude peptide and involved a C18 column with gradient 

elution of 75% to 2% solvent A over a period of 60 min (Solvent A, 89.9% H2O, 10% acetonitrile 

(ACN), 0.1% TFA; solvent B, 99.9% ACN, 0.1% TFA). The retention time of the target compound 

was identified by mass spec as the peak at 13.50 min and this fraction was collected (Figure 3.15). 

Following removal of the ACN by low temperature rotary evaporation (40 oC), the purified peptide 

was obtained by freeze-drying as a red solid in a good yield (50 mg).  

 

 

Figure. 3.15. Prep-HPLC chromatogram of crude RB-GRGDKGG. 
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The purified fraction was then characterised by ESI-MS and the mass spectrum is shown in Figure 

3.16. Two main peaks were observed in the spectrum corresponding to the expected molecular ion 

C52H60Cl4I4N12O15 1742.53 g/mol and the doubly charged ion at 872.0 Da as the base peak. The 

doubly charged ion is a result of the two basic residues (Lys and Arg) present within the RB-

GRGDKGG structure.  

 

 

Figure. 3.16. Positive mode ESI-MS for pure RB-GRGDKGG. 
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3.3.4. Synthesis of RB-GRGDK(Fc)GG-schiff base in solution  

Having confirmed the successful synthesis and purification of RB-GRGDKGG, the next step was 

to attach the Fc carboxaldehyde to the amine functional group of the lysine residue. A basic DMF 

solution of the peptide was stirred with Fc carboxaldehyde under a nitrogen atmosphere. The 

reaction was followed by LC-MS to determine the success and extent of product formation with 

the total ion chromatogram (TIC) and associated mass spectra of the reaction mixture shown in 

Figure 3.17. The TIC revealed a large peak with retention time 10.04 min and two smaller peaks 

with retention times of 10.61 and 11.21 min (Figure 3.17a). The MS of the peak with retention 

time 10.04 min had an associated mass of 214.89 Da in the positive mode, consistent with the mass 

of Fc carboxaldehyde (Figure 3.17b) and was the most intense peak in the TIC given its molar 

excess used in the reaction. The peak with retention time 10.61 min in the TIC was observed to 

have a mass of 1742.76 Da, consistent with the mass of RB-GRGDKGG (Figure 3.17c). However, 

the peak with retention time 11.21 min in the TIC had an associated mass of 1938.45 Da 

corresponding to the molecular ion of the target compound RB-GRGDK(Fc)GG Schiff base with 

the base peak at 970.06 Da corresponding to the doubly charged ion (Figure 3.17d). While this 

result indicates successful formation of RB-GRGDK(Fc)GG Schiff base, unfortunately it was not 

possible to isolate it from solution, given its poor separation from the RB-GRGDKGG on 

preparative HPLC. Also, this mixed solid / solution phase approach, requiring the need for two 

preparative HPLC purifications to potentially isolate the pure target compound was deemed too 

low-yielding, time consuming and expensive. It was therefore abandoned and instead a total SPPS 

approach to RB-GRGDK(Fc)GG-amide was pursued.  
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Figure 3.17. LC-MS of crude reaction mixture (reaction of Fc addition to RB-GRGDKGG in solution) 

after addition of triethylamine showing: Total ion chromatogram (TIC) (a) and  The MS of the peak with 

retention time 10.04 min (b),  10.62 min (c) and 11.21 min (d). 
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3.3.5. Total SPPS of RB-GRGDK(Fc)GG-amide  

The total solid phase approach involved preparing RB-GRGDKGG on rink-amide resin as 

previously described but using Fmoc-Lys(Alloc)-OH instead of Fmoc-Lysine(Boc)-OH. (Figure 

3.18) 
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Figure. 3.18. Scheme for Solid phase synthesis (SPPS) of RB-GRGDK(Fc)GG-amide conjugate.  
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The Alloc protecting group can be selectively deprotected “on-bead” using palladium-

tetrakis(triphenylphosphine) (Pd(PPh3)4) in the presence of phenyltrihydrosilane (PhSiH3) as a 

neutral ally group scavenger (Thieriet et al., 1997). The free-amine group of the lysine residue was 

then selectively reacted with Fc acetic acid to generate an amide bond. The crude RB-

GRGDK(Fc)GG-amide conjugate was then cleaved from the resin using the same cleavage 

cocktail as previously used for RB-GRGDKGG. The crude RB-GRGDK(Fc)GG-amide was 

characterised by positive mode ESI-MS and the base peak at 1968.90 Da was consistent with the 

target compound molecular mass of 1968.59 as shown in Figure 3.19. 

 

 

Figure. 3.19.  Positive mode ESI-MS for crude RB-GRGDK(Fc)GG-amide. 
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As before, preparative HPLC using the same method was undertaken to purify RB-

GRGDK(Fc)GG-amide. A representative example of the HPLC trace is shown in Figure 3.20 with 

the RB-GRGDK(Fc)GG-amide product identified with a retention time of 12.55 min.  

 

Figure 3.20. Analytical Chromatogram of HPLC purification of RB-GRGDK(Fc)GG-amide. 

 

 

 



Chapter 3 

92 
 

This peak was collected and the product obtained by freeze-drying using the same approach 

described for RB-GRGDKGG. The resulting ESI-MS of the freeze-dried RB-GRGDK(Fc)GG-

amide is shown in Figure 3.21 and the base peak observed at m/z 1969.3 Da was consistent with 

the calculated for C64H70Cl4FeI4N12O16 = 1968.59 g/mol. This confirmed successful formation and 

isolation of RB-GRGDK(Fc)GG-amide using a completely solid-phase approach.  

 

 

Figure. 3.21. Positive mode ESI-MS for HPLC purified RB-GRGDK(Fc)GG amide. 
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3.3.6. Photophysical characterisation of RB-GRGDK(Fc )GG-amide  

Having prepared the RB-GRGDK(Fc)GG-amide conjugate, the next step was to determine if the 

presence of the Fc moiety can quench the excited state of RB. The UV-Vis spectra of RB-

GRGDKGG and RB-GRGDK(Fc)GG amide, recorded in a 1:9 DMF: PBS solution are shown in 

Figure 3.22 and reveal the absorbance MAX at 580 nm to be largely unchanged for the two 

compounds.  

 

Figure. 3.22. Normalised UV-Vis spectra of RB-GRGDKGG (Red line) and RB-GRGDK(Fc)GG-amide 

(blue line). 
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When solutions of the two compounds were prepared and the absorbance fixed at 580 nm, a 

significant reduction in emission intensity at 596 nm was observed for RB-GRGDK(Fc)GG amide 

compared to RB-GRGDKGG following excitation at 540 nm. (Figure 3.23) This suggests that the 

Fc moiety effectively quenches the excited state of RB by PET.  

 

 

Figure. 3.23.  Emission spectra of RB-GRGDKGG (Red line) and RB-GRGDK(Fc)GG-amide (blue line), 

λex=540 nm. 
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3.3.7. Determination of 1O2 generation of RB-GRGDK(Fc)GG-amide to investigate the 

ability of Fc to quench RB ROS generation 

To confirm that this excited state RB quenching would also result in a reduction in the production 

of 1O2, the probe, singlet oxygen sensor green (SOSG) was utilised. SOSG is a weakly emissive 

anthracene-based probe, which reacts specifically with 1O2 to form SOSG-endoperoxide (SOSG-

EP) with a strong fluorescence emission between 525−536 nm (Kiesslich et al., 2013) (Figure 3.24). 

 

 

Figure 3.24. Schematic showing the formation of SOSG-EP upon reaction with singlet oxygen. Taken 

from Kiesslich et al. (2013). 

 

Samples containing SOSG and the same concentration of RB-GRGDKGG or RB-

GRGDK(Fc)GG-amide were prepared and irradiated with white light for 5 min. The fluorescence 

intensity of SOSG (λex = 505 nm) was recorded at λ = 530 nm at the beginning and end of the 

experiment and the change in intensity plotted for both solutions. The results are shown in Figure 

3.25 and show an 80% lower 1O2 intensity for RB-GRGDK(Fc)GG-amide compared to RB-

GRGDKGG, supporting the results from the fluorescence emission in Figure 3.23. 
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Figure. 3.25. Plot of SOSG intensity at λ= 530 nm for RB-GRGDKGG and RB-GRGDK(Fc)GG-amide 

recorded 5 min after treatment with white light. Error bars represent ± SEM (n = 2). 

 

3.3.8. Investigating the cleavage of RB-GRGDKGG using protease enzymes 

Previous reports have demonstrated the short peptide linker RGDC to contain selective cleavage 

sites to the proteolytic enzymes collagenase and trypsin (Shi et al., 2006b; Shi et al., 2007). The 

sensitivity of peptide linker (GRGDKGG) to proteases was determined to ensure that Fc can be 

separated from RB upon enzymatic cleavage. Solutions of RB-GRGDKGG were prepared, 

incubated with trypsin or collagenase then analysed using liquid chromatography mass 

spectroscopy (LC-MS). Figure 3.26 shows stacked HPLC-MS chromatograms of three solutions 

of RB-GRGDKGG, the first is a control representing the undigested sample, the second and third 

are solutions incubated with trypsin or collagenase, respectively for 15 min. As illustrated, peaks 

which correspond to the enzymatic digestion of peptide by collagenase were observed at 10.94 and 
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12.47 min (Figure 3.26c). Trypsin demonstrated greater activity compared to collagenase, as it 

almost completely digested the peptide as illustrated by the intense peak at 12.47 min and 

significant reduction in the peak corresponding to the original peptide at 10.65 min (Figure 3.26b). 

Subsequent analysis of the MS spectra demonstrated that collagenase cleaves the RB-GRGDKGG 

peptide at two locations: RB-GR/GDKGG and RB-GRGDKG/G which correspond to the m/z 

peaks of 1327.60 Da (Figure 3.26f) and 1685.77 peaks respectively (Figure 3.26g). Trypsin was 

shown to cleave the peptide predominately at RB-GR/GDKGG corresponding to m/z peak of 

1329.63 Da (Figure 3.26e). 
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Figure 3.26. Stacked LC-MS chromatograms of enzyme solutions of RB-GRGDKGG. Trypsin (b, e), 

collagenase (c, f, g) and undigested control (a, d). 
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3.3.9. Investigating the cleavage of RB-GRGDK(Fc)GG-amide using protease enzymes  

To test the sensitivity of RB-GRGDK(Fc)GG-amide to proteolytic enzymes, two solutions were 

prepared and incubated with proteases following the same procedure done for RB-GRGDKGG in 

section 3.3.8 above. No peptide cleavage was detected upon incubation for 15 min with trypsin 

and collagenase, so the incubation time was increased and enzymatic effect was monitored by LC-

MS spectroscopy. As shown in Figure 3.27, the first peptide cleavage was detected in trypsin 

solution after 7 days of incubation at 37 οC, however, collagenase did not show any proteolytic 

effect as one peak was shown in LC chromatogram representing the undigested peptide at 10.40 

min (Figure 3.27c) and corresponding to m/z 1968.6 Da and m/z 985.3 Da (Figure 3.27f) consistent 

with the single and doubly charged ion of RB-GRGDK(Fc)GG-amide. This data would suggest 

that the Fc moiety decreased the sensitivity of peptide sequence to be cleaved upon enzymatic 

incubation, possibly due to steric interference. However, the results did suggest cleavage by trypsin 

digestion at RB-GR/GDK(Fc)GG-amide corresponding to a mass with m/z peak of 1329.63 Da, 

but this was present with the parent compound (m/z 1968 Da) suggesting limited cleavage of the 

RGD structural unit (Figure 3.27e). 
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Figure 3.27. Stacked LC-MS spectra of enzyme solutions of RB-GRGDK(Fc)GG amide. Trypsin (b, e), 

collagenase (c, f) and undigested control (a, d). 

