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Abstract 

The topical treatment of skin cancer is a better alternative to systemic 

therapy. This is because of the accessibility of the cancerous tissue compared to 

deeper tissues. However, when it comes to melanoma, the topical treatment in 

clinics has been restricted by the limited penetration of drugs through the skin to 

the melanoma site. Of the possible modes of topical treatment, photodynamic 

therapy is the most promising, as it offers the added advantage of selectivity of 

therapy. However, for melanoma, photodynamic therapy is not yet used in clinics 

as the approved photosensitizers are unable to permeate deep enough into the 

skin, and the light wavelength used to activate them is not penetrative enough to 

reach the melanoma site. Furthermore, the photosensitizers that can absorb at 

longer wavelengths tend to be strongly hydrophobic and of high molecular 

weight, resulting in an inability to penetrate the skin barrier. Selectivity can be 

further improved by adding targeting ability to the particles. For melanoma, two 

small molecular inhibitors, Dabrafenib and Trametinib, have been identified as 

targeting chemotherapeutic drugs. These very promising inhibitors, however, 

suffer from several drawbacks, including their low bioavailability when 

systemically administered.  A topical approach to deliver these inhibitors would 

be beneficial. 

In order to solve the problems faced in the topical treatment of melanoma 

using photodynamic therapy and targeted therapy, this work explored the use of 

nanotechnology, in particular a class of materials called organic-inorganic hybrid 

mesoporous nanoparticles.  This class of nanomaterials are an extension of the 

conventional mesoporous silica nanoparticles, in which the silica skeleton of the 

nanoparticle can be modified organically, giving the nanoparticle functional 
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abilities while freeing up the mesopores for additional drug loading. Such 

particles have not been explored for topical therapy previously. 

The synthesis procedure and chemicals required were first optimised. 

Variables such as the TMOS to PC ratio and the inhibitor ratio were studied in 

terms of photodynamic efficiency, and optimized. Following which, the 

nanoparticle was characterised in depth using various techniques. It was shown 

to have a good singlet oxygen quantum yield of 0.42 and excellent photostability. 

Its small size and surface area enables more interaction of the generated ROS 

with intracellular biomolecules, improving overall efficacy of photodynamic 

therapy, and also the permeation through skin.  

The final product (PcNP@Drug) was first tested in vitro against the 

melanoma cell lines (BRAFV600E, BRAFwt) and healthy skin cells. It was effective 

against BRAFV600E cells, proving its efficacy and specificity towards the targeted 

BRAFV600E cells, while not affecting the healthy or BRAFwt cells as much. The 

combination analysis was also conducted, and it was observed that photodynamic 

therapy and the two inhibitors worked synergistically together for the BRAFV600E 

mutant cells. Various assays such as live/dead, in vitro ROS generation assays 

were also conducted and it was shown that ROS can be generated in cells as well, 

and the cells could die. 

Subsequently, the penetration ability of PcNP@Drug was tested on full-

thickness porcine skin and was observed that with the use of microneedles,  the 

penetration was much higher than without.. The microneedle approach to topical 

administration has the benefit of reducing drug build-up in the epidermis, and 

thus minimize damage to healthy cells. The PcNP@Drug nanoplatform was then 



xiv 
 

tested on living mice and it was proven that the nanosystem was able to not only 

permeate through into the melanoma subcutaneous growths, but the combined 

targeted therapy and photodynamic therapy was able to inhibit tumour growth. 

The results obtained in this study show that this PcNP@Drug nanosystem can be 

used as a topical method for treating the deeper-seated malignancies in skin, with 

reduced damage to healthy cells, especially in conjunction with the microneedle 

approach. 
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Chapter 1. Introduction 

1.1 Background of cancer 

Cancer refers to a family of diseases that results from abnormal cell growth 

which can potentially metastasize to other regions of the body. This is most often 

caused by genes that do not copy properly during normal cell division. This is 

known as mutation and it leads to the cell not being receptive to the normal 

chemical signals of the body and hence, growing uncontrollably. When sufficient 

mutations have occurred, the cell turns cancerous.1 

According to the World Health Organisation (WHO), cancer is the second 

most frequent cause of death. Back in 2015, it caused the death of 8.8 million 

people in the world. This is equivalent to nearly 1 in 6 deaths being as a result of 

cancer.2 In Singapore, cancer was responsible for 29.7% of all deaths in 2015, 

making it the prevailing cause of mortality.3 The risk of developing cancer in a 

person’s lifetime in Singapore is about 20 – 25%.  Between 2011 – 2015, 64,341 

cases of cancer were diagnosed in Singapore, 48.6% were males and 51.4% were 

females.4 Skin cancer is on an increasing trend in Singapore, with 1,822 cases of 

skin cancer occurring in men and 1,404 in women yearly. It ranks 6th in male’s 

cancers and 7th in female’s cancers in Singapore. This accounts for 5.8% of the 

cancer incidence for males, and 4.2% for females.4 

1.2 Rationale 

In the world, over a million cases of malignant melanoma are detected each 

year.5–8 This is equivalent to only 4% of all skin cancer incidence, yet it accounts 

for up to 79% of all its mortalities.9 It is resistant to radiotherapy and 

chemotherapy10, especially for chemotherapy, showing serious side effects due 
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to nonspecific targeting.11 Surgical resection is ineffective in 20% of all cases 

too.9 Interestingly, 60% of melanoma possess BRAF mutation12, of which 90% 

are of the subtype BRAFV600E.13 Due to this relation, recently, targeted therapy 

was employed to improve the overall cure and survival rates of melanoma.14  

Recently, the combined administration of Dabrafenib and Trametinib was 

given the approval by the Food and Drug Administration (FDA) for treating 

BRAFV600E unresectable melanoma.15–18 Dabrafenib and Trametinib inhibit 

BRAF and the downstream MEK pathway, respectively.10,15,19 In clinics, 

however, this combination is given in high dosages orally, but has low 

bioavailability and a range of potentially fatal side effects.10  

Another promising mode of therapy is photodynamic therapy (PDT). It is 

currently used for superficial skin cancers, but its efficacy on deeper-seated skin 

cancers is still limited by the penetration of photosensitizers into the skin. 

Furthermore, PDT does not require the release of photosensitizers to take effect, 

unlike chemotherapy’s mechanism.20 It is thus possible and rational to covalently 

link photosensitizers in a mesoporous nanovehicle matrix, as this project 

addresses. This allows a high loading of photosensitizers, yet prevent their 

aggregation-induced quenching as they can be engineered to be spaced out, 

increasing the quantum yield of photosensitizers in the system.21 Furthermore, 

the porous nanostructure facilitates the co-loading of therapeutic drugs.22 In this 

project, Dabrafenib and Trametinib were co-encapsulated for the combination 

treatment of mutant melanoma, while pthalocyanine was covalently embedded 

within the skeleton of the nanoparticle.  

As malignant melanoma originates from within the skin, topical 

administration is a sensible route of treatment. However, this has barely been 
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optimised. There exist huge knowledge disparities in the relationship between 

photodynamic response and treatment dosage conditions. Moreover, there are a 

few key limitations that have hindered the use of PDT to treat melanoma. 

1.3 Objectives and hypothesis 

The hypothesis of this PhD project is that suitably modified silica-hybrid 

nanoparticles can offer a platform for the selective and photodynamic therapy of 

melanoma. 

This project introduces a platform that address the limitations of the topical 

treatment of photodynamic therapy (Scheme 1) in the treatment of melanoma 

with the following objectives:  

• The first objective is to develop a drug-containing mesoporous organosilica 

nanocarrier that is pre-conjugated with large molecular weight photosensitizer 

(i.e. phthalocyanine) and load it with Dabrafenib and Trametinib. 

• The second objective is to test its therapeutic efficacy on BRAFV600E 

melanoma versus BRAFwt (wildtype) and healthy skin cell lines. 

• The third objective is to test its penetration through skin. 

• And the last objective is to test this nanoplatform to in vivo, to investigate its 

capability of treating melanoma in a living body.  

1.4 Scope 

In this work, the photosensitizer (Pc-Si) was first synthesized in a three-

step reaction pathway. Then, the ratio of silica precursors was optimised by 

testing their ROS production efficiency and the best outcome was chosen to 

synthesize PcNP subsequently. After which, the ratio of Dabrafenib to 

Trametinib loaded in PcNP was also optimised by testing their cell killing 

efficacy on BRAFV600E mutant melanoma cell lines (SKMEL-28 and A375) 
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versus BRAFwt melanoma (B16F10), healthy human epidermal keratinocytes 

(HEK) and dermal fibroblasts (HDF). The best ratio was chosen as the drug 

loading ratio to produce PcNP@Drug.  

After the optimisation work, PcNP and PcNP@Drug nanoparticles were 

characterised using methods like Dynamic Light Scattering (DLS), zeta potential, 

Transmission Electron Microscopy (TEM), X-ray Photoelectron Spectroscopy 

(XPS), and its photostability, singlet oxygen quantum yield, nitrogen adsorption 

and desorption analysis and cumulative drug release kinetics was measured.  

The therapeutic efficacy of the nanoparticles was then tested on the 5 cell 

lines under various experimental conditions. The synergistic effect was also 

analysed via Chou-Talalay combination index (CI). The intracellular uptake of 

the nanoparticles, the in vitro oxidative stress condition and live/dead assay was 

observed via confocal laser scanning microscopy (CLSM) as well. Caspase 3 

activity assay was conducted to test the possible mechanism of cell death too.  

3D tumour spheroid cultures were then generated to mimic tumour 

conditions and the nanoparticles were used to treat the spheroids. Skin 

penetration analysis were also carried out on full-thickness porcine skin and 

analysed with In Vivo Imaging System (IVIS) and CLSM to test the effect of 

nanoparticle conjugation of photosensitizer versus free photosensitizer, as well 

as the effect of using microneedle patches in the penetration. 

Finally, in vivo animal studies were conducted to test the therapeutic 

efficacy of the nanoparticles in a living being. 

1.5 Overview 

This thesis is divided into 8 chapters:  
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The first chapter covers the background, rationale behind the project, and 

the scope of the work.  

The second chapter covers the related literature about (1) skin cancer 

treatment options, (2) photodynamic therapy, its advantages, limitations and 

mechanisms, (3) targeted therapy and its different mechanisms, (4) nanoparticles 

used for administering photodynamic therapy and targeted therapy, and lastly (5) 

the skin as a topical delivery route and the methods of permeation possible.  

The third chapter describes in detail the experimental methods and 

materials used in this work.  

The results of this research work are documented in chapters 4, 5, 6 and 7 

in detail and covers the material characterisation, cell culture experiments, skin 

penetration studies and in vivo pilot studies respectively. 

Finally, the eighth chapter will give a summary of the study, its novelties, 

as well as the outlook and future recommendations of this work. 
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Chapter 2. Literature Review 

2.1 Skin Cancer 

Skin cancers are malignancies of keratinocytes, basal cells or melanocytes. 

They can originate from premalignant conditions such as actinic keratosis (AK), 

which are red scaly patches that mostly appear in areas chronically exposed to 

sun.23 Skin cancers can be broadly divided into non-melanoma skin cancer 

(NMSC) and melanoma. NMSC mostly comprises of basal cell carcinoma (BCC) 

and squamous cell carcinoma (SCC). Other less common skin cancers include 

Merkel cell carcinoma (MCC), Kaposi sarcoma (KS) and cutaneous lymphoma. 

2.1.1. Basal Cell Carcinoma (BCC) 

BCC is the most frequently occurring skin cancer in Singapore, at least 3 

times more prevalent than SCC in non-immunocompromised patients. It also 

accounts for about 60% of all skin cancers.23 BCCs are made up of non-

keratinizing cells obtained from the basale layer of the epidermis. It grows slowly 

and may continue growing for many years before patients seek treatment. It is a 

locally destructive malignancy, but it rarely metastasizes. The most distinctive 

presentation is the asymptomatic nodular lesion, which protrudes from the skin 

around it. It appears pearl-like and has telangiectatic vessels.24  

2.1.2 Squamous Cell Carcinoma (SCC) 

SCC is the next most prevalent type of skin malignancy in Singapore. It 

tends to occur in humans with chronic skin damage caused by the sun, past 

experiences of sunburns, arsenic exposure, and long term cutaneous 



21 
 

inflammation. SCC originates from the keratinizing cells of the skin and can 

present in different forms.24 SCCs may arise from AK with thick adherent scales 

resulting from sun-damaged skin. This type of SCC rarely metastasizes but may 

be locally aggressive. The other form of SCC arises from normal skin or the lip. 

This form is known to be aggressive and can spread to regional lymph nodes.25  

2.1.3 Melanoma 

Melanoma originates from mutated melanocytes and behaves in a much 

more aggressive manner than BCCs and SCCs. It occurs predominantly in adults 

and is considered the most dangerous of all the types of skin cancers due to its 

ability to metastasise early.6,26 There are several types of melanoma. The most 

frequently occurring type in Singapore is the acral lentiginous melanoma. It 

commonly appears on the palms, soles or under toenails or fingernails. This type 

of melanoma can originate from skin that appears normal or from an existing 

pigmented growth.27 Other forms of melanoma cellular subtypes include 

superficial spreading, nodular, mucosal lentiginous, lentigo maligna, 

desmoplastic and verrucous. Cutaneous melanomas are subclassified into 3 major 

subtypes: BRAF mutants, RAS mutants, NF1 mutants and triple wild-type.28 

BRAF mutants account for the majority of all cutaneous melanomas,12 followed 

by RAS (NRAS, HRAS and KRAS), triple wild-type and NF1 mutations.24 The 

treatment options for these different classifications of melanoma vary and is 

explained in section 2.2 Skin cancer treatment.  
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2.1.4 Other types of skin cancers 

2.1.4.1 Merkel Cell Carcinoma (MCC) 

A much rarer type of skin cancer is the Merkel cell carcinoma (MCC). This 

type of skin cancer originates from the Merkel cells in the skin which are a kind 

of skin neuroendocrine cell found mainly at the base of the epidermis. MCC may 

be less common than BCC/SCC and melanoma but it is one of the most dangerous 

types, with a high inclination to metastasize to other parts of the body if not 

discovered early, and would thus be very tough to cure once it has spread.29 

2.1.4.2 Kaposi Sarcoma (KS) 

Kaposi sarcoma (KS) is an even rarer neoplasm of the skin that originates 

from the lymphatic endothelial cells and the lining of the blood vessels. It 

generally develops as multiple vascular cutaneous growths on the skin or mucosal 

surfaces. However, the tumours can also grow in other areas e.g. lymph nodes, 

lungs, or digestive tract.30 KS, however, is the most prevalent malignancy in 

AIDS sufferers, and it also affects patients with drug-related or transplant-

associated immunosuppression.31 

2.1.4.3 Cutaneous Lymphoma  

Cutaneous lymphoma is a distinct subgroup of non-Hodgkin’s lymphoma. 

They mainly concern the skin, although they actually develop from the 

lymphocytes in blood. So, some people may consider it to be a form of skin 

cancer. However, cutaneous lymphoma may actually not only involve the skin, 

but also the blood, lymph nodes and other organs of the body. This disease is 

classified based on the type of lymphocyte involved (B-cell or T-cell) with the 



23 
 

T-cell type being more common than its B-cell counterpart, represented by red 

patches of scales or thick plaque of skin.32  

2.1.5 Signal transduction pathway anomalies 

In malignant melanoma, any changes in the receptor tyrosine kinases 

(RTKs) such as mesenchymal–epithelial transition factor (c-MET), EGF receptor 

(EGFR) and Kit receptor tyrosine kinase (c-KIT) will affect the subsequent signal 

transduction cascades.33 For example, 28% of all melanoma cases that occurred 

in chronically sun-damaged skin were due to mutations in the KIT gene.34  

In the case of EGFR, activation of it was identified in about half of all BCC 

cases and almost all the cutaneous SCCs. Overexpression of EGFR was detected 

in 73% of SCCs. The overexpression or overactivated EGFR binding in SCC led 

to SCC acquiring a more aggressive phenotype.35 The dysregulation in the 

binding affects the downstream MAPK (mitogen-activated protein kinase) 

pathway and also affects chemotherapeutic drug resistance. Abnormal activation 

of BRAF and NRAS are one of the most important identified mutations in human 

cancers with NRAS mutations being found in 33% and 26% of primary and 

metastatic melanoma tumours respectively. KRAS mutations occur in a relatively 

low proportion (10%) of SCC, yet some studies have proven that HRAS 

mutations accounts for the high rate of SCC cases.35 In this thesis, BRAF 

mutation will be the focus and is explained in detail. 
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2.1.6 BRAF pathway and mutation 

 

Figure 1. The MAPK pathway and the Ras/PI3K/PTEN/mTOR pathway. Reproduced from 

Oncotarget, CC BY, ref. 36.  