 

 



Chapter 3 

101 
 

3.3.10. Effect of trypsin digestion on the fluorescence emission of RB-GRGDK(Fc)GG-amide 

To demonstrate the effect of separating the Fc moiety from RB upon enzymatic cleavage of RB-

GRGDK(Fc)GG-amide, fluorescence emission spectra were recorded for two samples incubated 

in either PBS (as a control) or trypsin for 7 days at 37 οC. The results are shown in Figure 3.28 and 

reveal significantly enhanced emission for the RB-GRGDK(Fc)GG-amide in the presence of 

trypsin compared to that incubated in PBS. This would suggest that trypsin does effectively cleave 

the peptide between RB and Fc resulting in their separation and cancels the PET process that 

otherwise quenches the fluorescence intensity.  

 

Figure 3.28. Fluorescence spectra of RB-GRGDK(Fc)GG-amide in the absence (red curve) and presence 

of trypsin (blue line) for 7 days at 37oC. (λex= 540nm). 
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3.4. Conclusion 

The results obtained in this chapter introduce a novel protease activatable photosensetiser based 

on PET mechanism that can be used for the controllable photodynamic therapy by regulating 

emission and 1O2 efficiency. The design of Rose Bengal-GRGDK(Ferrocene)GG-amide provides 

an efficient conjugate in which both photosensetiser and quencher moieties can be kept in close 

proximity to enable photosensetiser quenching. Ferrocene covalent attachment to the peptide on 

resin beads using SPPS provided a pure product in high yield which could not be achieved using 

the solution approach. The Fc moiety was effectively able to quench RB emission and 1O2 

generation by PET. Proteolytic cleavage of the peptide bond induced by trypsin gave rise to a 

pronounced fluorescence emission increase upon light irradiation (switch-on state). Therefore, this 

novel construct can be successfully utilised as an activatable photosensetiser based on protease-

controlled 1O2 quenching and activation to enable enzyme modulated PDT mediated ROS 

generation. 
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4.1. Introduction 

A detailed background on the pathophysiology and the current treatment options for malignant 

melanoma (MM) has been provided in Chapter 1. The use of PDT as an anti-cancer treatment and 

its mechanism of action has also been in Chapter 1. In this chapter, the PDT sensetiser Rose Bengal 

(RB) was chemically modified for attachment to a cationic amphipathic peptide C(KLAKLAK)2 

and the efficacy of the resulting RB-C(KLAKLAK)2 conjugate was investigated as a PDT 

treatment for MM. In addition to its widespread use as a photosensitiser (PS) described in chapter 

3, RB is currently being evaluated in the American Joint Committee on Cancer (AJCC) stage III 

melanoma clinical trial (Read et al., 2018). However, this trial involved the use of RB as an ablative 

chemotherapy (i.e., not as a PS) via a high dose intralesional injection of a RB solution (10% w/w) 

in the absence of light irradiation. Cationic amphipathic peptides (CAMPs) have emerged as an 

effective class of antimicrobial agents that have also been studied for their oncolytic potential 

(Costley et al., 2017). The CAMP (KLAKLAK)2 was originally designed as an antimicrobial peptide 

and has low mammalian cell toxicity due to poor cellular uptake (Javadpour et al., 1996). When 

cellular access is improved, (KLAKLAK)2 disrupts mitochondrial and/or plasma membranes and 

initiates caspase-dependent and/or caspase-independent cell death (Standley et al., 2010a). To realise 

its potential as an anti-cancer agent, a significant effort has focused on improving cellular uptake 

into mammalian cells through incorporating into nanoparticles (Akrami et al., 2016b) or coupling 

with different tumour targeting domains such as antibodies  (Marks et al., 2005), translationally 

controlled tumour protein (TCTP) (Kim, H. Y. et al., 2011), trans-activator of transcription peptide 

(TAT) (Kwon et al., 2008), tumour metastasis targeting peptide (TMTP1) (Ma et al., 2012) or R7 of 

arginine rich peptide (Law et al., 2006).  

In this chapter, the conjugate RB-C(KLAKLAK)2 was prepared by reacting RB carboxylic acid to 

the N-terminus of the peptide chain prepared using SPPS. The photophysical characteristics of the 

RB-C(KLAKLAK)2 were determined and its effectiveness as a PDT sensetiser established in the 

B16-F10-Luc2 melanoma cells in vitro and in the murine model bearing subcutaneous B16-F10-

Luc2 tumours. The utility of RB-C(KLAKLAK)2 in treating other cancer cell lines using PDT was 

also investigated. 
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4.2. Aims and Specific Objectives 

The major aim for the work undertaken in this chapter was to investigate if the conjugation of the 

RB to the CAMP peptide (KLAKLAK)2 can enhance the PDT mediated treatment of MM in pre-

clinical models of the disease.  

 

The specific objectives were to: 

 

1- Prepare the RB-C(KLAKLAK)2 conjugate using SPPS, purify it using prep RP-HPLC and 

characterise it using Mass spectroscopy.  

 

 

2- Determine the ability of the conjugate to generate 1O2 in solution compared to RB alone, 

when subjected to light irradiation. 

 

 

3- Determine its effectiveness as PDT sensetiser in B16-F10-Luc2 melanoma cells. 

 

 

4- Determine the mechanism PDT mediated cell-death of B16-F10-Luc2 melanoma cells 

using flow cytometry analysis. 

 

 

5- Study the cellular uptake of intracellular ROS generation of RB-C(KLAKLAK)2 in B16-

F10-Luc2 melanoma cells compared to RB alone, when subjected to light irradiation. 

 

 

6- Investigate the effectiveness of RB-C(KLAKLAK)2 as a PDT sensetiser in murine model 

bearing subcutaneous B16-F10-Luc2 tumours. 
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4.3. Results and discussion 

4.3.1. Synthesis, purification and chemical characterisation of RB-C(KLAKLAK)2 conjugate  

The RB-C(KLAKLAK)2 peptide conjugate was synthesised via a standard Fmoc SPPS on Rink 

amide MBHA resin following a literature procedure (Costley et al., 2017). As illustrated in Figure 

4.1, RB octanoic acid, prepared as described in section 3.3.2, was attached to the N-terminus of 

the peptide while on the resin to produce the conjugate. The RB-C(KLAKLAK)2 conjugate was 

cleaved from the resin using a TFA : water : EDT : TIPS (94:2.5:2.5:1 v/v) cleavage cocktail, the 

protecting groups on the side chains, Boc for Lysine and Trt for cysteine were removed during the 

cleavage step.  
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The desired peptide was then purified using RP-HPLC C18 column (solvent A, 89.9% H2O, 10% 

acetonitrile (ACN), 0.1% TFA; solvent B, 99.9% ACN, 0.1% TFA), using a gradient of 75% to 

2% solvent A over a period of 60 min. As shown in Figure 4.2, fractions containing the peak of 

interest (Rt = 10.25 min) were combined and excess ACN was removed by low temperature rotary 

evaporation (40 oC) then freeze dried to afford the pure peptide as a red solid.  

 

Figure 4.2. HPLC chromatogram for crude RB-C(KLAKLAK)2. 
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Figure 4.3 shows the MALDI-TOF mass spectrum of HPLC purified RB-C(KLAKLAK)2. The 

base peak was observed at 2724.16 Da (calculated for C103H161Cl4I4N22O21S = 2725.01 g/mol) and 

the peak at 2746.97 Da corresponded to the sodium adduct. The % purity of the purified peptide 

was further examined using analytical HPLC (Figure 4.4) and determined to be 99.4% pure.  

  

 

 

Figure 4.3. Positive mode MALDI MS spectrum for RB-C(KLAKLAK)2. 
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The preparative HPLC return efficiency was determined as 14.85% using the equation shown 

below: 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
14.9 𝑚𝑔 (𝑝𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑟𝑒𝑡𝑢𝑟𝑛𝑒𝑑)

100.3 𝑚𝑔 (𝑐𝑟𝑢𝑑𝑒 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑙𝑜𝑎𝑑𝑒𝑑)
∗ 100 

 

These analytical data were consistent with those reported previously (Costley et al., 2017) and 

confirm the successful synthesis of RB-C(KLAKLAK)2. 

 

 

Figure 4.4. Reverse phase (C18) analytical HPLC trace for RB-C(KLAKLAK)2. Impurity a = 3.52 min 

retention time, 11922 peak area (0.58 % AUC); peak b = 5.35 min retention time, 2043956 peak area (99.42 

% AUC). 
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4.3.2. Photophysical characterisation of RB-C(KLAKLAK)2  

4.3.2.1. Determination of absorbance and fluorescence emission 

Figure 4.5 shows the Normalised UV−vis spectra for RB, RB octanoic acid, and RB-

C(KLAKLAK)2 in either H2O/DMSO 95:5 or ethanol. In H2O/DMSO (95:5), the spectra reveal 

the characteristic broad absorbance of RB (λmax = 545.0 nm) which was only slightly red-shifted 

in RB octanoic acid (λmax = 555.0 nm) and RB-C(KLAKLAK)2 (λmax = 565.0 nm). In ethanol, 

the characteristic broad absorbance of RB was increased to 560.0 nm and a slight red shift was 

observed to be the same in both RB octanoic acid, and RB-C(KLAKLAK)2 to 570.0 nm.  

 

 

Figure 4.5. Normalised UV−vis spectra of RB (blue line), RB octanoic acid (red line), and RB-

(CKLAKLAK)2 (green line) in a. H2O: DMSO (95%:5%). b. ethanol. 
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4.3.2.2. Determination of Molar Extinction Coefficient (ε) 

As the conversion of RB octanoic acid to RB-(CKLAKLAK)2 does not structurally change the 

chromophore of RB, one would not expect the molar extinction coefficient (ε) of the RB absorption 

band to change between these compounds. However, it was deemed prudent to determine ε for 

each compound to ensure that the PDT efficacy could not be attributed to improved absorbance of 

the incident excitation light. Therefore, ε was determined for RB, RB octanoic acid and RB-

(CKLAKLAK)2 at λ= 560 nm in a H2O:DMSO (95%:5%) solvent system or ethanol with an 

increasing concentration from 0 - 20 µM (Figure 4.6). The recorded absorbance of each solution 

at λ= 560 nm was plotted as a function of concentration with the gradient representing . In 

H2O:DMSO (95%:5%), values of log ε = 4.806 M−1 cm−1, log ε = 4.812 M−1 cm−1 and log ε = 4.756 

M−1 cm−1, were determined respectively for RB, RB octanoic acid and RB-(CKLAKLAK)2, while 

in ethanol values of log ε = 5.051 M−1 cm−1, log ε = 5.1254M−1 cm−1 and log ε = 4.9430M−1 cm−1, 

respectively were obtained. Therefore, as anticipated no significant difference was observed in the 

ability of the three compounds to absorb light at this wavelength.  
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Figure 4.6. Extinction coefficient determination for compounds RB, RB octanoic acid and RB-

(CKLAKLAK)2 in ethanol (red line) and H2O:DMSO 95%:5% (black line). 
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4.3.3. In vitro biological study of RB-C(KLAKLAK)2 conjugate in B16-F10-Luc2 melanoma 

cell line 

4.3.3.1. Evaluation of the cytotoxicity (MTT assay) 

Having successfully prepared and characterised the RB-C(KLAKLAK)2 conjugate, the next step 

was to determine its PDT mediated efficacy in B16-F10-Luc2 melanoma cells by incubating with 

PBS solutions of RB-C(KLAKLAK)2 for 3 h using concentrations of 0, 0.05, 0.1, 0.5 and 1.0 µM. 

The cells were then washed and treated (or not) with white light (total dose :22.8 J/cm2) for 1 min 

and cell viability determined 24 h later using a MTT assay. MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) is a yellow water-soluble tetrazolium dye commonly used for 

detection of cell viability that gives purple coloured formazan crystals upon reduction by the 

mitochondrial dehydrogenases, the resulting formazan can be dissolved in dimethyl sulfoxide 

(DMSO) and analyzed spectrophotometrically (λ= 550 nm) (Berridge et al., 2005) (Figure 4.7). 

 

Figure 4.7. MTT detection of cell viability upon mitochondrial dehydrogenase reduction to purple 

formazan crystals. Taken from Alamoudi et al. (2018). 

For comparison, cells were also treated in a similar manner using RB or RB octanoic acid at the 

same concentrations. The results are shown in Figure 4.8 and reveal that treatment with RB and 

RB octanoic acid mediated PDT reduced viability to 69% and 62% respectively at a concentration 

of 1 µM. Treatment with RB-C(KLAKLAK)2 only (i.e no light) also reduced cell viability to 69% 

while PDT treatment using RB-C(KLAKLAK)2 reduced viability significantly to only 6% (p ≤ 

0.001; IC50 0.31 µM). The relatively limited cytotoxic effect by RB-C(KLAKLAK)2 alone is most 
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likely due to the relatively low concentrations used in comparison to when (KLAKLAK)2 is used 

on its own as an oncolytic agent, where its IC50 is typically in the region of 90 µM or greater, 

depending on the cell line used (Jäkel et al., 2012). Similarly, the limited effect caused by RB or RB 

octanoic acid mediated PDT also likely results from the low concentrations used in this study, with 

the highest concentration (1 µM) being approximately 10-fold lower than that used in other RB 

mediated PDT investigations (Dini et al., 2010; Panzarini, E. et al., 2011). However, it was decided to 

use a sub-lethal RB dose in this in vitro experiment, so that the beneficial impact offered by RB-

C(KLAKLAK)2 could be realised.  

 

 

Figure 4.8. Plot of cell viability for B16-F10-Luc2 melanoma cells following treatment with (i) RB (blue 

line), (ii) RB + light (red line), (iii) RB-C(KLAKLAK)2 (black line), (iv) RB-C(KLAKLAK)2 + light 

(orange line), (v) RB octanoic acid (green line) and (vi) RB octanoic acid + light (purple line), *** p ≤ 

0.001 for (ii) versus (iv) and (iii) versus (iv). Error bars represent ± SEM (n = 6). 

 



Chapter 4 

116 
 

4.3.3.2. Studying the mechanism of cell death mediated PDT using flow cytometry analysis 

Flow cytometry using Alexa Fluor 488-tagged annexin V with propidium iodide (PI) is a 

commercially available assay commonly used in the apoptosis research which can discriminate the 

healthy cells, early apoptotic, late apoptotic or necrotic cells by fluorescence microscopy or flow 

cytometry (Bauer et al., 2005; Lee, S. H. et al., 2013). Annexin V is an intracellular protein with a high 

binding affinity to phosphatidylserine in a calcium-dependent manner. In healthy cells, 

phosphatidylserine is located only on the intracellular leaflet of the plasma membrane, thus, its 

externalization is considered to be a marker for apoptosis due to loss of the integrity of the cell 

membrane. PI is a fluorescent nuclear dye that specifically binds with DNA of only late apoptotic, 

necrotic or dead cells as it is impermeant to live cells (Crowley et al., 2016). The excitation/emission 

maxima of Alexa Fluor 488-tagged annexin V and PI-DNA complex are 488/499 nm and 535/617 

nm, respectively.  

B16-F10-Luc2-treated melanoma cells that were subjected to PDT treatment using RB-

C(KLAKLAK)2 (1 μM) were subsequently washed with ice-cold PBS, centrifuged and the 

supernatant removed. The cell pellet was then resuspended in annexin buffer containing 1 μL of 

PI (100 μg mL−1 stock) and 5 μL of Alexa Fluor 488 Annexin V and incubated for 15 min in the 

dark at RT. Post-acquisition analysis was completed using the Kaluza analysis software after 

analysis of stained cells using Beckman Coulter Gallios. As shown in Figure 4.9, a substantial 

reduction in the proportion of healthy cells and a corresponding increase in the proportion of cells 

in late apoptosis or necrotic states was observed when compared to untreated cells or cells treated 

with RB-C(KLAKLAK)2 alone or light alone confirming the RB-C(KLAKLAK)2 mediated PDT 

efficiently induced cell death. 
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Figure 4.9. (a) Scatter plots showing relative fluorescent intensity for the flow cytometry channels 

corresponding to healthy, early apoptotic, late apoptotic, and necrotic cell populations following (i) no 

treatment, (ii) light only, (iii) RB-C(KLAKLAK)2 only, or (iv) RB-C(KLAKLAK)2 + light. (b) Bar chart 

illustrating the relative percentages of cells in each of the four different cell populations for each of the 

treatments taken from (a).  
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4.3.3.3. Investigation of the B16- F10-Luc2 melanoma cellular uptake 

Both RB, in its native di-anionic form, and (KLAKLAK)2 have poor diffusion across the 

membrane of mammalian cells. Conversion of RB to RB octanoic acid has previously been shown 

to increase the LogP (octanol/water) value from – 0.56 to 0.91 with a corresponding increase in its 

ability to cross mammalian cellular membranes (Sugita et al., 2007; Chen, H. et al., 2018). Therefore, 

the attachment of RB octanoic acid to C(KLAKLAK)2 in the preparation of RB-C(KLAKLAK)2, 

could facilitate cellular uptake by reducing the compounds overall hydrophilicity.  

To determine this, cells were incubated with RB, RB octanoic acid or RB-C(KLAKLAK)2 for 3 h 

and then washed with PBS and imaged for RB fluorescence using confocal microscopy. The results 

are shown in Figure 4.10 and reveal the characteristic red fluorescence of RB in cells treated with 

RB octanoic acid or RB-C(KLAKLAK)2 (Fig 4.10.b-f) with limited fluorescence observed from 

cells treated with RB alone (Fig 4.10.a,d). When the intensity of fluorescence was quantified (Fig 

4.10.g), cells treated with RB-C(KLAKLAK)2 were 69 % more intense than those treated with RB 

alone but were significantly less intense (196%) than cells treated with RB octanoic acid. 

Therefore, the improved PDT mediated efficacy for RB-C(KLAKLAK)2 when compared to RB 

octanoic acid cannot be explained by improved cellular uptake alone.   
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                                    (g) 

 

Figure 4.10. Confocal microscopy images showing representative fluorescence (a−c) and overlay (d−f) of 

B16-F10-Luc2 cells incubated with (a, d) RB, (b, e) RB octanoic acid and (c, f) RB-C(KLAKLAK)2. (g) 

shows a plot of the mean cellular fluorescence intensity (recorded across the cell and Normalised per μm) 

for the three compounds. Error bars represent ± SEM (n = 2). 
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4.3.4. ROS generation of RB-C(KLAKLAK)2  

4.3.4.1. ROS generation of RB-C(KLAKLAK)2 in cell-free solution 

The DPBF assay was used to compare the ROS generation of RB-C(KLAKLAK)2 and RB 

octanoic acid with RB in cell-free solution upon irradiation with white light. Solutions containing 

RB, RB-C(KLAKLAK)2 and RB octanoic acid (1 μM) and DPBF (10 µM) were prepared in 

ethanol and the absorbance of each solution recorded at 410 nm, before and after irradiation with 

white light for 15 min (50 mW output, total dose: 342 J/cm2). The results are shown in Figure 4.11 

and reveal that there is a time dependent decrease in DPBF absorbance upon light irradiation for 

the three compounds when compared to the solution of DPBF only (18.9 %). RB and RB octanoic 

acid caused similar reduction in DPBF absorbance (62.95% and 68.86%, respectively) while RB-

C(KLAKLAK)2 was slightly less efficient at generating ROS (49.92%), perhaps as a result of its 

slightly lower extinction co-efficient.  
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Figure 4.11. Plot of DPBF absorbance at 410 nm against light exposure (min) for solutions containing (i) 

DPBF (grey line), (ii) DPBF + light (blue line), (iii) RB (red line), (ii) RB + light (orange line), (iii) RB 

octanoic acid (purple line), (iv) RB octanoic acid + light (brown line), (v) RB-C(KLAKLAK)2 (green line) 

and (vi) RB-C(KLAKLAK)2 + light (pink line). Error bars represent ± SEM (n = 3). 
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4.3.4.2. Intracellular ROS generation of RB-C(KLAKLAK)2 in B16-F10-Luc2 cells  

Having determined the relative cellular uptake and ROS generation of RB, RB-C(KLAKLAK)2 

and RB octanoic acid in cell-free solution, the next step was to determine how the combination of 

these two parameters could impact on the ability of each compound to generate intracellular ROS. 

To determine this, the cell-permeable ROS probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA) 

was used. As shown in Figure 4.12, upon entry to the cell, DCFH-DA converts to the more polar 

form DCFH by esterase cleavage of the acetate groups. Subsequent oxidation by ROS converts 

the non-fluorescent DCFH into the highly fluorescent 2’,7’-dichlorofluorescein (DCF) product 

(Dikalov et al., 2007). 

 

Figure 4.12. Detection of intracellular ROS generation by oxidation of non-fluorescent DCFH-DA to 

highly green fluorescent DCF dye. Taken from Dikalov et al. (2007). 

Confocal microscopy imaging was used to detect the green fluorescence of DCF inside B16-F10-

Luc2 cells using an excitation wavelength of 488 nm with emission collected between 515 -540 

nm before and after irradiation with white light for 1 min (total dose: 22.8 J cm−2). The results 

reveal (Fig 4.13a-i) bright green DCF fluorescence from cells treated with RB-C(KLAKLAK)2 

and RB octanoic acid with practically no fluorescence observed from cells treated with RB. When 

the difference in DCF intensity before (I0) and after (I) treatment with light was determined for 

RB, RB-C(KLAKLAK)2 and RB octanoic acid treated cells (Fig 4.13.j), the increase in 

fluorescence for RB was practically unchanged while it increased by 58% and 90% respectively 

for RB-C(KLAKLAK)2 and RB octanoic acid. 

Therefore, given the enhanced cellular uptake and ROS generation for RB octanoic acid when 

compared to RB-C(KLAKLAK)2, the enhanced PDT mediated efficacy of RB-C(KLAKLAK)2 

cannot be explained simply by cellular uptake or ROS generation and an alternative mechanism 
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must be responsible. Given the known affinity of (KLAKLAK)2 for cellular or mitochondrial 

membranes and the apparent distribution of RB-C(KLAKLAK)2 into subcellular organelles within 

the B16-F-10-Luc2 cells (Figure 4.10 c and f), one possible explanation is that the presence of 

C(KLAKLAK)2 within the structure of RB-C(KLAKLAK)2, sensitises these cellular structures to 

PDT generated ROS making them more vulnerable to its oxidative effects. 
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                                             (j) 

 

Figure 4.13. Confocal microscopy images of cells treated with RB (a−c), RB-C(KLAKLAK)2 (d−f), or RB 

octanoic acid (g−i) using DHFA to detect the intracellular singlet oxygen generation. Images (c), (f), and 

(i) show the corresponding fluorescence/bright field overlay images. Images (a, d, g) and (b, e, h) were 

recorded in fluorescence mode before (a, d, g) and 30 s after (b, e, f), treatment with white light for 1 min. 