The MAPK pathway is a cellular signalling pathway that passes 

extracellular signals to the cell nucleus that eventually controls the proliferation, 

differentiation, movement and apoptosis of cells.  

Ras proteins are at the top of MAPK pathways and act as a molecular on/off 

switch. They comprise of 3 isoforms (HRAS, NRAS, KRAS). The Ras proteins 

are turned on when RTKs are activated by a ligand. This initiates the signalling 

cascade by Ras first recruiting and activating the proteins required to propagate 

growth factors and other signals, e.g. RAF and phosphatidylinositol 3-kinase 

(PI3K). The pathways of activation are illustrated in Figure 1.36  

The RAF is a set of protein kinases which include ARAF, BRAF and CRAF. 

These kinases phosphorylates the hydroxyl group of serine or threonine. Protein 
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kinases are enzymes that phosphorylates amino acids, with the energy from 

adenosine triphosphate (ATP), hence regulating the activity of proteins. After this 

process is carried out, the protein undergoes a change in its conformation from 

the inactive to the active form and binds to RAF to activate it. The activated RAF 

protein subsequently phosphorylates MEK1 and MEK2 kinases. This, in turn, 

activates a third protein kinase known as extracellular signal-regulated kinase 

(ERK). The ERK kinase controls cellular functions such as gene expression and 

metabolism to manage the cell’s reactions to extracellular signals, thus regulating 

cell proliferation, differentiation, and cell death.33  

 

Figure 2. MAPK pathway activation in the presence of BRAF mutation. Reproduced from 

Oncotarget. CC BY, ref 36.  

BRAF, one of the protein kinases in the RAF family, is responsible for a 

vast number of malignancies, including 70% of melanoma.12,33 Figure 2 shows 

the effects of a mutation in BRAF.36 Out of the possible BRAF mutations, 

BRAFV600E accounts for 80 – 90%.37,38 BRAFV600E corresponds to a mutation 
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located in the activation section whereby the amino acid at the 600th position has 

been substituted from valine (V) to glutamic acid (E). This mutation leads to 

over-stimulation of ERK signaling, increasing the unwanted growth and survival 

of cancer cells as the overstimulation provides for the maintenance ability of 

cancerous cells.12,39 Mutations in BRAF are also responsible for the angiogenesis 

to tumour tissues as it causes the overstimulation of the vascular endothelial 

growth factor (VEGF) generation.40 Alone, BRAFV600E mutation shows a 137-

fold increase in the transformation and the oncogenic activity compared to 

BRAFwt.12 BRAF mutations are also commonly identified in cancers with no 

other mutations in the other genes (NRAS, KIT, or other genes).41,42  

2.2 Skin cancer treatment 

2.2.1 Surgery 

The primary treatment of skin cancers is usually surgery as it is often a 

curative means in treating most skin cancers. In the case of treating melanoma, 

surgical excision is still the gold standard and primary modality. Malignant 

melanomas that are still localised at the site of origin are highly curable.43  

2.2.1.1 Excision 

Surgery can be done in various ways. The easiest would be simple excision 

which can be conducted to remove the growth and a bit of the skin and tissue 

around it. Shave excisions can also be done in which the lesion is shaved off. 

Wide excisions are mostly done for melanomas or MCCs. This is carried out by 

removing the skin tumour and a wider perimeter of healthy tissue.44  



27 
 

2.2.1.2 Curettage or electrodessication 

Another method of surgical treatment is curettage or electrodessication. 

This can be done on well-differentiated and defined small BCCs/SCCs (less than 

1 cm big). This is done by scraping the cancerous region with a curette (an 

elongated tool that has a sharp loop on a side). Subsequently, an electric current 

is passed through an electrode to destroy any remnant cancerous cells and reduce 

bleeding. This method leaves scarring.44,45  

2.2.1.3 Mohs surgery 

Another option of surgery is called Mohs surgery. This is used when the 

extent of cancer is unknown, or when there is a high risk or recurrence after 

treatment, or when the cancer occurs near the eye or other critical regions, where 

the goal would be to preserve as much healthy skin as possible. Mohs surgery is 

done first by removing the top layer of the skin that contains the tumour. The 

removed sample is checked under the microscope. If cancer cells are still detected 

in the removed sample, another layer of the skin is scraped off, and this process 

is repeated until no more cancerous cells are detected in the removed sample.44  

Adverse reactions of skin cancer surgery depend on the extent of surgical 

procedure required. Side effects include pain, bruising/swelling, bleeding, or 

scarring, and at times, disfigurement. Nerve damage, numbness, infections, 

fatigue or even lymphedema may also happen.  

Although surgery is usually the primary mode used to treat skin cancers, 

newer technologies which target major cellular receptors or stimulate the body’s 
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immune system have proven successful in reducing morbidity considerably, and 

increased the quality of patients’ lives.6 

2.2.2 Radiotherapy 

Radiotherapy is another option to treat BCCs, SCCs and melanoma. 

Radiotherapy requires the use of energetic X-rays or another kind of radiation to 

destroy and shrink tumours, alleviate symptoms for improved quality of life in 

palliative therapy, and/or control their development. It is used for cancer that has 

recurred, if cancer cells remain after surgery, or if the cancer grows in regions 

that make surgical removal tough.46 Palliative radiation therapy may alleviate 

symptoms as well, even for melanoma which is rather radiation resistant. Some 

studies have demonstrated that the tumour shrank with radiation therapy in 

patients with multiple brain, bone metastases and spinal cord compression.47,48 

There are two different kinds of radiotherapy modes. The first is internal 

radiation therapy. In this mode, a radioactive substance is enclosed within needles, 

wires, or catheters and positioned directly into or near the cancer site. The second 

mode is external radiation therapy, which is often used to treat melanoma. In this 

mode, a machine sends radiation toward the cancer from outside of the body.  

Radiotherapy used for SCC treatment have been proven to give good 

cosmetic results, leaving only minimal hypopigmentation or telangiectatic 

vessels at the site of application.46 However, radiotherapy is typically very 

damaging to the body and causes skin changes, fatigue and nausea, etc.49  
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2.2.3 Targeted therapy 

Another form of treatment for skin cancer is targeted therapy. Targeted 

therapy seeks out specific characteristics in cancer cells such as gene mutations 

or proteins. Targeted therapy drugs attach to cancer cells to kill them with 

minimal side effects.50 They can be classified into two categories. One of which 

is the class of signal transduction inhibitors. These inhibitors prevent signals from 

passing between the molecules within a cell, which prevents the proliferation and 

survival of cancer cells. For example, angiogenesis inhibitors, which have been 

used to treat melanoma, obstruct the creation of new blood vessels.51,52 The 

second category of targeted therapy drugs is through the use of monoclonal 

antibodies. Signal transduction inhibitors will be covered in detail in section and 

monoclonal antibodies in section 2.4.3 Monoclonal antibodies (mAbs) 

2.2.4 Immunotherapy 

Immunotherapy is a promising form of treatment that assists a patient’s 

immune response in identifying and attacking cancer cells. This method can treat 

melanoma and some BCCs and SCCs. It is usually given to advanced melanoma 

patients, for tumours that cannot be treated by surgery, or if the cancer has 

metastasized. Immunotherapy makes use of checkpoint inhibitors or cytokines.53  

Checkpoint inhibitors are one of such possible immunotherapy drugs that 

target the signalling proteins that allow cancer cells to disguise themselves as 

healthy cells. The first pathway, PD-1 (programmed-death 1), is a major pathway 

which mediates the T-cell response to pathogens. Blocking this pathway activates 

T-cells, while expanding and enhancing effector functions. Nivolumab (Opdivo®) 
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and Pembrolizumab (Keytruda®) are PD-1 checkpoint inhibitors that have also 

been approved to treat melanoma.54 

The activation of T-cells starts from the initial stimulation from T-cell 

receptors, and following which, T-cells are active after the CD28 receptor on 

their surface interacts with CD80/CD86 molecules located on the surface of 

antigen-presenting cells (APC). CTLA-4 (cytotoxic T-lymphocyte associated 

protein 4) will appear on the surface of active T-cells. CTLA-4 also recognises 

CD80/CD86 molecules of APCs but have a much better affinity to them 

compared to the CD28 on T-cells. Therefore, APCs prefer to bind to the CTLA-

4 receptors, rather than to CD28, inhibiting T-cells from functioning. Anti-

CTLA-4 antibodies have been formulated to bind with CTLA-4, allowing APCs 

to bind with CD28, countering the inhibition of T-cells, thus allowing the T-cells 

to fight the cancer cells.53,55 These anti-CTLA-4 antibodies have also been 

reported to function by getting rid of the regulatory T-cells that also have the 

CTLA-4 receptor.56 For example, Ipilimumab (Yervoy®) is one of such anti-

CTLA-4 antibodies that prevents the inhibition of T-cell activation when bound 

to CTLA-4. This antibody has been approved by the FDA since 2011 and two 

clinical trials have proven its potential against melanoma.57,58 

Cytokines on the other hand, are another class of immunotherapy drug that 

use molecules to help regulate immune activity. The drugs alpha-interferon (IFN-

α) and interleukin-2 (IL-2) are cytokines that are used to treat certain cases of 

advanced melanoma.59 IFN-α and IL-2 stimulate the rapid activity and growth of 

immune cells to attack cancer cells quickly. Immunotherapy is thus a promising 

form of treatment and an option to treat melanoma and some BCCs and SCCs. It 
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is usually given to advanced melanoma patients, for tumours that cannot be 

surgically treated, or if the cancer has spread. Interferons may be intra-tumourally 

injected when surgery is impossible, though proven not to be as effective.60 

Research and preliminary clinical results recommend the simultaneous blocking 

of both CTLA-4 and PD-1, as it was found to be more effective than individual 

blocking. This study is currently in clinical trial stage III.61  

A relatively new means of treatment for melanoma is through the usage of 

a genetically modified oncolytic virus (Talimogene laherparepvec, T-VEC) for 

patients with stage IV unresectable melanoma.62 This therapy programs live 

viruses by attenuation or by using the native form of the herpes simplex virus 

type 1 (HSV1) in local injections into various forms of unresectable skin lesions 

in patients with recurrent melanoma. The genetically modified T-VEC virus 

replicates inside the tumours, resulting in lysis and subsequently generating 

granulocyte-macrophage colony-stimulating factor (GM-CSF). The introduced 

T-VEC virus and the generated GM-CSF trigger the body’s immune response, 

selectively killing melanoma cells. However, drawbacks of this mode of 

treatment include the possibility of a herpetic infection so this method should not 

be used in immunocompromised patients or on pregnant patients. 62,63  

2.2.5 Chemotherapy 

Chemotherapy utilises drugs that slow or halt the further growth of rapidly 

growing cancer cells in the body. Systemic chemotherapy may be recommended 

for patients with advanced skin cancers that has metastasized to the lymph nodes 

or other sites, while topical chemotherapy would be for more superficial and 

localised skin cancers.  
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To treat SCC by chemotherapy, the intravenous administration of 

cisplatin64,65, doxorubicin (DOX), 5-fluorouracil (5-FU) and other drugs can be 

prescribed to slow the development of SCC and relieve symptoms. BCC very 

seldomly reaches an advanced stage to warrant systematic chemotherapy, 

although there are anecdotal reports on its usage in literature.66 Alternatively, 

targeted therapy drugs are used to treat advanced BCCs as in section 2.2.3 

Targeted therapy 

Chemotherapy for melanoma include drugs like DTIC (dacarbazine). 

However, in recent clinical trials comparing DTIC and targeted drugs 

(vemurafenib and ipilimumab), DTIC was proven inferior.57 Temozolomide, an 

oral alkylating chemo-drug, has also been trialled.67 Chemotherapy may result in 

hair loss, vomiting, nausea, diarrhoea, fatigue, constipation and mouth sores.  

2.2.6 Lymph node management 

Mapping of the lymph nodes and sentinel lymph node biopsies test if there 

is any spreading of melanomas to neighbouring lymph nodes in those with large-

sized primary tumours (1- 4 mm). The mapping and biopsies help analyse which 

patients will benefit from adjuvant therapy and which patients will not.68,69 

Complete lymph node dissection is considered for clinical trials if the patient 

qualifies, which may help increase survival rates.70  

2.2.7 Local treatment methods 

Sometimes, nonsurgical forms of therapy are used to remove or destroy 

localised skin cancer cells to treat early-stage BCCs and SCCs. Such local 

treatments include photodynamic therapy, topical chemotherapy, immune 

response modifiers or cryotherapy.  
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2.2.7.1 Photodynamic therapy 

Photodynamic therapy (PDT) uses a photosensitizer in combination with a 

suitable source of light to kill cancer cells. It is a relatively new treatment option 

for skin malignancies and is used to treat superficial BCCs and AKs, or 

premalignant lesions that have potential to develop into SCCs if left untreated. In 

clinics, PDT uses a photosensitizer, like aminolevulinic acid (Levulan®), which 

is applied directly to the tumour. Up to 18 hours later, the treated area is irradiated 

with blue light to trigger the photosensitizer’s action, releasing toxic reactive 

oxygen species (ROS) which kills cancer cells on the skin. PDT has also been 

shown success in treating NMSC and precancerous growths, both alone or in 

combination with topical immunomodulators.6 This mode of treatment is 

explained in detail in section 2.3 Photodynamic Therapy (PDT).  

2.2.7.2 Topical chemotherapy 

Topical chemotherapy requires the employment of drugs in the cream or 

liquid formulations (such as fluorouracil, temozolomide or dacarbazine) to be 

administered straight to the growth to kill unwanted cells. It is a great way to treat 

superficial BCCs, early SCCs or AKs. The drug typically only affects the cells it 

reaches and cannot penetrate deeply into the skin. Fluorouracil (Efudex, Carac, 

and Fluoroplex) is the most common drug used. As the drugs are unable to 

penetrate through the skin and into the body, the side effects of systemic 

chemotherapy are avoided. However, drawbacks include inflammation, 

substantial skin toxicity and discomfort as well as sensitization to the sun may 

occur. Also, given the superficial nature of the effects of topical treatment, the 

cancer cells in the dermis layer which are invisible to the eye may still remain, 
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making both patient and doctor think that the procedure succeeded when in actual 

fact, it was not complete.24  

2.2.7.3 Immune response modifiers 

Localised immunotherapy in skin cancer treatment makes use of creams 

which are put on the diseased areas directly to trigger the patient’s immune 

response to fight the disease. Some BCCs and SCCs are susceptible to it.   

Immune response modifier utilises a cream, imiquimod (Zyclara®, Aldara®) 

to treat AKs or superficial BCCs. Imiquimod, which is designed to trigger the 

immune system to attack diseased cells, works by stimulating the body to produce 

interferon, a natural protein that fights foreign invaders and cancer cells. This 

means that  the immune system gets activated to attack cancer cells.71 Imiquimod 

may be FDA-approved to treat superficial BCCs, but it is not always 

recommended for the initial monotherapy of BCC. It is usually used in patients 

with small lesions (smaller than 2 cm2 in area) in low-risk sites who are not 

eligible for other more established therapies.72 Similar to all topical treatments, 

this method may cause serious skin reactions or flu symptoms in some.  

2.2.7.4 Cryotherapy  

Cryotherapy is used mostly for AKs, small BCCs and SCCs. It is 

considered for those with conditions that do not allow the conventional kinds of 

surgery.73 Liquid nitrogen is applied directly on the tumour to freeze the cancer 

cells. When the frozen area thaws, it swells, blisters and forms a crust. This 

treatment will leave a scar and the new skin will become paler in colour.60 It is 

not recommended for people with abnormal cold tolerance, platelet deficiency 
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disorders, or tumours near nerves. Side effects of cryosurgery include edema, 

scarring, or motor and sensory neuropathy.24   

2.2.7.5 Laser treatment 

For this method of treatment, laser light is applied to vapourize cancer cells. 

It is mostly used for AKs, Bowen’s disease, and very superficial BCCs. The 

efficacy of this method of treatment versus the standard methods is not known 

yet and it is rarely used.60 

2.2.8 Palliative local therapy  

Melanoma that has already migrated to lymphatic regions of the body may 

be palliated by regional lymphadenectomy. If it has metastasized to the lung, 

brain or bone, resection may be useful with possible prolonged survival.47,48 

Radiotherapy may also be used as mentioned in section 2.2.2 Radiotherapy.  

2.3 Photodynamic Therapy (PDT) 

2.2.1 Mechanism of PDT 

 

Figure 3: Jablonski diagram. Reproduced from Portland Press, open access. Ref 76. 
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PDT works by simultaneously employing three non-toxic components: 

molecular oxygen present in cells and blood, a photosensitizer, and light of a 

suitable wavelength. Alone, these components, have no toxic effects on the 

biological system. Upon irradiation with light (hνabs), the electron transfers from 

ground state, low-energy singlet state (S0) to an excited higher energy singlet 

state (S1). In this state, the electron can either lose its energy (hνem) by giving off 

a photon and produce fluorescence, or go through internal conversion, a form of 

non-radiative decay, which generates heat. However, photosensitizers tend to 

undergo intersystem crossing (ISC) from S1 and become an excited triplet state 

(T1). This flips the spin of the electron with higher energy, which leads to an 

excited triplet state with a long lifetime. Following which, two types of reactions 

can proceed: 

• Type I reaction: the photosensitizer’s triplet state reacts with a molecule 

or cell membrane and transfers an electron or hydrogen to form radicals. These 

in turn react with oxygen, forming ROS, for example, hydrogen peroxide (H2O2), 

superoxide radical anion (O2
•-), or hydroxyl radical (HO•).  

• Type II reaction: the triplet state of the photosensitizer reacts with oxygen, 

transferring energy directly and form singlet oxygen (1O2) in this process. The 

photosensitizer in the ground state is then regenerated. 1O2 is a highly reactive 

ROS and also the more likely path of reaction due to the relative simplicity 

compared to type I reactions.74 

Type II reactions tend to occur in highly oxygenated environments whereas 

Type 1 tend to occur in hypoxic environments.75 The ROS generated can damage 

majority of all molecules in the body.76 
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Figure 3 shows the mechanism of producing singlet oxygen.76 After 

production of singlet oxygen, the photosensitizer is mostly regenerated. Energy 

transfer can keep occurring and hence singlet oxygen can be produced non-stop.  

The ideal photosensitizer is one that preferentially accumulates within the 

tumour tissue but clears quickly from normal tissue. It has to be of pure quality 

and good stability with a certain degree of hydrophilicity, for it to travel to the 

tumour tissue, and also some lipophilicity, for it to translocate across the cell 

membrane of tumour tissue. In addition, an ideal photosensitizer must possess 

low dark toxicity, good quantum yields of triplet state formation and relatively 

long triplet state lifetime. Above all, the photosensitizer has to absorb strongly in 

the near infrared region, within the biological window (700 – 1000 nm) whereby 

light can penetrate the skin more deeply.77,78 Majority of all photosensitizers are 

hydrophobic, causing them to aggregate in aqueous medium, self-quench and 

lose their efficiency, or even increase the risk of embolism.78 The difficulty in 

formulating a photosensitizer has led scientists to research on delivering existing 

photosensitizers instead. 

For systemic PDT treatment, a photosensitizer is administered into the 

blood circulation intravenously. It gets taken up by all the cells in the body. 

However, photosensitizers tend to stay in cancer cells for a longer duration 

relative to the healthy cells. Up to 72 hours post-administration, when most of 

the photosensitizer has been cleared from healthy cells but still present in cancer 

cells, the tumour region is shone with light in the wavelength that the 

photosensitizer absorbs at. The photosensitizing agent in the tumour absorbs the 

irradiated light and generates singlet oxygen and other forms of ROS through the 

process described in Figure 3, which destroys cancer cells in its vicinity.79 
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Although it used to be considered desirable for the interval between drug 

administration and irradiation (drug–light interval, DLI) to be as long as possible 

so that the photosensitizer has sufficient time to remain concentrated in tumours 

but clear from normal tissues, many studies have reported the tumour response 

to be markedly better at shorter DLI (minutes or hours). At this shorter DLI, some 

of the photosensitizer is still present in the blood vessels joining to the tumour, 

thereby producing substantial vascular damage.80,81  

Some research studies have suggested that inflammatory response due to 

necrotic cell death from PDT is important as it helps stimulate the immune system. 

Other reports have suggested that the PDT treatments that produce more 

apoptosis but less necrosis and inflammation, are suitable for applications where 

swelling is undesirable, such as in brain tumours. Previous findings have claimed 

that PDT-induced apoptosis is highly immunogenic and can stimulate anti-

tumour immunity.82 
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Figure 4. Cell death mechanisms. Reproduced from Portland press, open access Ref. 79.  

Singlet oxygen causes cellular oxidative damage and hence apoptosis or 

necrosis. Singlet oxygen, being extremely reactive, has a lifetime that lasts for 

less than 3.5 µs, which means it can only diffuse 0.01 to 0.02 µm during this 

period of time.83 The extent of PDT is thus only limited to its immediate 

surroundings. PDT can kill cells in three different mechanisms (Figure 4).79 It is 

thought that the eventual location of the photosensitizer in different subcellular 

organelles (mitochondria, lysosomes, plasma membrane, etc.) plays an important 

role in the dominating cell death mechanism. Furthermore, it has even been 

claimed that the location affects the cell death efficacy more than the quantum 

yield of the photosensitizer, with the mitochondrial subcellular location proving 

the most effective in the study done by Oliveira et al.81 Other factors such as the 

overall PDT dose (photosensitizer concentration × light fluence) and DLI also 
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play a role. Overall it is accepted that apoptosis is the principal modality of cell 

death when cells are treated with PDT in vitro.79 

2.3.2 Advantages of PDT 

Photodynamic therapy (PDT) is a viable alternative to the traditional cancer 

therapies such as chemotherapy, radiotherapy and surgery. Clinical studies have 

shown that PDT has the potential to cure early stage tumours and prolong the life 

of people with inoperable cancers.74,83–86 It is less invasive than surgery, yet 

highly localised, with the precise and selective damage of cancer tissues 

achievable as opposed to chemotherapy.74,83–88 This spares the extracellular 

tissues, allowing regeneration of normal tissues after treatment, as opposed to 

surgical intervention. PDT also enables minimal dark cytotoxicity with negligible 

systemic effects.6,77,89 Compared to radiotherapy, PDT can be repeated and 

minimum scarring can also be achieved.85 As skin is the most superficial organ, 

it is much more important than the rest of the body, that the treatment of skin 

malignancy to not only be successful, but has to have excellent functional and 

cosmetic outcomes. As PDT possesses these favourable characteristics, it has 

been intensively studied to make it an alternative to the conventional modes of 

treatment such as radiation, surgery or chemotherapy.11 Furthermore, compared 

to the recuperation period and hospitalisation involved when patients undergo 

chemotherapy or radiotherapy, PDT is often done as an outpatient treatment for 

superficial sites.86 PDT can also induce immunity against tumours, enabling it as 

a long-term cancer control. Immunologic effects including the production of IL-

1β, IL-2, tumour necrosis factor-alpha (TNF-α), and GM-CSF, thus stimulating 

the body to attack cancer cells.74,83,90 PDT generally do not cause unwanted DNA 

damage, mutations, and carcinogenesis.91 Besides destroying cells directly by 
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ROS action, PDT may also shrink tumours in another way which is to damage 

blood vessels in the tumour, blocking important nutrients from reaching the 

cancer.92 All these makes PDT a viable treatment in combination with others, 

giving it the potential to be integrated into mainstream cancer treatment.  

2.3.3 Limitations of PDT 

However, limitations of PDT exist. For example, most photosensitizers 

absorb at wavelengths of light that are unable penetrate any more than 1 cm of 

tissue. Because of this, PDT is usually used to only treat superficial tumours, 

those that are located just beneath the skin surface, or those occurring on the 

lining of organs.93 PDT is not useful for treating large tumours, for the same 

reason that the required light is unable to go deep into the tumour.88,93,94 

Intravenously administered photosensitizers unfortunately result in prolonged 

durations of skin photosensitivity, causing patients to have to avoid sunlight.88 

As the lifetime of ROS is very short, it makes PDT only effective to its immediate 

surroundings, so it typically is not employed for metastasized cancer.94 These 

limitations of PDT do not really affect the treatment of skin cancer compared to 

other regions of the body, making PDT a sensible candidate for treating skin 

cancer, which tends to be localised and superficial relative to deep-seated organs.  

Despite the minimal limitations of PDT to treat cancers and the 

encouraging characteristics compared to conventional treatments, the FDA and 

the European Medicines Agency (EMA) have only approved four 

photosensitizers to treat a few cancers.88 Porfimer sodium (Photofrin®) was the 

first to be approved to treat Barret’s Oesophagus, lung cancer or obstructive 

oesophageal cancer. However, its poor purity, bad tissue selectivity, poor 

absorption and tissue penetration of light results in elevated dosages being 
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required, thereby having prolonged circulation times and photosensitivity for 

longer durations.95 The second EMA-approved photosensitizer is temoporfin 

(Foscan® or mTHPC) for advanced head and neck SCCs. Temoporfin can absorb 

at a longer wavelength and has a shorter circulation time, therefore having a better 

pharmacological profile than Photofrin®. Two kinds of aminolaevulinic acid 

(ALA) are authorized for dermatological usage. ALA and its methyl derivative 

MAL are used to treat AKs, Bowen’s disease, superficial and nodular BCCs. 

These ALA formulations have a good safety profile due to their local or topical 

administration. However, their limited tissue penetration renders them only 

usable for superficial lesions.88 Therefore, PDT for skin cancers is limited in 

terms of penetration to deeper seated malignancies such as melanoma and 

nodular SCCs. 

2.4 Targeted therapy 

2.4.1 Cell signalling pathways 

When cancer starts to grow or progress further, healthy cells are altered in 

various ways. These include the ability to proliferate without activation by 

growth-promoting or inhibitory signals, to occupy neighbouring tissues and 

metastasize to other regions of the body, to escape signals or mechanisms that 

limit cell proliferation, e.g. apoptosis and replicative senescence. These 

behaviours are due to mutations in the cellular signalling pathways which 

otherwise control cell proliferation, motility, and survival in healthy cells. Many 

of the proteins involved in the mutations of cellular signalling pathways are 

possible targets for cancer therapy.96 Just last year, a new pathway that promotes 

and supports cancer cell growth was discovered.97 
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Figure 5 represents an example of the cell signalling pathways involved 

when colorectal cancer grows and demonstrates the complex mechanisms behind 

mutations in cell signalling pathways.98 It also demonstrates the various avenues 

that scientists can take advantage of in order to inhibit downstream pathways. 

This mode of therapy is known as targeted therapy.  

 

Figure 5. Summary of the signalling pathways involved in the growth of colorectal cancer. 

Reproduced with permission from Oxford press. Ref. 98 

2.4.2 Mechanism of targeted therapy 

Targeted therapy is the mode of delivery of therapeutic agents to specific 

genes or proteins that are related to the cancer cells or which promotes cancer 

progression. The efficacy of targeted therapy depends on the targeted action of 

drugs and not causing adverse effects. This mode of therapy is frequently 

administered in conjunction with other forms of conventional cancer treatments. 
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Researchers have developed drugs that specifically prevent proliferation, regulate 

cell cycles or induce cell death by apoptosis or autophagy of cancer cells. This 

mode of therapy involves the use of monoclonal antibodies or small molecular 

inhibitor drugs.96 Most targeted therapeutic drugs are small molecules inhibitors 

or monoclonal antibodies (mAbs). Small-molecule compounds are usually 

formulated for targets present inside cancer cells as they can penetrate the cell 

membrane and disrupt the enzymatic activity of the target protein. MAbs are 

comparatively large and unable to penetrate through the cell membrane. Hence, 

they are used to only target unique antigens such as transmembrane receptors or 

extracellular growth factors present on the cell surface.  

Targeted therapy differs from conventional chemotherapy in that they only 

affect specific molecular targets associated with cancer, while chemotherapeutic 

agents act on rapidly growing normal or cancerous cells. Targeted therapies are 

designed, or specifically selected to interact only with their chosen target, 

whereas chemotherapy drugs are chosen or developed to kill any cell. Targeted 

therapies are known to be cytostatic, in which tumour cell proliferation is halted, 

whereas chemotherapy agents are cytotoxic, in which tumour cells are killed. 

2.4.3 Monoclonal antibodies (mAbs) 

MAbs are designed on a similar basis as small molecular inhibitors, i.e., 

identifying characteristics of cancer cells that results from genetic defects. 

Antibodies are a part of the body’s immunity. When the body encounters an 

antigen entering the body, it makes antibodies in response.  These antibodies 

attach themselves onto the antigen to mark it, so that the immune system is able 

to identify the mark and get rid of the antigen. Scientists analyse special unique 

antigens on the surface of cancer cells, compare them with healthy cells and then 

https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046066&version=Patient&language=English
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000653146&version=Patient&language=English
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determine which protein will specifically bind to the targeted antigen but not to 

normal cells. Then, scientists create a new special antibody to do that job, 

resulting in treatment being non-immunogenic, cancer-specific, good 

biodegradability, with lowered toxicity to healthy cells.99,100 These mAbs result 

in signalling proliferation arrests, apoptosis, cytokine receptors being blocked, in 

order to block cancer cells from receiving the growth signals necessary for their 

survival. They can also prevent tumour cell from interacting with the 

extracellular matrix which will minimise potential for metastasis. MAbs also 

cause tumour cells to be recognisable by immune cells, thus enabling them to be 

used as immunogens, starting adaptive immune responses against cancer cells. 

Another way mAbs can be used is by targeting important events that occur in 

tumour microenvironment. For example, VEGFs block angiogenesis, starving 

tumours of their growth supply while also preventing any escape of cells.101   

 2.4.4 Small molecule inhibitors 

Small-molecule inhibitors or signal transduction inhibitors are being 

actively researched on in the new generation of cancer therapeutics. Till now, 

about 80 inhibitors have reached some stage of clinical trials.102  Kinase activity 

dysfunction is a key mechanism by which cancer cells are different from healthy 

ones in terms of survival and proliferation.102 Roughly 30 kinases inhibitors have 

advanced to at least a Phase I clinical trial level, making them one of the most 

extensively studied categories of drug targets.103 This is because kinases have 

very important parts to play in the stages leading to malignancy growth and 

survival. These deregulated kinases are oncogenic, oblivious to the normal 

mechanisms that regulate genetic mutation or translocation of normal cells.102 

This behaviour of not listening to normal regulatory mechanisms becomes the 
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reason why the cancer cells can survive and proliferate. This behaviour is known 

as oncogene addiction, and this causes cancer cells to be especially vulnerable to 

relevantly matching kinase inhibitors.104,105 In spite of the highly conservative 

conformation of the site that binds to ATP, high selectivity small molecules 

inhibitors with acceptable pharmacological behaviours can be developed.106,107 

Furthermore, in almost every one of the 518 kinases present in the human 

gene system, the cellular signalling process is started by a phosphotransfer chain 

of reaction. This suggests that inhibiting kinase activities can evoke some form 

of physiological responses. When it comes to healthy cells, inhibiting their kinase 

activity can often be tolerated. This opportune therapeutic window allows tumour 

cells to be selectively killed. For example, dasatinib, an inhibitor newly approved 

to treat imatinib-resistant chronic myeloid leukaemia, inhibits all members of the 

Src kinase family, yet it displays a better pharmaceutical safety profile compared 

to chemotherapy.108–110 Many other researches have also discovered numerous 

kinases bearing mutations, and these are currently being functionally analysed 

and characterized.111,112  

Till now, some of the most up-and-coming anti-cancer agents are protein 

tyrosine kinase inhibitors with credits to the work done some 10 – 15 years back. 