(j) Plot of difference in DHFA fluorescence intensities recorded after (I) and before (I0) treatment with light. 

Error bars represent ± SEM (n = 2). 
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4.3.5. Determination of the effectiveness of RB-C(KLAKLAK)2 conjugate as a PDT 

sensetiser in a murine model bearing subcutaneous B16-F10-Luc2 tumours 

Having identified the effectiveness of PDT using RB-C(KLAKLAK)2 in B16-F10-Luc2 cells, the 

next step was to determine if a similar effect would be observed in vivo. Subcutaneous B16-F10-

Luc2 melanoma tumours were established in the rear dorsum of severe combined immune-

deficient (SCID) mice. When tumours had reached an average size of 80 mm3, animals were 

randomly distributed into four groups (n = 5): group 1 received no treatment (control), group 2 

received an IV injection of RB-C(KLAKLAK)2 in PBS, group 3 received an IV injection of RB-

C(KLAKLAK)2 in PBS with white light applied to the tumour for 3 min, while group 4 was treated 

with an IV injection of RB in PBS also with white light treatment. Animals in groups 2−4 were 

treated on days 1, 2, 7, and 9. The results are shown in Figure 4.14 and reveal an extremely rapid 

growth for untreated tumours (Group 1) which were 573% larger than their pre-treatment size 12 

days after treatment, with a similar growth curve also observed for animals in Group 2. PDT 

treatment with RB (Group 4) provided a modest improvement in tumour growth delay at the earlier 

time points in the study but the average tumour volume at day 12 (502%) was only slightly less 

than Groups 1 & 2 at the same time-point. In contrast, tumours in animals from group 3 that were 

treated with PDT using RB-C(KLAKLAK)2 were significantly smaller than tumours in the other 

groups at day 12 (p≤0.05), increasing by only 23%. Indeed, photographs of tumours removed on 

day 12 from animals in groups 3 and 4 (Figure 4.14b) clearly illustrate the difference in efficacy 

between PDT treatment using RB-C(KLAKLAK)2 and RB.  
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Figure 4.14. (a) Plot of percent of tumour growth for animals bearing ectopic B16-F10-Luc2 tumours and 

exposed to (i) no treatment (open squares), (ii) RB-C(KLAKLAK)2 (open triangles), (iii) RB + light (open 

circles), and (iv) RB-C(KLAKLAK)2 + light (filled diamonds). (b) Photographs of tumours excised 12 days 

following initial PDT treatment using RB + light (top) compared to PDT treatment using RB-

C(KLAKLAK)2 + light (bottom). *p≤0.05 for (iii) versus (iv). Error bars represent ± SEM (n = 5). 

4.3.6. PDT mediated efficacy of RB-C(KLAKLAK)2 in other cancer cell lines  

Given the impressive results observed in the B16-F10-Luc2 cell line for PDT using RB-

C(KLAKLAK)2, it was of interest to determine if a similar effect would be observed in other 

cancer cell lines. To this end, the dose-response experiment undertaken in section 4.3.3.1 was also 

repeated in human breast (MCF-7), pancreatic (PANC-01) and cervical (HeLa) cancer cell lines. 

The results are shown in Figure 4.15 and reveal a similar trend for all three cell lines as observed 
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for the B16-F10-Luc2 cell line, with cell viability for cells treated with PDT using RB-

C(KLAKLAK)2 significantly lower than treatment with RB-C(KLAKLAK)2 alone (i.e. no light), 

PDT using RB, or light treatment alone. 

 

Figure 4.15. Plot of cell viability for (a) MCF-7 (b) Panc-01 and (c) HeLa cells treated with (i) RB (blue 

line) (ii) RB+ white light (red line), (iii) RB-C(KLAKLAK)2 alone (black line) or (iv) RB-C(KLAKLAK)2 

+ light (orange line). ***p≤0.001 for (ii) versus (iv) and (iii). Error bars represent ± SEM (n = 6). 

 

(a)

(b)

(c)

***

***

***



Chapter 4 

127 
 

Results from the above studies confirm that combining RB with the AMP C(KLAKLAK)2 induces 

a synergistic effect that has broad-spectrum activity across a range of cancer cell lines. Han et al. 

(2015) also observed enhanced PDT mediated toxicity in HeLa cells when the sensetiser 

Protoporphyrin IX (PpIX) was attached to (KLAKLAK)2 via a PEG spacer. The resulting PpIX-

PEG-(KLAKLAK)2 conjugate self-assembled in aqueous solution to form nanoparticles and 

targeted mitochondria inducing high amounts of intracellular ROS upon light irradiation. 

However, this PDT treatment involved extremely long light exposures (24 min) and the IC50 

observed in HeLa cells was 1.61 µM which is over five times greater than for RB-C(KLAKLAK)2 

(0.29 µM, Figure 4.15 C).  

To investigate this further, the conjugate PpIX-C(KLAKLAK)2 (Figure 4.16) was prepared using 

SPPS and purified using preparative RP-HPLC with the ESI-MS and MALDI-TOF MS available 

in appendix A.1, A.2.   

 

Figure 4.16. Chemical structure of PpIX-C(KLAKLAK)2 conjugate. 

 

 

 

 

 

 

 



Chapter 4 

128 
 

B16-F10-Luc2 melanoma cells were treated with PpIX-C(KLAKLAK)2 and light using the same 

conditions as described for the other cell lines. A high level of dark toxicity was observed (46% 

viable cells at 1 µM) for the conjugate alone which increased only slightly (38% viable cells at 1 

µM) following 1 min white light irradiation (Figure 4.17). This is in contrast to RB-

C(KLAKLAK)2 where 69% cells were viable at 1 µM in the absence of light treatment but reduced 

to 6% following light irradiation. In combination, the results presented above demonstrate a 

powerful synergy between RB and C(KLAKLAK)2 that renders B16-F10-Luc2 melanoma and 

other cancer cells more susceptible to PDT mediated damage. 

0 50 100 150
0

50

100

150

ns

 

Figure 4.17.  Plot of cell viability for B16-F10-Luc2 melanoma cells treated with PpIX (blue line), PpIX 

+ light (red line), PpIX-C(KLAKLAK)2 (black line), PpIX-C(KLAKLAK)2 + light (orange line). Error bars 

represent ± SEM (n = 6). 
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4.4. Conclusion 

In conclusion, PDT using RB-C(KLAKLAK)2 was significantly more efficacious than PDT using 

RB or the effect of RB-C(KLAKLAK)2 alone and this was evident across numerous different 

cancer cell lines. Previous published literature (Standley et al., 2010b) and the results presented 

herein, suggest that the CAMP sensitises the cells to PDT treatment. The efficacy in B16-F10-

Luc2 cells and tumours was particularly impressive given that these are dark pigmented cells / 

lesions that can scavenge ROS due to the antioxidant properties of melanin. Treatment of advanced 

melanoma remains a clinical challenge and PDT has not previously been considered as a 

therapeutic treatment. The results presented in this chapter demonstrate impressive efficacy for 

PDT, achieved using low concentrations of RB-C(KLAKLAK)2 and activated with a low-intensity 

inexpensive white light source, and propose that RB-C(KLAKLAK)2 mediated PDT could play a 

role in the management of metastatic melanoma, especially for patients in whom their lesions 

cannot be surgically removed or as an adjunct in a palliative setting. 
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5.1. Introduction 

The results described in Chapter 4 described how covalent attachment of the photosensitiser RB 

to the CAMP C(KLAKLAK)2 resulted in a significant improvement in PDT mediated efficacy 

across a range of cancer cells when compared to RB PDT or the effect of the RB-C(KLAKLAK)2 

alone i.e. no light. However, the role of the sensetiser or the composition of the CAMP in providing 

the enhanced PDT was not elucidated. For example, what would happen if the sensetiser was 

substituted or the length of the CAMP was shortened – would similar efficacy be retained? In this 

chapter, two sensetiser-CAMP conjugates were prepared. The first involves substituting the 

Methylene Blue (MB) PS for RB to prepare MB-C(KLAKLAK)2. The second involved retaining 

the RB PS but shortening the CAMP to CKLAKLAK to prepare RB-CKLAKLAK.  

MB is a hydrophilic phenothiazine derivative commonly used as a type II photosensetiser with 

broad-band red light absorption (550-700 nm) and a high quantum yield of singlet oxygen 

generation (ΦΔ= 0.5) and low dark toxicity (Junqueira et al., 2002). MB has a high affinity for 

melanin due to the charge transfer complex formation, and this selective accumulation in 

melanoma cells has seen MB investigated as carrier for radioactive isotopes to provide a selectively 

localised source of radiation (Link et al., 1998). In addition, MB is known to induce selective toxicity 

through binding to mitochondria and generation of 1O2 and radicals that induce apoptosis upon 

PDT treatment (Gabrielli et al., 2004). Wagner et al. (2012) established the PDT efficiency of MB in 

B16-F10-Luc2 melanoma cells in vivo by analysing levels of melanoma molecular markers of cell 

invasion: proliferating cell nuclear antigen (PCNA) and heparanase (HPSE) in which MB (2 mg⁄ 

kg) inhibited tumour volume upon PDT treatment (using RL50® at 30 J ⁄ cm2 ) by 99% and 

decreased tumour weight by 75% compared with untreated mice (P < 0.05). In addition, a 

significant decrease in expression of PCNA and HPSE (P < 0.05) was observed. 

Javadpour et al. (1996) studied the effect of CAMP peptide length toward lysis of the mouse 

embryo fibroblast 3T3 cells by preparing (KLAKLAK)n multimers with n = 1, 2 and 3 based on 

the repetitive heptad approach. The results showed a length dependence on bioactivity in which 7-

Mers were inactive, 14-mers had low cytotoxicity (sublethal concentration was greater than 517 

µM), and 21-mers had greatly increased cytotoxicity (sublethal concentrations was 9 µM). 
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In this chapter, the two derivatives MB-C(KLAKLAK)2 and RB-CKLAKLAK (Figure 5.1) will 

tested and compared with RB-C(KLAKLAK)2 for PDT mediated efficacy in the B16-F10-Luc2 

melanoma cells in vitro and in the murine model bearing subcutaneous B16-F10-Luc2 tumours.  

5.2.  Main aims and specific objectives 

The major aim for the work undertaken in this chapter was to investigate the role of PS and peptide 

length on the PDT mediated efficacy PS-CAMP conjugates.  

 

The specific objectives were to: 

 

1- Synthesise and characterise carboxylic acid derivatised Methylene Blue. 

 

 

2- Synthesise, purify and characterise the MB-C(KLAKLAK)2 conjugate using SPPS, prep 

RP-HPLC and mass spectroscopy respectively.   

 

 

3- Determine the PDT mediated efficacy of MB-C(KLAKLAK)2 in the B16-F10-Luc2 

melanoma cell line using white-light and red-light activation. 

 

 

4- Assess the ability of MB-C(KLAKLAK)2 and its precursor MB-COOH to generate 1O2 in 

solution. 

 

 

5- Investigate the effectiveness of MB-C(KLAKLAK)2 as a PDT sensetiser in murine model 

bearing subcutaneous B16-F10-Luc2 tumours. 
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6- Synthesise, purify and characterise the RB-CKLAKLAK conjugate using SPPS, prep RP-

HPLC and mass spectroscopy respectively.   