These studies identified and categorised very key compound categories, e.g. 

quinazolines and tyrphostins, which are able to inhibit these kinases.113–115 

Hedgehog pathway inhibitors vismodegib (Erivedge®) and sonidegib 

(Odomzo®) are used to treat NMSC.116 They target the hedgehog pathway, a 

signalling mechanism imperative to healthy cell growth in the development of 
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foetuses. This pathway normally goes dormant in adulthood, but sometimes it 

gets reactivated by cancer cells, hence tumours continue growing.  

Vemurafenib (Zelboraf®), Dabrafenib (Tafinlar®) and Trametinib 

(Mekinist®) are examples of small molecular drugs approved to treat 

melanoma.15 Dabrafenib is a small molecule selective BRAF inhibitor, orally 

taken and approved in 2013 for unresectable/metastatic BRAFV600E melanoma. 

Trametinib is also an orally administered inhibitor but it selectively inhibits the 

downstream MEK1/2 pathway instead. It is also an FDA approved inhibitor in 

2013 for BRAFV600E/K mutations. In a clinical trial involving patients with stage 

III BRAFV600E/K melanoma, Dabrafenib (150 mg twice daily) and Trametinib (2 

mg once daily) combination was proven superior to the placebo medication.117,118 

This clinical trial resulted in Dabrafenib and Trametinib being given together to 

combat Dabrafenib resistance or the reactivation of the MAPK cellular pathway. 

Another BRAF/MEK inhibitor combination is Cobimetinib as the MEK inhibitor 

approved in 2015 to be combined with Vemurafenib.119  

Sometimes, melanoma may occur due to mutations or amplifications in c-

KIT pathway. Of which, certain c-KIT inhibitors have been found to be effective 

in phase II and III studies. These inhibitors include imatinib mesylate.120–122 

Multikinase inhibitors such as sorafenib have also been explored. Sorafenib is 

known to inhibit both VEGF and MAPK pathway. However, two clinical trials 

of paclitaxel and carboplatin with or without the simultaneous sorafenib have 

shown to be not any better against chemotherapy.19,123  

Extracellular growth factors trigger the activation of the MAPK pathway, 

normally required for healthy cells to grow. However, when this pathway is 
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activated uncontrollably or without external stimulus by growth factors, it causes 

cancer. This can be due to the overexpression of particular RTKs or due to 

mutation to its permanently active forms. For instance, many epithelial cancers 

(e.g. lung) overexpress the EGFR. Ras is mutated to the active oncogene form in 

a quarter of all human cancers, and RAF is discovered to be an oncogene. 

Therefore, developing drugs that target the protein kinases in the MAPK pathway 

has been of great interest in the scientific community.103 

Another approach in developing these inhibitor drugs with wide 

specificities is established on the idea of preventing the blood from reaching the 

malignant site, through the prevention of angiogenesis. Angiogenesis is driven 

after being stimulated by platelet-derived growth factor (PDGF), vascular 

endothelial growth factor (VEGF) etc. Two antiangiogenetic inhibitors 

(sorafenib and sunitinib) have been approved by the FDA.124  

Cyclin-dependent protein kinases (CDKs) are key to the proliferation of 

cells. This fact has accelerated the advancement in finding this CDK inhibitors 

to restrict the growth of tumours. For example, Palbociclib (Ibrance,)125, 

Ribociclib (Kisqali®)126 and Abemaciclib (Verzenio)127 are FDA-approved 

CDK4/6 inhibitors for certain forms of breast cancer. 

Although there has been a slew of inhibitors developed over the years and 

have shown very promising results in pre-clinical and clinical settings, 

researchers and doctors still struggle to treat solid tumours using these modalities 

alone. Besides, acquired resistance to the administered inhibitors has also been 

known to occur.128 Long-term administration is very frequently required to 

achieve a favourable therapeutic outcome, resulting in toxicity issues in the long 
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run. However, just like conventional chemotherapy, in comparison to 

administering ‘free’ inhibitors in the body, small molecule inhibitors 

encapsulated within nanoparticles are known to cause much fewer side effects.107 

2.5 Nanoparticles for drug delivery 

Nanomaterials as drug carriers are promising as they have large surface 

areas capable of being modified to possess various desired biochemical 

properties, can be made hydrophilic, capable of penetrating deep into tissues and 

can also be easily internalised by cells.129  

When nanoparticles are used to deliver drugs, a key advantage is the 

possibility of loading the nanoparticles with high concentrations of the drugs. As 

nanovehicles fetch a large amount of drug around the body, they can also 

favourably manipulate the pharmacokinetic profile and biodistribution of the 

drugs they deliver.130 Delivering drugs in nanocarriers offers many benefits over 

just administering the free drugs as they are. The advantages include the ability 

to augment the therapeutic effects of the individual drug, as they can be 

manipulated to control the sustained/triggered release behaviour of the drug. 

They can also target the diseased sites either through the EPR phenomenon or 

through active targeting strategies like using ligands to recognise tumour-

associated markers. Moreover, nanocarriers also increase the drug’s stability and 

helps prolong the circulation time in the body by protecting the drug from 

premature elimination or degradation by phagocytic cells. Because of these 

distinct advantages, nanotechnology’s use as a novel platform for cancer 

theranostics has been scrutinized and investigated.83 

Numerous drug vehicles have been utilised in the pursuit of drug delivery, 

e.g., organic carriers like dendrimers, solid lipid nanoparticles, nanogels, 
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polymeric micelles and vesicles, or inorganic ones like simple spheres, porous or 

hollow nanoparticles like nanotubes, nanocages, gold nanoparticles, mesoporous 

silica nanoparticles (MSNs) etc. (Figure 6).131–133 There have been a few drug 

delivery systems that are clinically allowed to be used for cancer therapy while 

many more are presently undergoing clinical trials or preclinical evaluations.  

 

Figure 6. A chart of the nanoparticles already investigated as possible drug delivery vehicles in 

cancer therapy, with their biophysicochemical properties. Reproduced in permission from Wiley. 

(Ref: 4353420494719). Ref. 133. 

2.5.1 Nanoparticles for PDT 

Recent PDT progress has mostly been limited to combination with other 

treatment techniques and the delivery of photosensitizers. Using nanoparticles to 

deliver photosensitizing agents will allow the enhancement of PDT efficiency, 

the increase of circulation time through systemic delivery, the co-delivery of two 

and more drugs, etc.134  

 When it comes to skin cancer therapy, the two FDA-approved ALA 

derivatives (5-ALA and MAL), when given in high enough concentrations induce 

production of protoporphyrin IX, which is a naturally occurring photosensitizer, 
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in skin cells.135 Both ALA and MAL are known to have bad penetration abilities 

through the skin with only 0.26% of applied MAL penetrating in 24 h. MAL acts 

faster than ALA, 3 h compared to 4–6 h but MAL does not come cheap either, 

with it costing USD 225/gram, ten times the price of ALA.136 Furthermore, an 

Australian clinical trial determined that 19% of patients do not respond 

favourably to treatment.137 Enhancing photosensitizer application could greatly 

improve response and cure rates, hence pushing down therapy costs. One way to 

improve the therapeutic efficacy of photosensitizers would be through the use of 

nanoparticles due to the advantages mentioned above. Nanoparticles are broadly 

classified into two categories: inorganic nanoparticles and organic nanoparticles 

and they are summarised in Figure 6.133 

2.5.1.1 Inorganic nanoparticles  

Using inorganic materials as a delivery vehicle for photosensitizers has 

several advantages in that they are more easily synthesized, more stable, easily 

functionalisable, have good size control and can achieve monodispersity.138 

Inorganic nanoparticles are normally formed via precipitation of inorganic salts, 

which link together within a 3D matrix,  either through covalent bonds, metallic 

bonds or other forms of interaction. 

Silica nanoparticles 

Silica nanoparticles are advantageous compared to organic carriers due to 

their controllable sizes, shapes, porosities, and monodispersity. They are soluble 

in water, with exceptional stability, and are generally regarded as safe by the US 

FDA.139 They are also known to be heat-resistant, non-metallic solids made of 

both metallic and non-metallic compounds. They are chemically unreactive, 

hence do not interact with other molecules present in the body. Their synthesis 
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can be easily controlled, allowing precise manipulation over their morphology. 

Mesoporous silica nanoparticles (MSNs) is a subclass of silica nanoparticles 

which has uniform mesoporosity (2 – 20 nm pore diameters) and lets small 

molecules be entrapped within their pores or covalently attached to the surface.140  

Ma et al utilised hollow MSNs to load photosensitizers such as 5-ALA to 

cure B16F10 melanoma.141 Rizzi et al have managed to treat melanoma using 

verteporfin conjugated MSNs.142 

 

Figure 7. Co-condensation method for organically modifying MSN phases in a direct synthesis. 

R=organic group. Reproduced with permission from Wiley. Ref. 143 

Another rather new class of silica nanomaterials for PDT applications is 

the class of organic-inorganic hybrid porous nanomaterials or more loosely 

known as periodic mesoporous organosilica (PMOs).143,144 These nanomaterials 
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are formed using the silica precursor such as TEOS or TMOS, together with a 

mono/bridged organoalkoxysilane using a templating agent144, and its formation 

is illustrated in Figure 7.143 Croissant et al have co-condensed a tetra-

trialkoxysilylated photosensitizer with bis-(triethoxysilyl)phenylene and 

ethylene for two-photon PDT.145 Jimenez et al have also synthesized a similar 

nanodiamond-PMO hybrid using 1,2-bis(triethoxysilyl)ethylene and TEOS for 

two-photon PDT treatment of cancer.146 This type of organically-modified MSNs, 

provide the nanoparticle with additional functions within the framework and is 

very useful for drug delivery. 

Gold-based nanoparticles 

Gold-based nanoparticles with diverse sizes, shapes and homogeneous size 

distribution have fascinatingly different properties. Gold-based nanoparticles can 

be used as delivery vehicles, and they may be split into two categories: active or 

passive. This classification they fall under depends on the job they carry out in 

cancer therapy.147 Passive gold nanoparticles do not greatly influence the 

efficiency of the photosensitizer in the PDT treatment and mainly serve as the 

vehicle to transport photosensitizers by immobilizing them on their surface or 

within the nanostructure.148 Bare solid gold nanospheres have been used for most 

part of this type of passive gold nanoparticles delivery. For example, Haimov et 

al used solid gold nanospheres just as a delivery vehicle for meso-

tetrahydroxyphenylchlorin to treat cancer cells.149 On the other hand, active gold 

nanoparticles can efficiently absorb light and enhance the photosensitization of 

the photosensitizer, thereby increasing ROS generation. Examples of active gold 

nanoparticulate vehicles are the plasmonically active ones like gold nanorods150, 

shells151, cages152 etc. For example, Srivatsan et al trapped a pheophorbide-based 
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photosensitizer in a polyethylene glycol (PEG monolayer surrounding gold 

nanocages, and used the gold nanocage to improve the PDT performance against 

cancer cells.153 

Magnetic nanoparticles 

Magnetic nanoparticles have an added advantage of being able to be aimed 

towards a specific target with the assistance of an external magnetic field, and 

subsequently being localised in tumour tissue. Another advantage of magnetic 

nanoparticles is their innate ability as contrast enhancement in magnetic 

resonance imaging (MRI). A few magnetic nanoparticles that are being explored 

for PDT are the iron oxide (Fe3O4)
154,155 and cobalt iron oxide (CoFe2O4).

156 

Upconversion nanoparticles (UCNPs) 

The use of upconversion nanoparticles (UCNPs) is one of the latest 

strategies to deliver photosensitizers.157,158 For example, Punjabi et al 

synthesized red-emitting α-NaYF4:Yb(80%),Er(2%)@CaF2 UCNPs and 

connected it to ALA via pH-sensitive hydrazone linkage and proved that the PDT 

effect was effective up to a depth penetration of 1.2 cm, and able to cure 

subcutaneously injected 4T1 tumours in vivo.159 

Quantum dots (QDs) 

Quantum dots have also been used as multifunctional nanocarriers for the 

delivery of photosensitizers in PDT as they naturally have a controllable optical 

properties, high quantum yields of emission, and easy surface modification.160–

162 QDs are also excellent donors in the fluorescence resonance energy transfer 

(FRET) process.163 Samia et al have shown that the PDT effect of silicon 

pthalocyanine (PC4) can be improved when conjugated with a CdSe quantum 
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dot.164 Tsay et al have also shown the possibility of loading Chlorin-e6 and Rose 

Bengal on CdSe/CdS/ZnS quantum dots.165 An iridium-based photosensitizer,166 

silica phthalocyanine164 and meso-tetra(4-sulfonatophenyl)porphine 

dihydrochloride (TSPP)167 have been successfully delivered on quantum dots. 

2.5.1.2 Organic nanoparticles 

Organic nanoparticles are conceptually different from inorganic NPs in 

terms of the way they are synthesized. Majority of organic nanoparticles are 

formed when various organic moieties are guided together to self-assemble or 

bonded chemically. Other than dendrimers and some polymeric nanoparticles, 

the synthesis of organic nanoparticles first requires organic moieties that self-

assemble three-dimensionally. Sometimes, the interaction among organic 

molecules are weak, like in the case of micelles and vesicles. However, a basic 

aspect of organic nanoparticles is their rather simple ways of encapsulating drugs, 

including photosensitizers. This, together with the fact that the molecules used 

for the fabrication of the organic nanoparticles can be biodegradable, makes 

organic nanoparticles promising systems for theranostic applications.168 

Polymeric nanoparticles  

Polymeric micelles are the smallest possible organic nanoparticle. Meso-

tetra(4-hydroxylphenyl)porphyrin (THPP),169 zinc phthalocyanine (ZnPc),170 

Indocyanine Green (ICG),171 and hypericin172 were delivered in polyesters such 

as polylactic acid (PLA) and poly lactic-co-glycolic acid (PLGA). Hydrophobic 

solketal-substituted phthalocyanine (Si(sol)2Pc) photosensitiser has been loaded 

into such micelles for killing of B16F10 and 14C cell lines.173 Pheophorbide A 

have also been encapsulated within a polymeric micelle to treat colon cancer.174 
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Liposomes 

Liposomes are organic nanoparticles formed from lipids by a self-assembly 

procedure, separating its aqueous core from the external aqueous surroundings 

by a lipid bilayer. As a result of this arrangement, liposomes adopt spherical 

shapes to reduce its overall entropy. As such, both hydrophilic and hydrophobic 

drugs may be loaded separately but simultaneously inside the lipid bilayer and 

the aqueous core within the liposome. These liposomal carriers have been used 

to deliver Chlorin-e6 effectively with a “turn-on” switch using liposomes.175 Liu 

et al has also used liposomes to encapsulate methylene blue (MB) using DPPC.176 

Tetra(4-carboxyphenoxy)-phthalocyaninatozinc(II) (TPZnPc) was self-assembled 

within the core of a liposome to enhance PDT.177 Kim et al utilised liposomes for 

ZnPc delivery.178 Liposomes have been reported to encapsulate 5-aminolevulinic 

(ALA) or temoporfin (m-THRC) in the topical treatment of skin cancers.179,180 

Unfortunately, limitations exist such as biocompatibility, low stability, low drug 

loading, and lack of effective drug-photosensitizer combination.181 

Dendrimers 

Dendrimers are polymers and are composed of repeating units called 

monomers. All bonds branch out radially from a centre atom to which monomers 

are attached in a regular manner, layer by layer, and each layer is called a 

‘generation’. The architecture and properties of dendrimers depend on the 

generation. Low generation-dendrimers are smaller molecules characterized by 

an open and asymmetric shape, whereas higher generation-dendrimers become 

globular and densely packed at the periphery. This specific structure makes 

dendrimers good drug delivery systems. Drugs can be attached to dendrimers on 

the core or the surface, or at any depth of the molecule in a covalent manner.182 
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Taratula et al did a hydrophobic modification on pthalocyanine (Pc), 

encouraging the physical trapping of the modified Pc within a generation 4 

polypropylenimine (G4 PPI) dendrimer for PDT.183 The same group had also 

bound silicon naphthalocyanine (SiNc) into a nanoparticulate system by 

encapsulating SiNc within the hydrophobic region of a PPI G5 dendrimer. They 

subsequently modified the surface with PEG, rendering the photosensitizer with 

aqueous stability, preserving its PDT properties.184 Jang et al synthesized 

polymeric micelles by utilising the electrostatic interaction of a negatively 

charged dendrimer Pc and poly(ethylene glycol)-poly(L-lysine) block 

copolymers, and proved it effective for PDT.185 

Other organic nanoparticles 

Other forms of organic nanoparticles include nanocapsules and nanogels. 