 

 

7- Determine the PDT mediated efficacy of RB-CKLAKLAK in B16-F10-Luc2 melanoma 

cells and compare with RB-C(KLAKLAK)2. 
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5.3. Results and discussion 

5.3.1. Preparation and characterisation of MB-C(KLAKLAK)2 to determine the role of 

photosensitiser on PDT mediated efficacy 

5.3.1.1. Overall synthesis of MB-C(KLAKLAK)2 

5.3.1.1.1. Synthesis and chemical characterisation of MB-carboxylic acid 

MB-carboxylic acid was synthesised according to the four steps procedure outlined in Figure 5.2. 

 

 
 

Figure. 5.2.  Synthetic procedure for the synthesis of MB carboxylic acid. 
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The first step of the reaction involved preparing methyl 5-(N-methylanilino)valerate by reacting 

N-methylaniline with methyl 5-bromovalerate (Masuya et al., 1994). In parallel, 2-amino-5-

dimethylaminophenylthiosulfonic acid was synthesised by reacting N’,N’-dimethyl-p-phenylene 

diamine with sodium thiosulfate and sodium persulfate (Larch et al., 2014). By reacting the resulting 

methyl 5-(N-methylanilino)valerate and 2-amino-5-dimethylaminophenylthiosulfonic acid in the 

presence of sodium dichromate hydrate, acetic acid, manganese dioxide and copper sulfate, 3-[N-

(4-methoxycarbonylbutyl)-N-methylamino]-7-dimethylaminophenazathionium chloride was 

obtained (Masuya et al., 1994). 

 In the final step, ester hydrolysis of 3-[N-(4-methoxycarbonylbutyl)-N-methylamino]-7-

dimethylaminophenazathionium chloride was achieved by stirring in a HCl solution at RT 

overnight then refluxing for further 2 h to afford MB-carboxylic acid as blue solid. The crude 

product was then purified using silica gel column chromatography to produce the pure MB-

carboxylic acid in 48% yield. The structures of the intermediate compounds, methyl 5-(N-

methylanilino)valerate and 2-amino-5-dimethylaminophenylthiosulfonic acid were confirmed 

using ESI-MS, 1H NMR and 13C NMR that are available in appendices A.3-A.7. These analytical 

data were consistent with those previously reported (Masuya et al., 1994; Larch et al., 2014).  

Due to the polarity of the final MB-COOH compound it was not possible to obtain a quality NMR 

spectrum to enable its characterisation. Therefore, ESI-MS analysis (negative mode) was 

undertaken and confirmed effective hydrolysis took place, with the base peak at 370.33 Da, 

consistent with the expected molecular weight of C20H24N3O2S = 370.49 g/mol (Figure 5.3). 

However, NMR analysis of the precursor methyl ester was possible and the 1H NMR spectrum is 

shown in Figure 5.4. The six aromatic protons appeared on a collection of resonances from 6.6-

8.8 ppm. Three protons of the methoxy group appeared on resonance at 3.40 ppm as a singlet in 

the same region of the spectrum where MeOH-d4 was observed. A singlet, integrating for nine 

protons, was observed at 3.00 ppm and was attributed to the three methyl groups. The eight 

methylene protons from the aliphatic chain appeared on two separate resonances at 2.40 and 1.60 

ppm. ESI-MS analysis of the precursor ester was undertaken in the positive mode (Figure 5.5) and 

the base peak at 384.31 Da was consistent with the calculated molecular weight for C21H26N3O2S= 

384.51g/mol. Combined, the above data confirm successful synthesis of MB-COOH.  
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Figure 5.3. ESI-MS MB-carboxylic acid  negative mode. 
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5.3.1.1.2. SPPS, purification and characterisation of MB-C(KLAKLAK)2  

The C(KLAKLAK)2 peptide was synthesised via a standard Fmoc SPPS on Rink amide MBHA 

resin using the same procedure described in section 4.3.1. As illustrated in Figure 5.6, MB 

carboxylic acid was attached to the N-terminus of the peptide while on the resin to produce the 

MB-C(KLAKLAK)2 peptide conjugate. Cleavage from the resin and simultaneous deprotection of 

the amino acid side chain protecting groups was undertaken using a cocktail of TFA : water : EDT 

: TIPS (94:2.5:2.5:1 v/v) to afford the crude product as blue-white sticky solid (330 mg).  Figure 

5.7 shows the MALDI-TOF spectrum for the crude sample, a peak at 1978.98 Da was obtained, 

consistent with the calculated mass for C95H166N25O16S2 = 1978.62 g/mol indicating successful 

formation of the target compound.    
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The desired peptide was then purified using preparative RP-HPLC. A representative trace is shown 

in Figure 5.8. Fractions containing the peak of interest (Rt = 8.55 min) were combined and excess 

ACN removed by low temperature rotary evaporation (40 oC) then freeze dried to afford the pure 

peptide as a blue solid.  

 

Figure 5.8. HPLC chromatogram for crude MB-C(KLAKLAK)2. 

The purified fraction was then analysed by MALDI-TOF mass spectrometry (Figure 5.9) with the 

base peak  at 1977.79 Da corresponding to the calculated for C95H166N25O16S2 = 1978.62 g/mol. 

 

 

 

 

MB-C(KLAKLAK)2 Pure 
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5.3.1.2. UV-Vis and fluorescence spectra of MB-COOH and MB-C(KAKLAK)2  

The UV-Vis and fluorescence spectra for MB-COOH and MB-C(KLAKLAK)2 are shown in 

Figure 5.10 that reveals the similar absorbance maxima for both compounds at 645 nm and 650, 

respectively. The emission maxima for the two compounds was shown to be the same at 655 nm 

with smaller shoulder at 672 nm (λex. = 650 nm) which was not surprising given the short sp3 

hybridised aliphatic spacer between the main chromophore and peptide chain.            

           

Figure 5.10. UV-Vis (left) and emission (right) (λex. = 650 nm) spectra of MB-COOH (red) and MB-

C(KLAKLAK)2 (blue) at 5 µM in ethanol.  

 

5.3.1.3. Determination of MB-C(KLAKLAK)2 mediated PDT efficacy 

5.3.1.3.1. Determination of MB-C(KLAKLAK)2 mediated PDT efficacy in B16-F10-Luc2 

cells 

5.3.1.3.1.1. Determination of PDT efficacy of MB-C(KLAKLAK)2 in B16-F10-Luc2 cells 

using white light activation 

For the RB-C(KLAKLAK)2 PDT studies described in Chapter 4, white light was used as an 

excitation source as it provides a collection of visible wavelengths and is compatible with clinical 
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translation. Therefore, the PDT mediated efficacy of MB-C(KLAKLAK)2 was first determined 

using white light activation in B16-F10-Luc2 cells and compared with RB-C(KLAKLAK)2 PDT 

and PDT using MB-COOH. The MTT assay was used to determine cell viability following 

treatment and the results are shown in Figure 5.11.  

The results show that RB-C(KLAKLAK)2 PDT exhibited the greatest efficacy with only 6% viable 

cells remaining at 1 µM while the PDT treatment using MB-C(KLAKLAK)2 at the same 

concentration resulted in 95% viable cells remaining. Interestingly, PDT using 5 µM MB-

C(KLAKLAK)2 was still significantly less effective than PDT using a 10-fold lower concentration 

of RB-C(KLAKLAK)2 (i.e. 0.5 µM). Therefore, these results would suggest that white light 

activated RB-C(KLAKLAK)2 mediated PDT is significantly more effective than white light 

activated  MB-C(KLAKLAK)2 mediated PDT in B16-F10-Luc cells.  
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Figure 5.11. Plot of cell viability for B16-F10-Luc2 cells following treatment with (i) MB-COOH (red 

line), (ii) MB-COOH + white light (black line), (iii) MB-C(KLAKLAK)2 (brown line), (iv) MB-

C(KLAKLAK)2 + white light (green line), (v) RB-C(KLAKLAK)2 (blue line), (vi) RB-C(KLAKLAK)2 + 

white light (purple line) *** P<0.001 for (ii) versus (vi), (iv) versus (vi) and (v) versus (vi). Error bars 

represent ± SEM (n = 6). 
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5.3.1.3.1.2. Determination of PDT efficacy of MB-C(KLAKLAK)2 in B16-F10-Luc2 

melanoma cells using red light activation 

Given the low MB-C(KLAKLAK)2 PDT mediated efficacy when activated using white light, it 

was of interest to determine if the efficacy would be improved when using a more intense red-light 

source, as this is the region of the visible spectrum where MB absorbs most strongly. The 

experiment described above in 5.3.1.3.1.1 was repeated but instead of using white light (1 min, 

total dose: 22.8 J cm−2), a more intense red-light source (1 min, total dose: 22.8 J cm−2) was used 

to activate the MB-C(KLAKLAK)2. The results are shown in Figure 5.12 and reveal a significant 

(p<0.001) 85% PDT mediated reduction in cell viability for cells treated with 5 µM MB-

C(KLAKLAK)2 while  the same concentration reduced viability by 30% in the absence of red light 

treatment. Interestingly, red-light activated PDT treatment using MB-COOH reduced cell viability 

by only 25%. Therefore, these results indicate that red-light is more effective than white light at 

activating MB-C(KLAKLAK)2 with the efficacy being significantly greater than MB-COOH 

mediated PDT or the toxicity of the MB-C(KLAKLAK)2 in the absence of red-light. However, the 

IC50 was substantially higher for MB-C(KLAKLAK)2 (2.23 µM) than for RB-C(KLAKLAK)2 

(0.31 µM) suggesting that the nature of the sensetiser does play some role in the enhanced PDT 

mediated toxicity of PS-CAMP conjugates.   
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Figure 5.12. Plot of cell viability for B16-F10-Luc2 cells following treatment with (i) MB-COOH (green 

line), (ii) MB-COOH + red light (red line), (iii) MB-C(KLAKLAK)2 (purple line), (iv) MB-C(KLAKLAK)2 

+ red light (blue line), *** P<0.001 for (ii) versus (iv) and (iii) versus (iv). Error bars represent ± SEM (n 

= 6). 

5.3.1.3.2. Evaluation of ROS generation of MB-C(KLAKLAK)2 in solution 

To investigate if the improved efficacy of MB-C(KLAKLAK)2 relative to MB-COOH could be 

due to improved ROS generation, a DPBF assay was performed using red light activation. 

Solutions containing MB-COOH and MB-C(KLAKLAK)2 (1 μM) and DPBF (10 µM) were 

prepared in ethanol and the absorbance of each solution recorded at 410 nm, before and after 

irradiation with red light for 15 min (50 mW output, total dose: 342 J/cm2). The results are shown 

in Figure 5.13 and reveal that there is a time dependent decrease in DPBF absorbance upon light 

irradiation for compounds when compared to the solution of DPBF only (3 %). MB-COOH and 

MB-C(KLAKLAK)2 in the dark caused similar reduction in DPBF absorbance at 5 and 10 min, 

while at 15 min MB-COOH showed higher reduction in DBPF absorbance by 9% than MB-

C(KLAKLAK)2. Upon light irradiation, MB-COOH decreased DPBF absorbance more than MB-

C(KLAKLAK)2 by 20%, 17% and 7% at three different time intervals 5, 10 and 15 min, 
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respectively. Therefore, the improved efficacy of red-light activated MB-C(KLAKLAK)2 

mediated PDT compared to MB-COOH identified in the previous section cannot be attributed to 

improved ROS generation and most likely is a result of the CAMP sensitizing the cells to PDT 

generated ROS.  
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Figure 5.13. Plot of DPBF absorbance at 410 nm against light exposure (min) for solutions containing (i) 

DPBF (black line), (ii) DPBF + light (blue line), (iii) MB-COOH (green line), (ii) MB-COOH + light 

(brown line), (iii) MB-C(KLAKLAK)2 (red line), (iv) MB-C(KLAKLAK)2  + light (purple line). Error bars 

represent ± SEM (n = 3). 