Gluth et al encapsulated ICG in nanocapsules which has anti-EGFR ligands 

bound them to treat middle ear mucosa cells and cholesteatoma-derived 

keratinocytes. ICG was subsequently activated by 810 nm light for PDT.186 Bae 

et al generated polysaccharide-derived nanogels from pullulan/folate-

pheophorbide-a (PheoA) conjugates to improve the phototoxicity of PDT.187 

2.5.2 Nanoparticles for delivery of targeted therapy agents 

2.5.2.1 Nanoparticles used in delivery of monoclonal antibodies (mAbs) 

In the past twenty years of so, therapeutic antibodies have proven 

promising in treating a whole spectrum of diseases. However, the utilisation of 

antibody-based therapy implies multiple administrations and a high cost of 

antibody production, resulting in costly therapy. Another disadvantage inherent 

to antibody-based therapy is the limited stability of mAbs and the low level of 

tissue penetration. The use of nanocarriers in delivering mAbs is an alternative 
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to minimize some of these limitations, with the possibility of lowering antibody 

dosing while promoting an overall decrease in toxicity and cost along with 

improved efficacy. It also presents a suitable alternative to increase mAb stability 

by shielding the loaded mAbs from lysosomal compartments, preventing 

degradation and hence better bioavailability.188–190 Furthermore, if intracellular 

components (e.g. intracellular enzymes, oncogenic proteins, transcription factors) 

are to be targeted, nanoencapsulation may aid in the internalisation of mAbs into 

the cells.191,192 It also reduces unwanted systemic antibody exposure, thus 

avoiding toxicity on off-target organs. The formulation of nanoparticles can be 

tailored to offer sustained release of the mAbs, allowing for the plasma 

concentration of therapeutic antibodies to be kept within a therapeutic range189, 

and offering added protection from enzymatic degradation.193 Therefore, 

therapies using antibodies incorporated into nanoparticles are less likely to be 

inefficient or toxic.193  

Srinivasan and co-workers synthesized self-associated mAb nanoparticles, 

and showed the preferential internalisation by non-small lung cancer cells 

relative to healthy cells as cancer cells do not have, or have dysfunctional tight 

junctions, hence increased the permeability of the cancer cell membrane.100 Son 

et al have optimised the formulation and stability of a mAb (3D8 scFv) into 

biodegradable PLGA nanoparticles.194 Gao et al used the erythrocyte membrane 

to coat anti-hTERT (human telomerase reverse transcriptase) mAb nanoparticles 

proving that nanoencapsulation can enhance cancer cell uptake as hTERT is only 

present in the cytoplasm of cells and not on the cell surface.195  

Most literature using nanoparticles to deliver mAbs use them as targeting 

ligands to deliver the other therapeutic payloads into the cells. Cui et al tagged a 
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polyethyleimine (PEI) and PLA nanoparticulate system with herceptin (a HER-

2 antibody) to deliver DOX to breast cancer cells with overexpressed HER2 

receptor. They proved that herceptin helped improve efficacy of DOX through 

its targeting ability.196 Dinauer et al conjugated a biotinylated anti-CD3 antibody 

specific to lymphocytic cells to the exterior of gelatine nanoparticles and proved 

that receptor-mediated endocytosis enhanced cellular uptake of the antibody.197 

2.5.2.2 Nanoparticles for delivery of small molecule inhibitors 

The bulk of the attempts at utilising nanotechnology for cancer therapeutics 

have been concentrated almost entirely on delivering cytotoxic drugs for the 

improvement of therapeutic efficacies. Little attention has been paid to kinase 

inhibitors, which may also have significant drawbacks in terms of their 

therapeutic efficacy when delivered in its free state, such as the poor 

bioavailability of orally administered inhibitors.10,128 

Very recently, many researches have started trying to deliver these small 

molecule inhibitors using nanoparticles. Marslin et al used PLGA nanoparticles 

to load erlotinib and showed that there was significantly reduced sub-acute 

toxicity in rats than when ‘free’ erlotinib was administered in its pure form.198 

Spring et al formulated a photoactivatable liposome that was composed of a 

liposome doped with a benzoporphyrin derivative within the lipid bilayer. Then, 

they encapsulated a multikinase inhibitor cabozatinib (XL184)-containing 

nanoparticle within the aqueous core.199 Chenna et al designed a polymeric 

nanosystem using PLGA and PEG to encapsulate HPI-1, a Hedgehog pathway 

inhibitor, and have successfully inhibited the growth of a Smo-mutant 

medulloblastoma allograft. Kuruppu et al used apoferritin to deliver the EGFR 

inhibitor Gefitinib to inhibit cancer cell growth.200 Similarly, Trummer et al 
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developed a nanoliposome formulation containing a high amount of gefitinib.201 

Sakkar et al used gold nanoparticles within micellar amphiphilic block 

copolymer networks to load the dual tyrosine kinase inhibitor ZD6474 and have 

achieved successful tissue- and site-specific delivery.202 Mizrachi et al enhanced 

the effectiveness of PI3Ka inhibitors for head and neck SCCs by encapsulating 

BYL719, the inhibitor, into P-selectin-targeted nanoparticles. Although they 

used a sevenfold lower dose of BYL719 compared with oral administration, a 

superior efficacy was demonstrated.203 Ashton et al developed an Accurin 

polymeric nanoparticle by an ion pairing mechanism that encapsulated AZD2811 

(Aurora B kinase inhibitor). Accurins increase the accumulation at tumour sites 

and demonstrated a sustained release of the drug. The formulated nanosystem 

enhanced the therapeutic effect in various tumour models even at half the dose 

of the water-soluble prodrug of AZD2811.128 

Cancer cells may very quickly develop resistance against kinase inhibitors 

most often by activating alternative pathways or further mutations at the target 

site.107 For example, it has been shown that using kinase inhibitors that inhibit 

the EGFR pathway may result in inhibitor resistance, subsequently activating the 

insulin-like growth factor 1 (IGF-1R) pathway instead. In summary, numerous 

kinase inhibitors when used singly, have demonstrated less favourable 

physicochemical properties, decreasing their therapeutic potential.204 As a result, 

kinase inhibitors are often combined with other drugs, and have shown great 

synergetic potential. There are certain combinations that improve therapeutic 

efficacy by influencing cancer tissue to be susceptible to chemotherapy. For 

instance, Basu et al formulated nanovehicles loaded with PD98059 (MAPK 

inhibitor) to predispose the MAPK-sensitive cancer cells to chemotherapy. They 
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then combined this nanosystem with cisplatin and proved that there was a 

significant tumour growth disparity compared to cisplatin or PD98059 treatment 

alone. This obvious synergistic behaviour was proven in vivo as well.128 

Au et al designed a diblock copolymer nanoparticle which releases the cell 

signalling inhibitor wortmannin (Wtmn) and the drug docetaxel (Dtxl) in 

sequential order. The nanoparticles were used for chemoradiotherapy and it was 

observed that Wtmn improved the response rate of Dtxl and enhanced 

radiotherapy’s effect in prostate and lung cancer cells in vitro.205 Morton et al 

encapsulated erlotinib and doxorubicin in a folate-coated liposome and have 

optimised the best sequence of release of the drugs as well.206  

2.6 The skin 

 

Figure 8. Anatomy of human skin. Reproduced from Wikipedia. Ref 207. 
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The skin is the biggest organ of the whole body, accounting for 16% by 

mass and is made up of two main layers, illustrated in Figure 8.207 The dermis 

which is located at the bottom, contains an assortment of cells, blood vessels, 

nerves, and lymphatic cells contained within a compact matrix of connective 

tissue. This layer acts as the anchor for various cutaneous structures, e.g. nerves, 

hair follicles, sebaceous and sweat glands. It houses fibroblasts and immune cells 

that contribute to the physiological responses in the skin too.208,209   

The basement membrane is the layer that separates the dermis from the 

layer above it: epidermis. The epidermis is made up of layers of stratified 

keratinocytes, securely joined to one another by desmosomes and tight junctions. 

The epidermis layer is in direct contact with the external environment, so it acts 

as the physiochemical barrier against environmental factors such as UV and 

pathogens.208,210 The keratinocytes are developed after stem cells located in the 

stratum basale go through cell division, and as they move to the skin’s surface, 

they will differentiate in a controlled manner to finally become corneocytes, or 

stratum corneum (SC) cells. Corneocytes are tightly-linked undamaged but dead 

cells which make up the main barrier of the epidermis. These corneocytes are 

covered in proteins with the outermost protection being lipid-based, and finally 

covered by an extracellular lipid network.209,211 The SC is usually the one that 

limits the rate of permeation of drugs that want to pass through the skin.212 

2.6.1 The skin as a drug delivery pathway 

To attain great PDT effectiveness, it is crucial to deliver highly potent 

photosensitizers to the disease site. Traditionally, systemic administration of 

photosensitizers through intravenous injections has been used in clinical practice. 

However, such a drug administration approach would result in whole-body 
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distribution of the sensitizers, and require much higher amount of 

photosensitizers to be administered136, as well as modifying the photosensitizers 

to circulate longer in the bloodstream.  

An alternative pathway of drug administration is through the skin. This 

allows a sustained drug delivery into the bloodstream, reducing adverse reactions 

of parenteral and oral administration methods. Optimizing drug penetration into 

the body can be controlled by the loading of different concentrations of topical 

products or the surface area of the administration patch. This is a great approach 

as the delivery kinetics can be controlled with more flexibility.213,214 

 

Figure 9. A rough illustration of the 3 pathways of penetration: intracellular, intercellular and 

follicular. Top right inset: close-up of SC showing the intracellular & intercellular pathway. 

Reproduced with permission from Elsevier. Ref. 214.  

There are three major ways for a substance to enter the skin and reach the 

viable epidermis as illustrated in Figure 9.214 These four methods are: (i) through 
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hair follicles; (ii) intracellular mechanisms; and (iii) intercellular 

mechanismsFigure 9. A rough illustration of the 3 pathways of penetration: intracellular, 

intercellular and follicular. Top right inset: close-up of SC showing the intracellular & 

intercellular pathway. Reproduced with permission from Elsevier. The easiest way for 

substances to get into the skin would be via the follicular route. Unfortunately, 

the hair follicles only occupy 0.1% of all superficial area of the skin and this 

follicular method works only in the short term.212 

2.6.2 Topical delivery for PDT 

Transdermal drug delivery (TDD) is an appealing means to administer 

drugs, given its non- or minimally-invasive nature, high patient compliance, and 

direct route of entry bypassing the gastrointestinal or liver metabolism.215,216 The 

terms “transdermal” and “topical” delivery are frequently used interchangeably, 

however, a major difference exists between the two terms. Topical medications 

are designed to take effect at the application site and does not cause considerably 

high drug concentrations in the bloodstream or other tissues and thus have lesser 

side effects. Transdermal medications penetrate through the skin or mucosal 

membranes into the body. They are meant to take effect in other parts of the body 

located elsewhere from the application site. As the skin is superficial, the topical 

route of administration is especially attractive for skin diseases (i.e. skin cancer). 

Therefore, it is unsurprising to see the combination of topical delivery of  

photosensitizers and PDT for treating superficial BCCs and AKs.6  

Topical PDT has various advantages in addition to those mentioned in 

section 2.3.2 Advantages of PDT, such as their non-invasive, selective treatment 

approach and requiring no surgical intervention. It is also done outpatient while 

allowing the possibility of frequent repeatable treatment procedures. It is known 
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to have good cosmesis, making it superior to certain standard therapies. 

Disadvantages, however, include factors like patients having to be present at 

hospital as it has to be administered by trained personnel with specific facilities. 

The DLI may be unfavourable to patients as well. There may be pain associated 

with the treatment, which will depend on the area of treatment required and the 

treatment region.217 

The nanoparticles used in the topical delivery of photosensitizers can 

broadly be classified in terms of lipid-based (liposomes, niosomes, ethosomes, 

transethosomes, SLNs, NLCs), emulsions as well as others.   

Examples of liposome-based carriers include the studies conducted by  Oh 

et al180 and Pierre et al.179 They fabricated 5-ALA loaded liposomes and 

investigated their topical penetration into mouse skin. Dragicevic-Curic et al 

encapsulated the highly hydrophobic photosensitizer temoporfin into anionic, 

neutral and cationic flexible liposomes and tested their skin penetration study on 

human skin explants using Franz diffusion cells.218 Fadel et al entrapped ICG 

within transfersomes, and proved them to permeate skin well to treat BCC.219 

Niosomal formulations include the study conducted by Bragagni et al who also 

loaded 5-ALA and tested on pig skin.220 Garg et al encapsulated methoxsalen (8-

MOP, a psolaren based derivative that induces melanin production on exposure 

of the skin tissues to ultraviolet light, inside ethosomes and claimed it possible to 

treat vitiligo.221 Zhang et al had also used ethosomes containing 5-ALA in the 

treatment of hypertrophic scars.222 Praca et al developed nanodispersions of 

monoolein-based liquid crystalline phases with ZnPcSO4 dispersed and tested its 

ability to enhance ZnPcSO4 uptake by the skin.223  This same group also 

developed a microemulsion containing canola oil:surfactant:polypropylene-
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glycol/water to deliver the same ZnPcSO4 photosensitizer.224 Shi et al developed 

a double emulsion solvent evaporation method to formulate PLGA nanoparticles 

with ALA loaded inside and claimed a promising topical delivery method to treat 

SCC.225 Zhang et al also developed nanoemulsions incorporating 5-ALA and 

MAL  in both soybean oil/squalene/water formulations. They demonstrated the 

increase in flux through porcine skin.226 Qidwai et al synthesized a 

nanostructured lipid carrier (NLC) to deliver 5-ALA topically to treat BCC.227 

Other forms of delivery vehicles for topical PDT include those developed 

by Beack et al who used carbon dots conjugated to chlorin-e6 and hyaluronic 

acid in order to permeate skin and treat melanoma.228 

2.6.3 Method of skin penetration 

There have been some various nanoparticle formulations to deliver 

photosensitizers but these formulations lack the topical penetration ability 

because hydrophilic ones and macromolecules (>500 Da) cannot diffuse past the 

compact lipid-rich network of the SC.229 Penetration enhancers were explored to 

improve this barrier and the methods can be divided into chemical or physical. 

2.6.3.1 Chemical penetration methods 

Potential chemical permeability enhancers include glycols and alcohols. 

Short chain alcohols enhance the penetration of polar molecules. They extract or 

increase the fluidity of the lipids in the stratum corneum230 as well as by 

interacting with the proteins in the stratum corneum.231  

Urea and cyclic urea derivatives, amides, azone and its deratives, amino 

acids and their esters and pyrrolidones can be used to enhance permeability 

through skin. For example, azone’s main mode of mechanism is to fluidize the 

intercellular lipids of the stratum corneum.232 
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Many fatty acids and their derivative esters have been investigated for skin 

permeation enhancement. Saturated fatty acids were proven to be inferior than 

the unsaturated ones in the permeation enhancement through skin.233 Some 

mechanisms for which fatty acids work include the barrier disruption, the 

increases in partitioning and solubility of the drug inside the carrier, better solvent 

penetration, and barrier disruption.234 

Terpenes, the fundamental makeup of volatile oils, are used to enhance 

transdermal permeation of both hydrophobic and hydrophilic drugs. The 

mechanism of action is by disrupting intercellular lipid layers.235,236 They are 

often used in cosmetic and pharmaceutical products. 

Metabolic or biochemical enhancers disrupt metabolic events, resulting in 

better permeability through skin. This can happen either by inhibiting the 

synthesis of SC lipids or boosting the metabolism of the lipids already present, 

and this controls the skin barrier function.237 

2.6.3.2 Physical penetration methods 

Recent improvements in engineering have made possible the physical 

enhancement of a diverse range of drugs using novel techniques. These 

technologies include iontophoresis238, sonophoresis239, microneedle 

technology240, and electroporation.241 

Uniform standardized microneedles can be manufactured using new 

technologies. These microneedles are strong enough to create pores that can be 

tailored to penetrate to various controllable depths of the skin. These created 

pores expedite the quick absorption of drugs into the skin, including large 

molecular weighted drugs. The first generation of the microneedle patches 

consisted of solid needles manufactured directly using silicon by plasma or wet-
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etching methods. The drugs are coated on the outside of the microneedles. The 

use of microneedles was observed to improve the penetration of calcein (623 Da) 

through the skin by 1000 times after the microneedle patch was lodged in the skin 

for a second, and the permeation increased 25000 times after one hour of 

microneedle application. Insulin (5800 Da) and bovine serum albumin (64000 

Da) were shown to permeate to a much greater extent (10000 times). The next 

generation of microneedle patches had hollow metal or silicon needles, which 

allowed them to be filled with drug solution. Most importantly, using 

microneedles to create pores in the skin had virtually eliminated any pain 

compared to administering by hypodermic needles.242  

Sonophoresis technology is at least 40 years old and it is an ultrasound 

method within the frequency range of 0.5 - 3 MHz to boost the drug penetration 

through the skin. The key imperative of this method is that the skin barrier 

function takes a few hours to recover. It has been proven that this method is only 

modestly useful in improving the penetration of drugs through the skin. Another 

way of physically improving drug permeation is through the use of cavitation. 

Cavitation ultrasonically induces the generation of gas cavities within a sonicated 

medium. At high frequencies, gas cavities created are small and nucleate within 

the SC layer, disrupting the ordered structure and increasing permeation.243  

Iontophoresis requires the application of an electrical current to “push” 

drugs across the skin. This technique allows the control of the delivery of drugs 

and is useful in increasing the speed of the transport of differently charged 

molecule across the skin barrier. The ions penetrate through the skin using paths 

with the lowest impedance.244  



69 
 

Electroporation requires the employment of micro- or millisecond 

electrical pulses (100-1000 V/cm) to create deep-reaching pores in the SC. Once 

these defects are present, drugs can quickly be transported across the skin.245  
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Chapter 3. Experimental materials and methodologies 

3.1 Materials  

The chemicals, solvents and cell culture reagents and equipment used in 

this study are tabulated in Table 1,  

Table 2, Table 3 and Table 4 respectively. 

Table 1. Table of chemicals used. 

Chemical name Abbrev. Company 

Tetramethoxysilane (98%) TMOS J & K Scientific 

2-methoxy(polyethyleneoxy)-

propyl)trimethoxysilane tech-90 
PEG-Si Gelest Inc. 

3-(Triethoxysilyl)propylisocyanate (95%) TESPIC Sigma Aldrich 

Ammonium molybdate Mo7(NH4)6O24 Sigma Aldrich 

4-nitrophthalic anhydride - Sigma Aldrich 

Urea - Sigma Aldrich 

Hexadecyltrimethylammonium bromide CTAB Sigma Aldrich 

Triethanolamine TEOA Sigma Aldrich 

Acetic acid - Sigma Aldrich 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) 
MTT 

Tokyo Chemical 

Industries 

1,3-diphenylisobenzofuran DPBF Sigma Aldrich 

9,10-anthracenediyl-bis(methylene) 

dimalonic acid 
ABDA Sigma Aldrich 

Tetranitro-zinc-phthalocyanine Pc-4NO2 - 

Tetraamino-zinc-pthalocyanine Pc-4NH2 - 

Silylated-pthalocyanine Pc-Si - 

Dabrafenib Mesylate (GSK-2118436B) Dabrafenib ActiveBioChem 

Trametinib (GSK-1120212, JTP-74057) Trametinib ActiveBioChem 
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Table 2. Table of solvents used. 

Solvent name Abbrev. Company 

Nitrobenzene - Sigma Aldrich 

Toluene - Sigma Aldrich 

Ethyl acetate EA Sigma Aldrich 

Ethanol EtOH Sigma Aldrich 

Methanol MeOH Sigma Aldrich 

Diethyl Ether - Sigma Aldrich 

Hexane - Sigma Aldrich 

Dimethyl sulfoxide DMSO Sigma Aldrich 

Dimethylformamide DMF Sigma Aldrich 

 

Table 3. Table of cell culture reagents used. 

Cell culture reagent 
Abbrev

. 
Company 

Phosphate Buffered Saline PBS Biowest 

Dulbecco’s Modified Eagle’s Medium DMEM Biowest 

Fetal Bovine Serum FBS Biowest 

Penicillin Streptomycin PS Biowest 

Trypsin - Life Technologies 

EpiGRO™ Human Epidermal Basal Medium - Merck 

EpiGRO Human Keratinocyte Supplement Kit - Merck 

Roswell Park Memorial Institute-1640 

medium 

RPMI-

1640 
Biowest 

Image-IT® LIVE Green Reactive Oxygen 

Species Detection Kit 
- Thermo Fisher 

Calcein AM - Life Technologies 

Propidium Iodide PI Life Technologies 

Caspase 3 Assay Kit (Colorimetric) - Abcam 
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p-Nitrophenyl phosphate pNPP Alfa Aesar 

Sodium acetate NaAc Sigma Aldrich 

Triton X-100 - Sigma Aldrich 

Sodium hydroxide NaOH Sigma Aldirch 

Formaldehyde - Sigma Aldrich 

Matrigel - Corning 

 

Table 4. List of equipment and brand used. 

Equipment/procedure Brand/model 

TEM JEOL JEM 1400 

UV Shimadzu UV-VIS-NIR 3600 

Fluorescence Shimadzu RF5301PC 

XPS SPECS Phoibos 100; monochromatic Mg X-

ray source 

DLS Malvern Zetasizer Z 

Nitrogen adsorption/desorption Quantachrome Instruments Autosorb-iQ  

Cell viability assay Tecan Infinite M200 

Elemental Analysis  EuroEA CHNS-O Analyzer, EuroVector 

CLSM Carl Zeiss LSM800 

Temperature measurements FLIR infrared camera thermometer 

Pig skin penetration analysis IVIS SpectrumCT Pre-Clinical In Vivo 

Imaging System 

H&E/Optical microscopy Life Technologies EVOS microscope/ 

Olympus 
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3.2 Synthesis of chemical compounds 

3.2.1 Synthesis of tetranitro-zinc-pthalocyanine (Pc-4NO2) 

 

Scheme 1. Synthesis of Pc-4NO2 

Tetranitro-zinc-pthalocyanine (Pc-4NO2) was synthesized according to 

published procedures.246 Ammonium molybdate (6.5 mg, 0.005 mmol) was 

added to 4-nitrophthalic anhydride (1.0 g, 5 mmol), urea (1.5 g, 25 mmol), and 

zinc chloride (191 mg, 1.3 mmol) dissolved in nitrobenzene (7.5 mL). The 

mixture was stirred at 185oC under nitrogen protection. 4 hours later, the mixture 

was allowed to cool and then toluene (40 mL) was added. The precipitate was 

centrifuged down and washed with toluene, water, MeOH/ether (1:9) and 

EA/hexane (2:1), and then subsequently allowed to air-dry to obtain a dark green 

solid (1.0 g, 98%).  

3.2.2 Synthesis of tetraamino-zinc-pthalocyanine (Pc-4NH2) 

 

Scheme 2. Synthesis of Pc-4NH2. 
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Tetraamino-zinc-phthalocyanine (Pc-4NH2) was prepared according to 

published procedures.246 Sodium sulfide nonahydrate (3.7 g, 15.5 mmol) was 

added to a solution of Pc-4NO2 (0.95 g, 1.25 mmol) dissolved in DMF (25 mL). 

The mixture was heated and stirred at 60o C under nitrogen protection. 1.5 hours 

later, the reaction mixture was allowed to cool down to room temperature, and 

iced water (75 mL) was added. The precipitate that followed was centrifuged 

down, washed repeatedly with MeOH/ether (1:9) and EA and subsequently air-

dried to obtain a dark green solid (0.6 g, 75%). 

3.2.3 Synthesis of silylated-pthalocyanine (Pc-Si) 

 

Scheme 3. Synthesis of Pc-Si. 

Pc-Si was synthesized in a procedure similar to our previous work.  Briefly, 

Pc-4NH2 (9.0 mg) was weighed and transferred to a three-necked flask. 

Anhydrous DMF (5 mL) was added to dissolve Pc-4NH2. 3-

(Triethoxysilyl)propyl isocyanate (13.8 µL) was dissolved in anhydrous DMF 

(0.1 mL) and injected into the flask. The reaction was refluxed overnight at 120 

oC under nitrogen gas flow. The resulting Pc-Si solution was directly used for 

synthesis of PcNP (Scheme 3Error! Reference source not found.). 
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3.3 Synthesis of nanoparticles 

3.3.1 Optimisation and synthesis of PcNP 

The amount of Pc to be incorporated was first optimized by synthesizing a 

series of PcNPs with TMOS to Pc ratios equivalent to100, 270, 500, and 1000:1. 

The synthesized PcNP was subjected to elemental analysis to find out the actual 

amount of Pc incorporated in the nanoparticle by its nitrogen weight percentage. 

The efficiency of Pc incorporation was calculated according to the formula below. 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑃𝑐

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑃𝑐
 𝑥 100%.           eq (1) 

 

This is the synthesis procedure for making PcNPs with TMOS:Pc ratio of 

270:1. CTAB (1.0 g) was dissolved in H2O (120 mL). Triethanolamine (420 µL, 

1:1 w/w in water) was added and this solution was stirred vigorously for half an 

hour at 80 oC to form micelles. TMOS (160 µL) and Pc-Si (800 µL) was initially 

mixed evenly and then added dropwise into the CTAB solution under vigorous 

stirring. The reaction was allowed to proceed for 2 hours. Subsequently, the 

temperature was lowered to 50 oC and 400 µL of a 2-methoxy (polyethyleneoxy)-

propyl) trimethoxysilane solution (1 g/mL in ethanol) was added dropwise. The 

reaction was left to proceed overnight for complete reaction. The next day, the 

mixture was dialysed against 10% v/v acetic acid/absolute ethanol solution for 3 

days to remove unreacted silane precursors and CTAB, then 2 days against 

DMSO to remove unreacted Pc-Si (MWCO 12,000).  Lastly, it was dialysed 

against water and freeze-dried. 

3.3.2 Synthesis of PcNP@Drug 

Dabrafenib (2 mg/mL) and Trametinib (2 mg/mL) in DMSO stock 

solutions were added to 1 mg of PcNP which was dispersed in DMSO, to obtain 
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a final ratio of 1 mg/mL drug loading solution. Various concentrations (1, 2, 5 

and 10 mg/mL) were prepared in a similar way. The drug loading was carried out 

for 24 hours with continuous stirring after which the nanoparticles were washed 

with vast amounts of ethanol and water to remove excess drug and DMSO. The 

product, PcNP@Drug was collected by centrifugation at 9000 rpm, 45 minutes. 

 

Scheme 4. Synthesis scheme of PcNP and PcNP@Drug. 

3.4 Determination of drug loading content (DLC) and encapsulation 

efficiency (EE) 

DLC and EE were calculated against a calibration curve with 1:1 v/v 

mixture of Dabrafenib and Trametinib.  

𝐷𝐿𝐶 =  
𝑑𝑟𝑢𝑔0−𝑑𝑟𝑢𝑔𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑐𝑁𝑃@𝐷𝑟𝑢𝑔
𝑥 100%         eq (2) 

𝐸𝐸 =
𝑑𝑟𝑢𝑔0−𝑑𝑟𝑢𝑔𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑑𝑟𝑢𝑔0
𝑥100%              eq (3) 

where 𝑑𝑟𝑢𝑔0  stands for initial mass of drug in loading solution, and 

𝑑𝑟𝑢𝑔𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 stands for the mass of drug in supernatant after the loading. 

3.5 Cumulative Drug release 

PcNP@Drug (2 mg) was dispersed in PBS (2 mL) at pH 7.4 and 5 each. 

The nanovehicle was stirred continuously for 48 hours. At certain time intervals, 
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a portion of the solution was aliquoted out and centrifuged at 14800 rpm to obtain 

the supernatant, of which was put into a 96-well plate. Fresh PBS with the same 

volume was placed back into the release solution. The absorbance of the 

supernatant at different times were analyzed using a microplate reader, and the 

drug release kinetics was calculated against the calibration curve of Dabrafenib 

and Trametinib mixture.  

3.6 Singlet oxygen quantum yield (ɸΔ) determination 

The singlet oxygen quantum yield of PcNP was measured by chemical 

means using DPBF as the singlet oxygen trap with reference to MB. The optical 

density of PcNP and MB solutions at 730 nm was first ensured to be similar. The 

baseline was adjusted to the absorbance spectrum of PcNP. The PcNP solution 

(750 µL) was added to the DPBF solution (50 µL, 2.5 mM), and the combined 

solution was irradiated with 730 nm, 1 W/cm2 laser. The absorbance of DPBF 

was measured regularly over a 10-minute period. The same procedure was 

repeated for MB with DPBF. The absorbance values at 428 nm were recorded 

against time, and the curves were fitted using first order exponential fitting to 

obtain the time to decay (t) data. The singlet oxygen quantum yield of PcNP was 

calculated according to the formula  

ɸ𝛥(𝑃𝑐𝑁𝑃)  =  ɸ𝛥(𝑀𝐵) 𝑥 
𝑡𝑀𝐵

𝑡𝑃𝑐𝑁𝑃
,                     eq (4) 

where ɸ𝛥(𝑃𝑐𝑁𝑃)  stands for singlet oxygen quantum yield of PcNP, ɸΔ(MB) is 

singlet oxygen quantum yield of MB and set at 0.52 was obtained online, 𝑡𝑀𝐵 is 

the time to decay for MB and 𝑡𝑃𝑐𝑁𝑃  is the time to decay for PcNP. 
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3.7 Photostability measurements  

The PcNP solution and Pc-Si solution were prepared such that their optical 

density at 730 nm was similar. Both solutions were subjected to 730 nm, 1 W/cm2 

laser irradiation for 50 minutes, and corresponding absorbance spectra were 

recorded every few minutes. The optical density at 722 nm was then plotted 

against time.  

3.8 2D Cell Culture  

BRAFV600E human melanoma strains used include A375 and SKMEL-28. 

The BRAF wildtype strain used was mouse-derived melanoma B16F10. Normal 

human dermal fibroblasts (HDF) and human epidermal keratinocytes (HEK) 

were also used as controls. All cell lines were obtained from ATCC. A375, 

B16F10 and HDF cell lines were cultured in DMEM supplemented with 10% 

FBS and 1% PS. SKMEL-28 cells were cultured in RPMI-1640 supplemented 

with 10% FBS and 1% PS. HEK were cultured in EpiGROTM
 Basal Medium that 

was supplemented with EpiGROTM Human Keratinocyte Supplement Kit. 

3.8.1 Cell viability assay 

Cells were seeded in a 96-well plate and incubated overnight. Solutions of 

different ratios and concentrations of Dabrafenib to Trametinib were prepared up 

to 10 μL. Similarly, 10 μL of each drug solution was added to 90 μL of fresh 

media. After incubation for 24 hours, the cell viability was tested via MTT assay. 

3.8.1.2 In vitro synergism calculation  

The quantitative analysis of the synergism between various treatment 

methods was conducted using the combination index (CI) theorem by Chou-

Talalay.247 The effect of drug combinations could either be additive (CI = 1), 
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synergistic (CI < 1), or antagonistic (CI > 1). CI was calculated using CompuSyn 

software.248 

3.8.1.3 Caspase 3 activity  

Caspase 3 was detected using a Caspase 3 Assay Kit (Colorimetric) from 

Abcam and was conducted according to manufacturer’s instructions.  