5.3.1.3.3. Determination of MB-C(KLAKLAK)2 PDT efficacy in B16-F10-Luc2 melanoma 

cells murine model 

Even though the IC50 of MB-C(KLAKLAK)2 mediated PDT is higher than RB-C(KLAKLAK)2 

mediated PDT, the longer absorbance maxima afforded by MB-C(KLAKLAK)2 means it could be 

activated at a greater depth in tissue than RB-C(KLAKLAK)2. Therefore, B16-F10-Luc2 cells (3 

x106) in 100 µL PBS were S.C implanted into the rear dorsum of CD-1 nude mice and once 

tumours reached a mean volume of 150 mm3 (12 days later), the mice were randomly allocated to 

5 groups. Group 1 received no treatment, groups 2 and 3 received MB-COOH, without or with red 

light, respectively, while group 4 and 5 were treated with MB-C(KLAKLAK)2 in absence or 
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presence of red light, respectively. A 100 µL PBS solution (2.5% DMSO) at concentration of 500 

µM of either MB-COOH or MB-C(KLAKLAK)2 (Dose= 5 mg/Kg) was administered to animals 

by intratumoural (I.T) injection. The tumour site was exposed to red light at wavelength of 650 

nm for 4.5 min (light dose= 100 J/cm2) using a Paterson xenon lamp 20 min after drug I.T 

administration (Figure 5.14). 

 

 

Figure 5.14. Illumination of MB-COOH or MB-C(KLAKLAK)2 20 min after drug intratumoural 

administration using a Paterson lamp delivered red light at wavelength of 650 nm for 4.5 min (light dose= 

100 J/cm2). 

 

 

 

 

 

 

 



Chapter 5 

151 
 

The tumour growth delay plot is shown in Figure 5.15 and includes the data for only three days as 

the first animal was removed from the study was on the fourth day. Unfortunately, this is a 

consequence of just how fast these tumours grow. An extremely rapid growth was observed for 

untreated tumours (Group 1), which were 230% larger than their pretreatment size 3 days after the 

initial treatment. At the same time point, animals treated with MB-COOH and red light grew by 

179.33% while those treated with MB-C(KLAKLAK)2 in the absence of light grew by 129.00%. 

However, animals treated with MB-C(KLAKLAK)2 and red-light grew by 55.26%. While this was 

not significantly different than MB-C(KLAKLAK)2 in the absence of light, it was significantly 

different than untreated (p<0.001) or MB-COOH (p<0.01) mediated PDT groups.  
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Figure 5.15. (a) Plot of percent of tumour growth for animals bearing ectopic B16-F10-Luc2 tumours and 

exposed to (i) no treatment (black line), (ii) MB-COOH (blue line), (iii) MB-COOH + red light (red line), 

(iv) MB-C(KLAKLAK)2 (green line) and (v) MB-C(KLAKLAK)2 + red light (orange line). *** P≤ 0.001 

for (i) versus (v) and ** P ≤ 0.01 (iii) versus (v). Error bars represent ± SEM (n = 5). 
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To determine the survival advantage afforded by MB-C(KLAKLAK)2 mediated PDT a Kaplan-

Meier curve was constructed (Figure 5.16). As all the tumour volumes were not the same at the 

beginning of the experiment, death was determined when the tumours reached 4 times their starting 

volume. The results of this plot are shown in Figure 5.17 and confirm that animals treated with 

MB-C(KLAKLAK)2 mediated PDT survived longer with an average of (7.83 ± 0.60 days) that 

was greater than MB-C(KLAKLAK)2 – light (6.00 ± 0.89 days), MB-COOH + light (4.80 ± 0.37 

days), MB-COOH – light (5.00 ± 0.45 days) and untreated animals (4.4 ± 0.40 days).  

These results suggest that PDT treatment using MB-C(KLAKLAK)2 slows the rate of tumour 

growth and extends survival when compared to the other relevant control groups tested. However, 

the results were not as dramatic as for the RB-C(KLAKLAK)2 in vivo experiment described in 

Chapter 4. While the IC50 value for MB-C(KLAKLAK)2 mediated PDT (2.23 µM) is higher than 

RB-C(KLAKLAK)2 (0.31 µM), two other factors may also contribute to these results. The first is 

the administration route which was I.T for MB-C(KLAKLAK)2 but I.V for the RB-

C(KLAKLAK)2. The second, and perhaps more relevant, was that the average starting volume was 

150 mm3 for MB-C(KLAKLAK)2 but 80 mm3 in the RB-C(KLAKLAK)2. It would be useful to 

repeat this experiment controlling both these parameters to determine if this would make any 

difference to the experimental outcome.  
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Figure 5.16. Kaplan-Meier survival plot showing overall 10 days survival of nude mice bearing ectopic 

B16-F10-Luc2 tumour exposed to (i) no treatment (green line), (ii) MB-COOH (purple line), (ii) MB-

COOH + red light (red line), (iii) MB-C(KLAKLAK)2 (brown line), (iv) MB-C(KLAKLAK)2 + red light 

(blue line).  

 

Figure 5.17. Plot of average survival for nude mice bearing ectopic B16-F10-Luc2 tumours and exposed 

to: no treatment (i) (control), (ii) MB-COOH, (iii) MB-COOH + red light, (iv) MB-C(KLAKLAK)2, (v) 

MB-C(KLAKLAK)2 + red light. ** P ≤ 0.01 for (iii) versus (v), ns (iv) versus (v). Error bars represent ± 

SEM (n =5). 
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5.3.2. Preparation and characterisation of RB-CKLAKLAK to determine the role of peptide 

length on PDT mediated efficacy 

5.3.2.1. SPPS, purification and chemical characterisation of RB-CKLAKLAK 

The same SPPS procedure described for the preparation of RB-C(KLAKLAK)2 was used to 

prepare the 8mer RB-CKLAKLAK. This represents half of the peptide chain length and so should 

provide some information regarding the importance of peptide chain length for PDT mediated 

efficacy. Once assembled, the resulting RB-CKLAKLAK conjugate was cleaved using the same 

cleavage cocktail as before,  TFA : H2O : EDT : TIPS (94:2.5:2.5:1 v/v) (Figure 5.18). The crude 

peptide was isolated by trituration using ice cold diethyl ether and collected and freeze dried to 

afford product as a red powder (432 mg). A sample of crude peptide was prepared and analysed 

using MALDI TOF. The spectrum is shown in Figure 5.19, the base peak observed at m/z 1972.02 

Da was consistent with the expected molecular weight calculated for C95H166N25O16S2 = 1972.02 

g/mol. 
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Figure.5.18.  Synthetic procedure for RB-CKLAKLAK. 
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The desired peptide was then purified using the same conditions previously mentioned in 4.3.1. 

As shown in Figure 5.20, fractions containing the peak of interest (Rt = 16.50 min) were combined 

and excess ACN was removed by low temperature rotary evaporation (40 oC) then freeze dried to 

afford the pure peptide as a red solid.  

 

Figure 5.20. HPLC spectrum for purification of RB-CKLAKLAK. 
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5.3.2.2. UV-Vis and fluorescence spectra of RB-CKLAKLAK 

The UV-Vis and fluorescence spectra for RB-CKLAKLAK and RB-C(KLAKLAK)2 recorded in 

ethanol at concentration of 10 µm are shown in Figure 5.21. Both compounds exhibited the same 

λmax at 570 nm and emission maxima at 584 nm when excited at 560 nm. RB-CKLAKLAK 

absorbance and fluorescence emission intensity were slightly lower than RB-C(KLAKLAK)2 

when recorded at the same concentration. 

 

  

Figure 5.21. UV-Vis absorbance (left) and emission (right) of RB-CKLAKLAK (red line) and RB-

C(KLAKLAK)2 (blue line) at concentration of (10 µm) in ethanol (λex. = 560 nm). 

5.3.2.3. Determination of RB-CKLAKLAK mediated PDT efficacy in B16-F10-Luc cells 

The efficacy of RB-CKLAKLAK mediated PDT on the cytotoxicity was determined in B16-F10-

Luc cells using the same parameters used for RB-(CKLAKLAK)2 in section 4.3.3.1. For 

completeness, both peptides RB-C(KLAKLAK)2 and RB-CKLAKLAK were compared in 

presence and absence of white light. The results shown in Figure 5.22 reveal that the RB-

CKLAKLAK produced similar PDT mediated toxicity to the RB-(CKLAKLAK)2 with the latter 

performing slightly better at the lower concentrations. However, both caused over 90% reduction 

at 0.5 µM and there was no significant difference in the IC50 values (0.31 for RB-C(KLAKLAK)2 

and 0.34 for RB-CKLAKLAK). These results would indicate that reducing the peptide chain 
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length from 15 to 8 causes no significant effect on PDT mediated efficacy and the shorter peptide 

chain retains the ability to distort lipid and/or mitochondrial membranes thus sensitizing the cells 

to ROS generation. 
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Figure 5.22. Plot of cell viability for B16-F10-Luc2 melanoma cells following treatment with (i) RB-

CKLAKLAK (red line), (ii) RB-CKLAKLAK + white light (blue line), (iii) RB-C(KLAKLAK)2 (green 

line), (iv) RB-C(KLAKLAK)2 + white light (orange line), *** P<0.001 for (i) versus (ii), (iii) versus (iv) 

and ns P > 0.05 for (ii) versus (iv). Error bars represent ± SEM (n = 6).   

5.4. Conclusion 

A carboxylic acid methylene blue derivative (MB-COOH) was succesfully synthesised and 

attached to the N-terminus of C(KLAKLAK)2 peptide to produce the MB-C(KLAKLAK)2 

conjugate. White light activated PDT using the MB-C(KLAKLAK)2 in B16-F10-Luc cells 

produced only a minor reduction in cell viability which was improved signfiacntly when activated 

with red-light. However, the effectiveness of red-light activated PDT for MB-C(KLAKLAK)2 was 

substantially reduced when compared to white light activated RB-C(KLAKLAK)2, in this 

particular cell line. Nonetheless, red-light activated MB-C(KLAKLAK)2 PDT extended the 
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average lifetime of mice bearing of B16-F10-Luc tumours by 30.5% when compared to MB-

COOH mediated PDT. While these results were not as dramatic as those obtained for RB-

C(KLAKLAK)2 in chapter 4, they did suggest synergy between the MB and C(KLAKLAK)2 

components. However, the nature of the sensitiser does appear to have some role in the extent of 

synergy between the two units. 

The results obtained for PDT using the shortened peptide chain RB-CKLAKLAK were very 

similar to the parent RB-C(KLAKLAK)2 and indicate that shortneing the peptide by half had no 

detrimental impact on efficacy. This is improtant to know as the costs for preparation is 

signficantly reduced. However, the results would need to be validated in an animal study for further 

confirmation.  
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Liposome-A20FMDV2 Peptide Conjugate for αvβ6 Integrin 

Receptor-Targeting in Pancreatic Cancer. 
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6.1. Introduction 

Targeted cancer therapy using the ligands that specifically recognise the receptors on the surface 

of a cancer cell has been developed using different strategies that aim to provide non-invasive 

specific tumour treatment and minimise the side effects caused by the conventional chemotherapy 

and radiotherapy (Yoo et al., 2019). Integrins are heterodimeric cell surface receptors consisting of 

genetically non-covalently linked α and β subunits that facilitate cell-extracellular matrix (ECM) 

adhesion and receiving signals related to the cell growth, survival, division, and migration (Takada 

et al., 2007). There are 18 alpha and 8 beta subunits that can form 24 different subtypes with various 

roles in which 8 integrins (αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, α5β1, α8β1 and αIIbβ3) can recognise 

the tripeptide motif Arg-Gly-Asp (RGD) in native ECM proteins such as fibronectin, vitronectin 

and tenascin (Lal et al., 2009). Integrin αvβ6 is not detectable on normal epithelial cells and is only 

increased in response to wounds and inflammation. However, it was observed to be overexpressed 

in many cancers including ovarian, pancreatic, breast, gastric, colon and liver that suggest αvβ6 

targeting is a promising strategy that can be utilised in the cancer diagnosis and the targeted cancer 

therapy (Kawashima et al., 2003).  