3.8.2 Confocal laser scanning microscopy (CLSM) 

3.8.2.1 In vitro oxidative stress detection  

The in vitro oxidative stress was analyzed using the Image-IT® LIVE 

Green Reactive Oxygen Species Detection Kit from Thermo Fisher according to 

manufacturer’s instructions. SKMEL-28 cells were seeded in a 12-well plate. 

PcNP was added at a final concentration of 25 µg/mL. After incubation for 12 

hours, the cells were labelled with carboxy-H2DCFDA for 10 minutes and 

washed with PBS. The cells corresponding to the PcNP+hv treatment were 

irradiated with 730 nm, 0.75 W/cm2 laser for 20 minutes. A positive control using 

ROS production inducer tert-Butyl hydroperoxide (TBHP) was added to a final 

concentration of 1 μM and incubated for 15 minutes. After the treatment, the cell 

nuclei were labeled with Hoechst 33342 (1 μM). Coverslips were then washed 

with PBS, fixed and mounted onto microscopy glass slides for imaging by CLSM. 

Carboxy-H2DCFDA ex/em: 488/529 nm, Hoechst 33342 ex/em: 350/461 nm. 

3.8.2.2 Live/dead confocal assay 

Calcein AM and PI were bought from Life Technologies. SKMEL-28 cells 

were seeded in µ-Slide 4-Well Glass Bottom and left to adhere overnight. Prior 

to the addition of nanovehicle, the cells were starved by using serum-free media. 

PcNP and PcNP@Drug were added to a final concentration of 10 μg/mL. After 
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the incubation for 4 hours, the cells corresponding to the PcNP@Drug+hv 

treatment and PcNP+hv treatment were irradiated with 730 nm, 0.5 W/cm2 laser 

for 20 minutes each. Subsequently, the cells were left to incubate for additional 

16 hours. To stain the cells, the culture media were removed, and a mixture of 

Calcein AM and PI was added into each well to stain the cells. Cells were 

incubated at 37 oC for 15 minutes. Tthe cells were rinsed with PBS twice and 

prepared for confocal imaging. Calcein ex/em: 485/535 nm, PI ex/em: 530/620 nm. 

3.9 3D Cell Culture 

3.9.1 Generation of tumour spheroids 

3D tumour spheroids were generated by using hanging drop method. 8000 

A375 cells were dispersed in complete media (35 µL with 1% Matrigel) and 

carefully pipetted on the lid of a cell culture dish in a spaced-out manner. The lid 

was carefully inverted over the dish that was filled with PBS (15 mL) to prevent 

the droplet evaporation. Spheroids were allowed to aggregate and grow for 2 

weeks to achieve a diameter of 400 µm. After which, the treatment was started. 

Every 2 days, droplet media (5 µL) were removed and replaced with fresh media. 

PcNP@Drug or PcNP was added accordingly and incubated for 24 hours before 

irradiating with 730 nm laser every 2 days. Spheroid volume was calculated using 

the formula:  

𝑉 =
4

3
𝜋𝑟3                eq (5) 

where r is radius of spheroid.  

3.9.2 Acid phosphatase cell viability assay 

Acid phosphatase buffer (ApH buffer) was first prepared by adding 0.1 M 

NaAc with 0.1% v/v Triton X-100. Droplets of spheroids were carefully washed 
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with ApH buffer before transferring 50 µL of spheroids to a 96-well plate. The 

ApH buffer was added to make up to 100 µL. p-Nitrophenyl phosphate (pNPP, 

10 µL, 2 mg/mL) was added to each well, followed by the incubation at 37 oC 

for 3 hours. After which, NaOH solution (10 µL, 1 M) was added to quench the 

reaction. The absorbance was read at 405 nm with the reference at 630 nm.  

3.10 Ex vivo porcine skin penetration studies  

Fresh full-thickness porcine skin was obtained from a local wholesaler and 

cut into 1 cm by 1 cm pieces. The subcutaneous fats were gently stripped from 

the porcine skin. Any remaining skin was kept frozen at -20 oC and used as soon 

as possible. A pyramidal stainless-steel MN consisting of 100 needles in a 10x10 

array with a height of ~500 μm, tip radius of 5 µm, pitch of ~700 μm and a base 

width of ~300 μm was obtained from Micropoint Technologies Pte Ltd 

(Singapore). To prove the efficacy of using MN patch on the penetration of skin, 

skins were split into 4 groups. PcNP solutions at 20 mg/mL concentrations was 

compared against free Pc (equivalent to the concentration of Pc in PcNP at 20 

mg/mL). The penetration of PcNP was tested after two durations: 10 minutes and 

1 hour. The penetration was conducted with and without the help of the MN patch. 

Briefly, if required, the skin was pierced with the MN patch under a force of 

about 4 N for 10 seconds before its removal. PcNP or free Pc solution (40 µL) 

was added to the skin. After 10 minutes or 1 hour, the PcNP or free Pc solution 

was gently removed using a micropipette, and the skin was rinsed 3 times with 

PBS (50 µL) to remove any excess. PBS, PcNP solution (20 mg/mL), and free 

Pc solution as controls added onto the skins were not removed away. The 

fluorescence intensity of the adsorbed Pc was measured using the IVIS machine, 

where ex/em is 640/700-760 nm. The autofluorescence of the porcine skin was 
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removed using a function in the instrument’s software (Living Image). To 

calculate the percentage of PcNP that penetrated into the skin, the intensity 

reading for each skin was normalized against that of PBS and PcNP positive 

control. In the case of free Pc penetration, this percentage was calculated by 

normalizing the readings against that of PBS and free Pc positive control.  

Fresh full-thickness porcine skin that was penetrated with 20 mg/mL PcNP 

for 10 minutes and 1 hour with or without MN were fixed in 4% 

paraformaldehyde, embedded in paraffin block, sectioned longitudinally, and 

mounted on glass slides that reduce autofluorescence. The sections were imaged 

on CLSM, ex: 488 + 561 nm, em: 565 – 700 nm. Quantification was based on 

the corrected total cell fluorescence (CTCF) formula: 

𝐶𝑇𝐶𝐹 = 𝐼𝑛𝑡 𝑑𝑒𝑛 − (𝐴 𝑥 𝐹𝑙𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)      eq (6) 

where Int den is integrated density, A is area of interest and Flbackground is the mean 

fluorescence of background, which were calculated using the software ImageJ. 

3.11 In vivo pilot studies 

3.11.1 A375 Xenograft 

Female homozygous CrTac:NCr-Foxn1nu NCr nude mice (4 weeks old) 

were used. A375 cells were cultured in T175 flasks and harvested once 

confluence was reached. Cells were mixed in Matrigel at a 1:1 v/v ratio. 4 x 106 

cells (200 µL) were injected subcutaneously into the flank of each mouse. 

The care and use of laboratory mice were done according to the Institutional 

Animal Care and Use Committee (IACUC) at Nanyang Technological University, 

Singapore.  
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3.11.2 In vivo efficacy of PcNP@Drug  

When tumours were established in the mice, the treatment was started. The 

nanovehicle (PcNP or PcNP@Drug) treatment was conducted on days 1, 3, 7 and 

10. The laser treatment was conducted the day after the nanovehicle treatment, 

i.e., days 2, 4, 8 and 11. The nanovehicle treatment was comprised of 

anaesthetizing the mouse, followed by 30 seconds of the MN application, and 

addition of PcNP solution (40 µL of 50 mg/mL in 3% sodium 

carboxymethylcellulose). The procedure of laser treatment includes the 

anesthesia and irradiation by 730 nm, 2W laser at a height of 15 cm. For the drug 

group, the laser treatment was not carried out. The tumour volume was measured 

regularly and calculated using the formula: volume = 0.5 x L x W2, where L is 

the longest length of the tumour, and W is the width of the tumour. The relative 

tumour volume was calculated by the formula: relative tumour volume = (volume 

of tumour on day n/volume of tumour on day 1) x 100%.  

The tumour growth inhibition ratios were calculated according to the formula  

%𝑇𝐺𝐼 =  
𝑉𝑐−𝑉𝑡

𝑉𝑐−𝑉0

𝑥100              eq (7) 

where Vc stands for median volume of tumour in the control group at day 16 of 

the experiment, Vt stands for median volume of tumour in experimental group at 

day 16 of the experiment, and V0 stands for median volume of tumour in control 

group at the start of the experiment.  

3.11.3 Histology analysis of tumours  

On day 18 post-administration, the mice were euthanized by CO2 inhalation. 

After which, the tumours were carefully extracted out, and fixed with 4% 
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formaldehyde. The tumours were embedded in paraffin block, sectioned, stained 

with H&E, and mounted on glass slides. 

3.11.4 Statistical Analysis  

Data are all expressed according to mean ± S.E.M (standard error of mean). 

Statistical difference between two sets of data was determined by one-way 

ANOVA and p < 0.05 was considered to be statistically significant.  
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Chapter 4. Nanoparticle Characterisation 

Phthalocyanine (Pc) functionalized with four silicate units (Pc-Si) was first 

synthesized using a similar method reported in literature.249,150 Pc can be excited 

by far-red light that is able to penetrate into the dermis of the skin, where 

melanoma infiltrates. Pc-bonded mesoporous organosilica (PcNP) was then 

synthesized using Pc-Si via silane co-condensation and hydrolysis. 

Hexadecyltrimethylammonium bromide (CTAB) was used as the structure-

directing agent to form micelles in the presence of triethanolamine (TEOA), a 

basic catalyst.250 Tetramethyl orthosilicate (TMOS) was chosen as inorganic 

silica source over commonly used tetraethyl orthosilicate (TEOS) because of its 

higher water solubility. This method results in a hastened but controlled 

completion of the hydrolysis process, allowing the formations of uniform small 

particles suitable for topical delivery.251 The two precursors, TMOS and Pc-Si, 

were added dropwise under vigorous stirring. Subsequently, 2-methoxy 

(polyethyleneoxy)-propyl) trimethoxysilane (PEG-Si) was added to quench any 

further particle growth and provide hydrophilicity to the resultant PcNP. The 

PcNP was then purified via dialysis. Small inhibitor drugs, Dabrafenib and 

Trametinib, in a carefully optimized ratio, were loaded into the PcNP pores to 

obtain drug-loaded PcNP@Drug. When mice were treated with PcNP@Drug 

which were delivered after application of an MN patch, PcNP@Drug could 

produce reactive oxygen species (ROS) in vivo under NIR light irradiation. In 

addition, the release of the loaded drugs could inhibit mutant BRAF and 

subsequent MEK pathways of cancer cells.  
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4.1 Optimisation of silica precursor ratio (TMOS:Pc) 

 

Figure 10. Optimisation of ratio of TMOS to Pc. Actual amount of Pc loaded in nanoparticle 

(right axis) as corresponding to the theoretical amount determined by EA. 

Table 5. Tabulation of the theoretical Pc and actual loaded Pc and their corresponding efficiency. 

Sample TMOS:Pc 
Theoretical Pc 

(µmol/mg) 

Actual Pc 

(µmol/g) 
Efficiency (%) 

A 100 9.90 68.5 0.69 

B 270 3.69 53.2 1.44 

C 500 2.00 25.7 1.29 

D 1000 1.00 24.2 2.42 

 

Determination of actual amount of photosensitizer incorporated in PcNP 

When photosensitizers aggregate, strong π–π stacking may cause their 

ROS-generating ability to be hindered due to quenching of their excited state.252 

It is thus important for photosensitizers to remain in their molecular state as much 

as possible. Therefore, in order to find out the optimum concentration of Pc to be 

included in each nanoparticle that would give the best photodynamic therapy 
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effects, different TMOS to Pc molar ratios (100, 270, 500, and 1000:1) were used 

and denoted as A, B, C and D, respectively.  

It was observed that when the TMOS:Pc ratio decreased further, 

nanoparticles failed to form because of the large amount of hydrophobic and 

large molecular weighted Pc-Si used. When the TMOS:Pc ratio increased, 

nanoparticles were observed to have formed in a uniform manner by TEM. 

After the nanoparticles were synthesized, purified and dried, the Pc content 

was analyzed by elemental analysis and calculated according to the nitrogen 

weight percentage. The actual Pc content versus the theoretical maximum Pc 

content was plotted in Figure 10. The efficiency of incorporating Pc into PcNP 

was calculated according to eq (1) and tabulated in Table 5. 

 

Determination of optimum amount of photosensitizer to incorporate inside PcNP 

 

Figure 11. Optimisation of TMOS:Pc ratio. The singlet oxygen production efficiency tested using 

ABDA chemical ROS. 
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To determine the optimum concentration of Pc in PcNP, we employed a 

chemical ROS trapping method using ABDA as the trap agent. The absorbance 

of ABDA decreases as it reacts with ROS irreversibly to form an 

endoperoxide.253 It was observed that nanoparticles C and D quenched the 

absorbance of ABDA only slightly with respect to the control, while nanoparticle 

B gave the most obvious quenching effect. Nanoparticle A, having the most Pc 

incorporated, was expected to produce the most ROS and hence most quenching 

of ABDA. However, nanoparticle A showed only intermediate quenching effect 

most probably due to the abovementioned aggregation-induced quenching. The 

relative drop in absorbance was plotted in Figure 11. It was proven that the 

TMOS:Pc ratio used in the synthesis of nanoparticle B (270:1) was the optimum 

and was used for the subsequent synthesis of the nanoparticle (PcNP). 

4.2 TEM images, DLS and zeta potential of PcNP and PcNP@Drug 

 

Figure 12. TEM image of a) PcNP, and b) PcNP@Drug. scale bar = 50 nm. Inset: magnified 

image of an individual PcNP, scale bar = 20 nm. 

The synthesized PcNP was monodisperse as observed by TEM in Figure 

12a with a diameter of 33 ± 4 nm (n = 30). After drug loading, PcNP@Drug 

showed the diameter of 34 ± 5 nm (n = 30, Figure 12b). These results mean that 
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there was no visible aggregation after drug loading, implying that there were no 

residue drugs coated on the surface of the nanoparticle and were all in the pores.  

 

Figure 13. a)  DLS measurement of purified PcNP and final PcNP@Drug. zeta potential of b) 

PcNP and c) PcNP@Drug 

The hydrodynamic diameter was measured to be 50 nm and 78 nm for 

PcNP and PcNP@Drug respectively, as determined by DLS and presented in 

Figure 13a. This slight increase in hydrodynamic diameter can be attributed to 

the change of light refraction index of PcNP after drug loading254, and not due to 

nanoparticle aggregation as was observed in the TEM images.  

The zeta potential of PcNP was measured to be -21.3 ± 0.8 mV, and after 

drug loading for PcNP@Drug, it was -28.7 ± 0.4 mV (Figure 13b,c). This zeta 

potential falls within the range of “moderately stable”, which gives it steric 

stabilization in aqueous solutions. It is widely known that highly negative zeta 
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potential of the nanoparticles confers great electrostatic stabilization and 

dispersibility in solution.255 

4.3 Absorbance and fluorescence behaviour of PcNP 

 

Figure 14. a) Absorbance curve of Pc-Si and PcNP. b) Excitation-dependent luminescence of 

PcNP displaying a peak fluorescence at excitation of 638 nm.  

Absorbance spectra of PcNP  

The absorption spectra (Figure 14a) indicate that Pc was successfully 

incorporated into the framework. This is seen from the Q-band at 707 nm present 

in the spectrum of Pc-Si in DMSO. The Q-band for PcNP in water red-shifted to 

718 nm. The shoulder peak of Pc-Si at 636 nm displayed a similar red-shift to 

649 nm in PcNP. This redshift behavior is a typical indication of the interaction 

between Si groups of Pc-Si and TMOS, due to the changes in the medium 

environment and the conformation of Pc when conjugated with silica in a 3D 

structure.256  

Excitation-dependent fluorescence spectra 

The excitation-dependent fluorescence behavior was studied and PcNP was 

shown to have an emission peak at 718 nm when excited at 638 nm (Figure 14b) 

due to Stokes shift. The emitted fluorescence was not strong, seen from the 
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rounded peak, which proves that a large portion of the photon energy received 

was not converted to fluorescence. However, this slight fluorescence was 

sufficient for cell imaging purposes. 