Specific peptide antagonists to αvβ6 that include SFITGv6, TP H2009.1, Bpep, HBP-1 and peptide 

29 have been isolated and identified by the phage display screening (Ueda, 2015; Altmann et al., 

2017). In addition, the 20 amino acid RGD based peptide A20FMDV2 derived from the viral 

protein (VP1) of the foot-and-mouth disease virus (FMDV) has been synthesised and utilised as a 

selective αvβ6 targeted ligand. A20FMDV2 has been used in the preparation of novel positron 

emission tomography and single photon emission computed tomography radiotracers by 

conjugating to labelling agents providing highly selective tumour imaging probes that have been 

tested in clinical trials (Hausner et al., 2019; Onega et al., 2020).     

Recently, Moore et al. (2020) prepared the targeted cytotoxic peptide construct (SG3299) by 

conjugating the cytotoxic DNA-binding pyrrolobenzodiazepine (PBD)-based payload (tesirine) to 

the C-terminal of A20FMDV2. The cytotoxicity of SG3299 was studied in vitro using the αvβ6 

integrin positive pancreatic cell lines (Capn-1 and Panc0403) comparing to negative pancreatic 

cell line (Panc-01). The results showed cytotoxicity with IC50 = 4.19 ± 3.76 nM and 3.44 ± 3.29 

nM in Capn-1 and Panc0403 cells, respectively which was significantly higher (up to 78-fold) than 

Panc-01 (IC50 = 175.57 ± 115.73 nM), while A20FMDV2 alone had no significant effect on MTT 
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activity. In addition, an in vivo study using CD1Nu/Nu-mice bearing Capan-1 tumours 

demonstrated that SG3299 reduced pancreatic tumour growth by inducing DNA damage and 

apoptosis with significant growth inhibition 97.7±2% (P<0.0001), while treatment with 

A20FMDV2 alone had no significant effect on tumour growth.  

Hodgins et al. (2017) reported that A20FMDV2 conjugation to the liposomal alendronate resulting 

in the targeted liposomal alendronate (t-L-ALD) promoted αvβ6-receptor mediated endocytosis 

and enhanced cellular uptake in vitro compared with non-targeted liposomal alendronate (L-ALD). 

The t-L-ALD conjugate was prepared by SPPS of cysteine modified A20FMDV2 to enable 

reaction with DSPE-PEG2000-maleimide incorporated in liposome loaded with ALD and 

fluorescently labelled with carboxy fluorescein-1,2-Dioleoyl-sn-gylcero-3-phosphoethanolamine 

(CF-DOPE). The cellular uptake was estimated in the αvβ6 positive melanoma cell line A375Pβ6 

and the pancreatic cell line PANC0403 showing 1.5- to 2-fold increase in the uptake of t-L-ALD 

compared to L-ALD at 1 and 4 h. However, in the presence of free A20FMDV2, the uptake was 

significantly reduced (p < 0.05) with a ratio of ~1 obtained when compared with L-ALD 

confirming the high selective affinity of the peptide to αvβ6 integrin. In case of αvβ6 negative cell 

lines, A375Ppuro and Panc-01, an equal uptake of L-ALD and t-L-ALD was observed that did not 

change in the presence of free A20FMDV2. 

The aim of this work undertaken in this chapter was to prepare the αvβ6 integrin targeting 

liposome-A20FMDV2 peptide conjugate which is known to be overexpressed on many types of 

pancreatic cancer cells. The peptide will be modified to include a biotin anchor at the N-terminus 

of the peptide that will enable its subsequent attachment to avidin functionalised liposomes to 

promote αvβ6-receptor mediated endocytosis of the resulting particles. If successful, the particles 

could then be modified to carry drug payloads.  

SPPS was used to prepare A20FMDV2 (NAVPNLRGDLQVLAQKVART) and the N-terminal 

reacted first q-amino-hexanoic acid as a spacer before reacting with biotin while on solid resin 

(Figure 6.1). Liposomes were prepared which were surface functionalsed with biotin, in addition, 

to enable cellular uptake investigation, liposomes were formulated containing fluorescently 

labelled NBD-cholesterol in place of unmodified cholesterol. Avidin was then used to crosslink 

the biotin-hexyl-A20FMDV2 peptide with the fluorescently 25-NBD cholesterol labelled 
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biotinylated liposome through non-covalent bond resulting in fluorescently labelled liposome-

A20FMDV2 conjugate (Figure 6.2). In addition, the ability of the formulated liposome-

A20FMDV2 conjugate to distinguish between αvβ6 integrin positive and negative expressing cells 

was estimated by using αvβ6 positive cell line (BxPC-03) and αvβ6 negative cell line (Panc-01). 
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6.2. Aims and Specific Objectives 

The main aim of the work undertaken in this chapter was to prepare αvβ6 integrin-targeted 

liposomes and to investigate cellular uptake of the particles in human pancreatic BxPC-03 and 

Panc-01 cells that overexpress and negatively express αvβ6 respectively.  

 

The specific objectives were to:   

 

1- Prepare biotin-hexyl-NAVPNLRGDLQVLAQKVART (biotin-hexyl-A20FMDV2) 

peptide derivative using SPPS, purify it using prep RP-HPLC and characterise it using 

mass spectroscopy. 

 

2- Determine the cytotoxicity of biotin-hexyl-A20FMDV2 in the pancreatic cell lines BxPC-

03 and Panc-01. 

 

 

3- Prepare 25-NBD cholesterol fluorescently labelled biotinylated liposomes using the dried 

film hydration method and characterise particle size using DLS.  

 

 

4- Coat the biotin functionalised liposomes with avidin and use the biotin-avidin-biotin 

interaction to attach the biotin-hexyl-A20FMDV2. 

 

 

5- Determine cellular uptake of the liposome-A20FMDV2 conjugate in BxPC-03 and Panc-

01 cells using a fluorescence microscope and 96-well plate reader. 
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Figure 6.2. Schematic representation of the 25-NBD cholesterol fluorescently labelled liposome-

A20FMDV2 conjugate. 

6.3. Results and discussion  

6.3.1. Preparation and characterisation of biotin-hexyl-A20FMDV2 peptide 

Standard Fmoc SPPS was used for the preparation of biotin-hexyl- 

NAVPNLRGDLQVLAQKVART (A20FMDV2) using Rink amide MBHA resin in which N-

terminal labelling with biotin separated from the main peptide by the 6-amino-hexanoic acid 

spacer. The biotin-hexanoic-A20FMDV2 conjugate was cleaved using a TFA : water : EDT : TIPS 

(94:2.5:2.5:1 v/v) cleavage cocktail, the protecting groups on the side chains, asparagine, 

glutamine: trityl; arginine: 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl; aspartic acid: 

tert-butyl; lysine: tert-butoxycarbonyl; and threonine: tert-butyl were removed during the cleavage 

step (Figure 6.3). The crude peptide was triturated using ice-cold diethyl ether to afford the crude 

product as a white powder. A sample of crude peptide was prepared and analyzed using MALDI 

TOF and the base peak observed at m/z 2501.58 Da was consistent with the expected mass for 

C109H189N35O30S 2501.95 g/mol (Figure 6.4). 
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The desired peptide was then purified using RP-HPLC (Figure 6.5), with fractions containing the 

peak of interest (Rt = 19.30 min) combined and excess ACN was removed by low temperature 

rotary evaporation (40 oC) then freeze dried to afford the pure peptide as a white solid powder.  

Figure 6.6 shows the MALDI-TOF mass spectrum of HPLC purified biotin-hexyl-A20FMDV2. 

The base peak was observed at 2501.33 Da corresponding to the calculated for C109H189N35O30S 

2501.95 g/mol. 
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6.3.2. Determination of cytotoxicity of biotin-hexyl-A20FMDV2 peptide in pancreatic cell 

lines 

The cytotoxicity of biotin-hexyl-A20FMDV2 peptide was determined in BxPC-03 and Panc-01 

cells as these were the cells chosen due to the difference in αvβ6 integrin expression. Cells were 

treated with 0.5 µM, 1 µM and 5 µM biotin-hexyl-A20FMDV2 peptide and the cell viability 

determined using an MTT assay 24 h later. As shown in Figure 6.7, no significant cytotoxicity was 

observed in either cell line with a minor 12% inhibition of cell viability recorded in BxPC-03 cells 

at concentrations of 0.5 µM and 15% at 5 µM while the value was 5% in the Panc-01 cell line. 

These results were consistent with a previous study that revealed A20FMDV2 showed no 

significant cytotoxicity in two other pancreatic cancer cell lines, Capn-1 and Panc0403 (Moore et 

al., 2020). 
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Figure  6.7. Plot of cell viability for Panc-01 cells (blue line) and BxPC-03 cells (red line) following 

treatment with biotin-hexyl-A20FMDV2 peptide. Error bars represent ± SEM (n = 6). 
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6.3.3. Preparation and characterisation of biotinylated liposomes containing 25-NBD 

labelled cholesterol 

25-NBD cholesterol fluorescently labelled biotinylated liposomes were prepared using the thin-

film hydration technique described in 2.27. The liposome suspension was transferred to a 

centrifugal filter tube (30,000 MWCO) and centrifuged at 3900 rpm for 1 h. The resulting liposome 

pellet was resuspended in 2 ml distilled water and characterised for size using dynamic light 

scattering (DLS). A single peak was observed with a hydrodynamic diameter observed at 120 nm 

with a polydispersity index (PdI) of 0.20. (Figure 6.8).  

 

Figure  6.8. DLS measurement of the size of 25-NBD cholesterol fluorescently labelled biotinylated 

liposome using zetasizer after centrifuge. 
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6.3.4. Preparation and characterisation of 25-NBD cholesterol fluorescently labelled 

liposome-A20FMDV2 conjugate 

To enable peptide binding site on the surface of the resulting liposome, avidin was used to bind to 

the biotinylated surface of the 25-NBD cholesterol fluorescently labelled liposomes as described 

in 2.28. The resulting avidin coated liposome suspension was characterised for size using DLS. A 

single peak was observed with a hydrodynamic diameter at 138.5 nm with a PdI of 0.22. (Figure 

6.9).  

 

Figure  6.9. DLS measurement of the size of 25-NBD cholesterol fluorescently labelled avidin-liposome 

using zetasizer after centrifuge. 
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Finally, a PBS solution of biotin-hexyl-A20FMDV2 peptide (2.5 mg/1 ml) was added to the 

prepared fluorescently labelled avidin liposome suspension and reaction allowed to proceed as 

described in 2.28 followed by centrifuge step using centrifugal filter tube. The resulting 25-NBD 

cholesterol fluorescently labelled liposome-A20FMDV2 pellet was resuspended in 1 ml distilled 

water for washing and centrifuge step was repeated again to remove any excess peptide. The 

resulting liposome pellet was resuspended again in 2 ml distilled water and characterised for size 

using DLS. A single peak was observed with a hydrodynamic diameter at 218.40 nm with a PdI 

of 0.30. (Figure 6.10).  

 

Figure  6.10. DLS measurement of the size of 25-NBD cholesterol fluorescently labelled liposome-

A20FMDV2 conjugate using zetasizer after centrifuge. 

6.3.5. Cellular uptake investigation of 25-NBD cholesterol fluorescently labelled liposome-

A20FMDV2 conjugate in vitro by pancreatic cells  

To test if the conjugation of A20FMDV2 peptide to the fluorescently labelled liposome can 

enhance the cellular uptake by αvβ6 integrins targeting, two pancreatic cells BxPC-03 (αvβ6 +ve) 

and Panc-01 (αvβ6 -ve) were cultured as described in section 2.26. Two concentrations of 25-NBD 

cholesterol (12 μM and 24 μM) were used by adding of 25-NBD cholesterol fluorescently labelled 
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liposome-A20FMDV2 conjugate or free liposome suspensions 5% or 10% in media. A plate reader 

and fluorescent microscope were used to determine the cellular uptake of the 25-NBD cholesterol 

fluorescently labelled liposome-A20FMDV2 conjugate and the free liposome in both cell lines. 

6.3.5.1. Plate reader analysis 

As shown in Figure 6.11, BxPC-03 cells treated with 25-NBD cholesterol fluorescently labelled 

liposome-A20FMDV2 conjugate show higher fluorescence intensity by 5% and 23% at 12 μM 

and 24 μM, respectively than free liposome, while there was no increase in fluorescence intensity 

detected in Panc-01. 

  

Figure  6.11. Fluorescence intensity of pancreatic cells Panc-01 (left) and BxPC-03 (right) incubated with 

either 25-NBD cholesterol fluorescently labelled liposome-A20FMDV2 conjugate (L-P) or free liposome 

(L) at the concentration of 0 (control), 12 μM or 24 μM for 24 h and recorded by FLUstar Omega plate 

reader (Ex= 485 nm and Em= 520 nm). Error bars represent ± SEM (n = 2). 
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6.3.5.2. Fluorescence microscope analysis 

 

Figure 6.12. Fluorescent microscopy images (20x objective magnification) showing representative 

fluorescence and corresponding bright field of BxPC-03 (up) and Panc-01 (down) for the cellular uptake of 

either 25-NBD cholesterol fluorescently labelled liposome-A20FMDV2 or free liposome at the 

concentration of 0, 12 μM or 24 μM. 

The fluorescence images for each cell line are shown in Figure 6.12. No noticeable difference in 

the intensity of fluorescence was observed in Panc-01 cells when the 25-NBD cholesterol 

fluorescently labelled liposome-A20FMD peptide was compared to the liposome alone.  However, 
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in BxPC-3 cell line, the fluorescence was clearly more intense for the 25-NBD cholesterol 

fluorescently labelled liposome-A20FMD peptide compared to liposome alone. To enable 

quantification of 25-NBD cholesterol fluorescence, the mean cellular fluorescence intensity % per 

µm across the cell was recorded using ImageJ. The results reveal that the fluorescence intensity in 

BxPC-03 cells treated with liposome-peptide was 22.13% and 22.30 % greater than the free 

liposome at 12 μM or 24 μM, respectively while no difference was recorded in case of Panc-01. 

The results of the imaging study compliment those obtained from the plate-reader experiments and 

would support the conclusion that the A20FMDV2 peptide facilitates targeting of the liposomes 

to integrin expressing BxPC-3 cells enhancing the cellular uptake.  

             

Figure 6.13. Plot of the mean cellular fluorescence intensity % per µm recorded using ImageJ across the 

cell (100 µm = 2.0567 pixel/µm) in two pancreatic cell lines Panc-01 (left) and BxPC-03 (right) for the 

cellular uptake of either 25-NBD cholesterol fluorescently labelled liposome-A20FMDV2 conjugate (L-P) 

or free liposome (L) at the concentration of 0 (control), 12 μM (low) or 24 μM (high). Error bars represent 

± SEM (n = 2). 
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6.4. Conclusion 

Targeted Liposomes selectively bind to αvβ6 integrins receptors that are overexpressed in most 

types of pancreatic cancer can be prepared by non-covalent attachment to chemically modified 

biotinylated A20FMDV2 targeting peptide using simple biotin-avidin-biotin cross linking method. 

A difference in cellular uptake between free liposomes and A20FMDV2 targeted liposomes can 

be observed in case of positive αvβ6 cells as BxPC-03 while being non detectable in case of the 

negative αvβ6 cells Panc-01. The data involved in this chapter confirmed that A20FMDV2 

targeted liposome conjugate can be used as a targeting carrier for chemotherapeutics or 

photo/sono-sensitisers in order to achieve targeted pancreatic cancer therapy with reduced side 

effects on healthy cells. 
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Development of effective anticancer therapies has been challenged by the complex nature of the 

tumour microenvironment. Understanding the composition and physiological changes in tumour 

enables the design of targeted therapies that can distinguish between normal and tumour cells. PDT 

is currently being used as a non-invasive technique in cancer therapy, however, skin photo allergy 

resulting from photosensetiser’s accumulation in normal tissues is still a disadvantage that limits 

PDT efficacy. The work described in this thesis introduced novel targeted photosensitisers-peptide 

conjugates that improved PDT efficacy particularly in malignant melanoma which is the most 

aggressive malignant skin cancer resistant to various therapies including PDT.  

Proteases are known to be overexpressed in many cancers while being non detectable in normal 

cells, thus development of protease activatable photosensetisers can improve PDT efficacy. 

Chapter 3 described the synthesis of a novel protease activatable photosensetiser Rose Bengal-

GRGDK(Ferrocene)GG based on the photoinduced electron transfer mechanism that can be used 

for the controllable PDT by regulating emission and 1O2 efficiency. The resulting conjugate 

showed an 80% lower 1O2 intensity and 82% fluorescence quenching compared to RB-

GRGDKGG. Trypsin cleavage of Rose Bengal-GRGDK(Ferrocene)GG-amide resulted in 

fluorescence emission enhancement by 90%. Further in vitro and in vivo studies in this area can 

utilise this PS-peptide conjugate for the controllable PDT mediated ROS generation in tumour 

models expressing proteases as MMP-2 in order to achieve targeted PDT.  

Malignant melanoma PDT resistance is attributed to the antioxidant properties of melanin in 

melanocytes that restrict PDT efficacy. Chapter 4 provided a solution to overcome melanoma PDT 

resistance by development of RB-C(KLAKLAK)2 conjugate in which the cellular uptake of 

(KLAKLAK)2 peptide was improved by selecting a hydrophobic linker leading to PDT mediated 

cell death. RB-C(KLAKLAK)2-mediated PDT treatment of B16-F10-Luc2 melanoma cells at the 

concentration of 1 µM significantly reduced the cell viability to only 6% (p ≤ 0.001; IC50 0.31 µM) 

compared to RB (69%) and RB octanoic acid (62%). In vivo, RB-C(KLAKLAK)2-mediated PDT 

treatment of tumours in C57 mice resulted in lesions that were 479% smaller at the end of the study 

than animals treated with RB-mediated PDT. ROS generation in solution and intracellular has 

shown that RB-C(KLAKLAK)2 can generate ROS with lower efficacy than RB and RB octanoic 

acid, thus confirmed the role of C(KLAKLAK)2 peptide moiety in enhancement of the 



General Conclusions and Future 
Outlook 

 

187 
 

susceptibility of the cellular structures to PDT-generated ROS making them more vulnerable to its 

oxidative effects.  

Chapter 5 extended the work in chapter 4 by studying the role of PS and peptide length on the PDT 

mediated efficacy of sensitiser-CAMP conjugates. MB-C(KLAKLAK)2 was synthesised and its 

mediated PDT was investigated in vitro using white light compared to RB-C(KLAKLAK)2. RB-

C(KLAKLAK)2 PDT exhibited the greatest efficacy with only 6 % viable cells remaining at 1 µM 

while the PDT treatment using MB-C(KLAKLAK)2 at the same concentration resulted in 95% 

viable cells remaining. These results suggest that white light activated RB-C(KLAKLAK)2 

mediated PDT is significantly more effective than white light activated MB-C(KLAKLAK)2 

mediated PDT in B16-F10-Luc cells. Red light illumination led to a significant (p<0.001) 85% 

PDT mediated reduction in cell viability for cells treated with 5 µM MB-C(KLAKLAK)2 

comparing to 25% in MB-COOH PDT mediated cell toxicity. In vivo, tumours in Nude mice 

treated with MB-C(KLAKLAK)2 and red light grew after 3 days of initial treatment by 55.26% 

comparing to 179.33% and 230% in MB and control, respectively. In addition, the animal survival 

study revealed that animals treated with MB-C(KLAKLAK)2 mediated PDT survived longer with 

an average of 7.83 ± 0.60 days that was greater than MB-C(KLAKLAK)2 – light (6.00 ± 0.89) 

days, MB-COOH + light (4.80 ± 0.37) days, MB-COOH – light (5.00 ± 0.45) days and untreated 

animals (4.4 ± 0.40) days. The synergistic effect between PS and CAMP in RB-C(KLAKLAK)2 

and MB-C(KLAKLAK)2 in inducing significant PDT mediated cytotoxicity in B16-F10-Luc2 in 

vitro and in vivo can be extended in developing various conjugates by replacing PS with different 

ones thus open access to overcome PDT melanoma resistance. 

RB-CKLAKLAK mediated PDT was investigated in vitro to study the role of peptide length in 

PDT efficacy in melanoma cells. RB-CKLAKLAK produced 90% reduction at 0.5 µM which was 

similar to the PDT mediated toxicity with RB-(CKLAKLAK)2, in addition, there was no 

significant difference between the IC50 values (0.31 for RB-C(KLAKLAK)2 and 0.34 for RB-

CKLAKLAK.  As the shortening of the peptide by half had no detrimental impact on PDT efficacy, 

it worth studying the PDT efficacy in animal model for further investigation that if confirmed can 

led to significantly reduce of preparation cost. 
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Finally, chapter 6 described the preparation of targeted liposomes that selectively bind to αvβ6 

integrins receptors that are overexpressed in most types of pancreatic cancer. 25-NBD cholesterol 

fluorescently labelled biotinylated liposome was prepared and non-covalently coated with avidin 

to enable biotin-hexyl-A20FMDV2 peptide non-covalent conjugation. Targeted liposome-

A20FMDV2 has shown higher cellular uptake by 24% in BxPC-03 (express αvβ6) than free 

liposome, while no change in cellular uptake was detected in Panc-01 (negative αvβ6). Future 

work in this area should focus on utilizing A20FMDV2 targeted liposome conjugate as a targeting 

carrier for chemotherapeutics or photo/sono-sensitisers in order to achieve targeted pancreatic 

cancer therapy with minimal side effects on healthy cells.  
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Figure A.1. ES-MS spectrum of HPLC purified PpIX-C(KLAKLAK)2 peptide. Recorded in methanol. 

 

 

 
Figure A.2. MALDI –TOF on positive mode for HPLC purified PpIX-C(KLAKLAK)2 peptide.
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Figure A.3. ESI-MS spectrum of methyl 5-(N-methylanilino)valerate. Recorded in methanol. 

 
Figure A.4. 1H NMR spectrum of methyl 5-(N-methylanilino)valerate. Recorded in CDCl3
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Figure A.5. 13C NMR spectrum of methyl 5-(N-methylanilino)valerate. Recorded in CDCl3. 

 

 

Figure A.6. ESI-MS spectrum of 2-amino-5-dimethylaminophenylthiosulfonic acid. Recorded in 

methanol. 
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Figure A.7. 1H-NMR spectrum of 2-amino-5-dimethylaminophenylthiosulfonic acid. Recorded in 

MeOH-d4. 
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