4.4 XPS spectra analysis 

 

Figure 15. a) XPS spectrum of PcNP, indicating O, N, C and Si peaks from PcNP. b) High 

resolution scan of nitrogen binding energy for PcNP. 

The XPS survey spectrum (Figure 15a) indicates the presence of oxygen at 

531.6 eV, originated from TMOS. Relatively high carbon 1s peak at 284.5 eV 

was due to the framework carbon contributed mainly by the carbon in TMOS. 

The silicon 2s and 2p peaks at 153.6 eV and 67.5 eV respectively were 

contributed by silicon in TMOS and Pc-Si. In addition, a peak was observed at 

401.7 eV (Figure 15a), which can be attributed to the nitrogen 1s peak of Pc, 

indicating that Pc was successfully incorporated into the nanoparticles. The low 

intensity of the nitrogen 1s peak is due to the relatively low incorporation of Pc 

in PcNP (1.19% by weight of nitrogen as measured by elemental analysis in 

section 4.1 Optimisation of silica precursor ratio (TMOS:Pc)). The high-

resolution scan in the range of 410 – 390 eV where nitrogen’s binding energy 

falls in, shows more clearly the presence of nitrogen in PcNP (Figure 15b). 
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4.5 Fourier Transform Infrared (FTIR) spectroscopy  

 

Figure 16. FTIR spectrum of a) Si, PcNP-4NH2, PcNP and PcNP@Drug and b) close up of 

PcNP@Drug and PcNP in the range of 1300 –650 cm-1. 

In pure Si (pristine mesoporous silica nanoparticles), peaks at 1085, 800 

and 470 cm-1 were presented and can be assigned to the asymmetric stretch of Si-

O (νSi-O), stretching of Si-O bond (νSi-O) and rocking of Si-O bond (ρSi-O). These 

Si-O peaks were not present in Pc-4NH2 but were present in PcNP and 

PcNP@Drug. Pc-4NH2 presented peaks at 3326 and 3202 cm-1 corresponding to 

the N-H stretch of the 1o amine (νN-H). Peaks at 2924 and 2845 cm-1 were due to 

the aliphatic C-H stretch (νC-H), 1599 cm-1 was due to the N-H bend (δN-H). The 

C-H bend (δC-H) gave peaks at 1493 and 1459 cm-1. The aromatic ring structure 

of Pc also gave rise to the peaks in the region of 1535 - 1180 cm-1. 

These aromatic ring structures were also present in both PcNP (1515 – 1310 

cm-1) and PcNP@Drug (1488 – 1331 cm-1). PcNP and PcNP@Drug also 

displayed the aliphatic C-H stretching (νC-H) at 2924 and 2845 cm-1 for both. 

In addition, there was a slight S=C stretch (ν S=C) detected in PcNP@Drug 

at 1235 cm-1. This can be attributed to the S=C bond present in Dabrafenib. The 

S-N stretch (νS-N) in Dabrafenib can also be detected at 670 cm-1, further 
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confirming the presence of the drugs loaded in PcNP@Drug. These are denoted 

in the magnified range of 1300 – 650 cm-1 in Figure 16. FTIR spectrum of a) Si, PcNP-

4NH2, PcNP and PcNP@Drug and b) close up of PcNP@Drug and PcNP in the range of 1300 –

650 cm-1. 

4.6 Singlet oxygen quantum yield (ɸΔ) calculations 

 

Figure 17. Quenching of DPBF when a) methylene blue and c) PcNP was mixed with a similar 

optical density of DPBF. Irradiation conditions were 730 nm 1 W/cm2 laser. b, d) First order 

exponential fitting of absorbance of DPBF at 423 nm, for methylene blue and PcNP respectively. 

e) Absorbance curves of PcNP and MB between 700 – 1000 nm. 
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Singlet oxygen generation quantum yield (ɸΔ) of a material is described as 

the measurement relating to the efficiency in which photosensitizers are able to 

absorb light and convert oxygen in the ground state to an excited singlet state 

referred to as singlet oxygen. The ɸΔ of PcNP (ɸΔ(PcNP)) was calculated by indirect 

chemical means using 1,3-diphenylisobenzofuran (DPBF). One of the most well-

known is compound 1,3-diphenylisobenzofuran (DPBF). Its sensitized 

oxygenation forms o-dibenzoylbenzene when reacted with singlet oxygen.257 The 

quenching of DPBF and the formation of the product o-dibenzoylbenzene can be 

checked spectroscopically. It is a good detector of PDT as it only reacts with  1O2 

rapidly, without reacting with ground state oxygen or O2-.257 Methylene Blue 

(MB) was used as the standard as it is water soluble, has some absorption around 

the 730 nm range, and its ɸΔ is well documented in various literatures.258,259  

Firstly, the optical density at 730 nm for PcNP and MB was ensured to be 

similar as shown in Figure 17e. The absorbance curves at various time intervals 

were recorded in Figure 17a and c respectively for MB and PcNP respectively. 

Subsequently, the absorbance values at 423 nm were plotted against time and the 

trend was fitted using first order exponential decay to obtain the time to decay 

for MB and PcNP (Figure 17b,d). The time to decay for MB (𝑡𝑀𝐵) was analysed 

to be 540 seconds whereas that for PcNP (𝑡𝑃𝑐𝑁𝑃) was anlaysed to be 668 seconds. 

The calculations for ɸΔ(PcNP) according to eq (4) are presented as follows: 

𝜙Δ(PcNP) = 𝜙𝑀𝐵 (
𝑡𝑀𝐵

𝑡𝑃𝑐𝑁𝑃
) 

𝜙Δ(PcNP) = 0.52 (
540.2325

668.96221
) 

𝜙Δ(PcNP) = 0.42 
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ɸΔ(PcNP) of PcNP was thus calculated to be 0.42, remarkably high for a 

synthesized organic photosensitizer in aqueous solution. 

4.7 Nitrogen adsorption/desorption and pore diameter analysis 

 

Figure 18. a) N2 adsorption/desorption curves measured from p/p0 = 0.05 - 0.2 and b) Pore size 

distributions of PcNP and PcNP@Drug measured by DFT analysis. 

Brunauer–Emmett–Teller (BET) theory is a technique used to analyse 

physisorption of gas molecules on a solid surface. It is one of the main methods 

of analysing specific surface area of materials. It is an extension of the Langmuir 

monolayer theory to explain multilayer adsorption. 

A type IV isotherm was obtained by N2 adsorption/desorption analysis for 

both PcNP and PcNP@Drug, displaying a pore-condensation step located around 

p/p0 = 0.35−0.45 and another one at higher relative pressures of p/p0 = 0.8−1.0, 

indicative of uniform mesoporosity with strong interaction between sample 

surface and nitrogen. (p0 is the saturation pressure of the adsorptive at 

measurement temperature). 

In type IV adsorption isotherms, there is hysteresis detected in both 

adsorption and desorption. The shape of the hysteresis loops differs with the 

shape of mesopores detected. Hysteresis occurs whenever there is capillary 
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condensation of gas molecules in the mesopore, but the difference in the gas 

meniscus exists between adsorption and desorption processes. This causes the 

equilibrium amount of desorption to be larger than the one at adsorption.  

The type H1 hysteresis observed at around p/p0 = 0.8−1.0 is evident of 

textural mesoporous characteristics of PcNP (Figure 18a).260 The Brunauer–

Emmett–Teller (BET) surface areas were estimated to be 1036 and 597 m2/g for 

PcNP and PcNP@Drug, respectively. The high surface areas of the nanoparticles, 

even after drug loading, could be attributed to their small particle size.  

The pore size revealed narrow distributions, peaking at 3.2 nm for both 

PcNP and PcNP@Drug (Figure 18b). The sorption isotherms retained a similar 

shape after drug loading, implying no changes in the pore structure during the 

drug loading. The pore volumes of PcNP and PcNP@Drug were 1.763 and 0.851 

cm3/g respectively, which of PcNP@Drug was lower as a result of the drug 

occupation. The reduction in the intensity of dV/(log r) from 0.14 to 0.06 after the 

drug loading also indicates that drugs were successfully loaded into the 

mesopores of PcNP. 
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4.8 Photostability studies 

 

Figure 19. Absorbance curves of a) PcNP and b) Pc-Si upon laser irradiation, reflecting the 

photostability of PcNP. Inset of a) Absorbance curves of PcNP between 600 – 900 nm. c) 

Percentage absorbance at 722 nm against irradiation time for PcNP and Pc-Si. 

The photostability of photosensitizer is important because PDT is often 

repeated after a certain time interval. The photosensitizer should be able to retain 

its PDT properties throughout the whole treatment duration without having to 

reapply the photosensitizer. One way to test the photostability is through 

absorbance curves. When photosensitizers photobleach, it is often because of 

aggregation, which will lower its absorbance profile. 

Thus, the photostability of PcNP was investigated by irradiating PcNP and 

Pc-Si in water was for 50 minutes by 730 nm laser at 1 W/cm2. The absorbance 

curves of PcNP and Pc-Si were recorded regularly throughout the irradiation 

process. The absorbance of PcNP barely quenched even after 50 minutes of 
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irradiation (Figure 19a). In contrast, the curve for Pc-Si was almost completely 

quenched, with a huge decrease of 85.3% within the first 5 minutes of irradiation 

(Figure 19b). The relative absorbance at 722 nm throughout the course of laser 

irradiation was plotted (Figure 19c), proving that when Pc was incorporated into 

the framework, its stability was preserved. 

4.9 Photothermal behaviour 

 

Figure 20. Photothermal behavior of PcNP at 2, 0.5, 0.1 and 0 mg/mL concentrations upon 730 

nm, 1 W/cm2 laser irradiation.  

When a material is excited by light energy, the electron gets excited to the 

S1 state. After which, the electron can relax back to the ground state via different 

mechanisms. One of which is fluorescence as discussed in section 4.3 

Absorbance and fluorescence behaviour of PcNP. Another way of losing 

the energy is via radiative heat transfer. A good photosensitizer should produce 

more singlet oxygen than heat or fluorescence. As discussed earlier, PcNP did 

not give strong fluorescence, and in this part, the other mode of energy relaxation 

i.e. photothermal energy, was investigated. 
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PcNP in aqueous solutions at a series of different concentrations (2, 0.5, 

0.1 mg/mL) was tested and corresponding temperature changes were recorded at 

various time intervals (Figure 20). After 10 minutes of irradiation, the 

temperature of water was enhanced by 2.9 oC, and that of 0.1, 0.5 and 2 mg/mL 

PcNP solutions was only increased by 3.5, 4.1 and 6.9 oC respectively. However, 

only a weight concentration of about 0.15 mg/mL of final PcNP or PcNP@Drug 

was used for cellular experiments. Upon irradiation, this concentration did not 

give any appreciable temperature rise that would have otherwise been sufficient 

to cause photothermal damage. Therefore, this observation confirms rather poor 

photothermal performance of PcNP. Hence, its photodynamic capability was 

further emphasized. 

4.10 Drug loading capacity, encapsulation efficiency and cumulative 

drug release behaviour 

The ratio of Dabrafenib and Trametinib that was loaded in the pores of 

PcNP was determined by means of the overall cytotoxicity to the targeted mutant 

melanoma cells as will be described in section 5.1.2 Optimisation of Dabrafenib to 

Trametinib ratio 
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Figure 21. Calibration curve of Dabrafenib and Trametinib mixture. 

Determination of DLC and EE 

The DLC and EE of PcNP@Drug were calculated against the calibration 

curve of Dabrafenib and Trametinib which was taken at 334 nm readings (Figure 

21). The DLC and EE values were calculated to be 16.2 ± 1.1% and 41.0 ± 1.6%, 

respectively. The calculations are presented in C0 = concentration of initial drug 

loading solution (mg/mL) 

Table 6. 

The gradient of the calibration curve was calculated to be 11.028 and the 

intercept to be 0.0151 by means of linear fitting. The absorbance readings of 

Dabrafenib and Trametinib in supernatant and the initial drug loading solution 

were measured. DLC and EE were calculated according to eq (2) and (3) 

respectively and the values were tabulated in Table 6 and plotted in Figure 22. 

Drug loading capacity (DLC) and encapsulation efficiency (EE) of a) Dabrafenib, b) 

Trametinib and c) Dabrafenib + Trametinib combination, into PcNP. 

C0 = concentration of initial drug loading solution (mg/mL) 
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Table 6. Tabulation of DLC and EE for different loading concentrations. 

C0 

Dabrafenib Trametinib 

Dabrafenib + 

Trametinib 

DLC EE DLC EE DLC EE 

1.0 

20.6 ± 

1.3% 

48.9 ± 

1.6% 

5.0 ± 

1.9% 

11.3 ± 

0.5% 

16.2 ± 

1.1% 

41.0 ± 

1.6% 

2.0 

22.8 ± 

4.7% 

31.6 ± 

7.1% 

8.6 ± 

3.0% 

16.2 ± 

1.3% 

19.3 ± 

1.9% 

24.7 ± 

1.5% 

5.0 

40.6 ± 

4.0% 

24.9 ± 

4.4% 

22.9 ± 

3.3% 

16.8 ± 

0.6% 

20.8 ± 

4.9% 

10.9 ± 

3.2% 

10.0 

48.1 ± 

2.2% 

19.0 ± 

1.7% 

41.6 ± 

2.8% 

17.3 ± 

1.8% 

36.9 ± 

7.8% 

11.9 ± 

3.5% 

 

 

Figure 22. Drug loading capacity (DLC) and encapsulation efficiency (EE) of a) 

Dabrafenib, b) Trametinib and c) Dabrafenib + Trametinib combination, into PcNP. 

For dabrafenib, at 1 mg/mL, the DLC and EE obtained were 20.6 ± 1.3% 

and 48.9 ± 1.6% respectively. At 10 mg/mL drug loading concentration, the DLC 

and EE were 48.1 ± 2.2% and 19.0 ± 1.7% respectively. The drug loading 

appeared to saturate at higher concentrations as the space in the pores were taken 

up already by drugs. The DLC and EE for Trametinib at 1 mg/mL was 5.0 ± 1.9% 
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and 11.3 ± 0.5% at 1 mg/mL, and 41.6 ± 2.8% and 17.3 ± 1.8% at 10 mg/mL 

(Figure 22a,b). These values for trametinib were lower than that for dabrafenib 

due to its lower solubility in DMSO. When Dabrafenib and Trametinib were 

loaded in combination, at 1 mg/mL, the DLC and EE were 16.2 ± 1.1% and 41.0 

± 1.63% respectively, and at 10 mg/mL, the values were 36.9 ± 7.8% and 11.9 ± 

3.5% (Figure 22c). This drug loading behaviour was a mixture of Dabrafenib and 

Trametinib loading behaviour. 

Determination of molar weight of photosensitizer incorporated in PcNP 

A nitrogen weight percentage of 1.19 wt% was derived from elemental 

analysis results, and the corresponding Pc content in PcNP was calculated to be 

53.2 µmol/mg. The calculations are as follows: 

Number of N atoms in Pc =16 

    Atomic number of N = 14 

Weight percent of N in PcNP = 1.192% 

Initial mass of PcNP = 1 𝑚𝑔 

Mass of N = 1 𝑚𝑔 𝑥 1.192% = 0.01192 𝑚𝑔 

Number of moles of N =
0.01192 

14
= 0.000851429 𝑚𝑜𝑙  

Number of moles Pc in 1 mg PcNP =
0.000851429

16
= 5.32143 𝑥 10−5 𝑚𝑜𝑙 

                                                                  = 53.2 µ𝑚𝑜𝑙/𝑚𝑔 

 

Cumulative drug release behavior 
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Figure 23.  Cumulative drug release kinetics of PcNP@Drug at pH 7.4 and 5, *p < 0.05. 

As PcNP@Drug is meant to be topically applied, it is essential to know 

whether there will be any burst release of Dabrafenib and Trametinib from the 

pores as they may be prematurely released when PcNP@Drug is still on the skin 

surface, preventing them from reaching the targeted melanoma site. On the other 

hand, Dabrafenib and Trametinib are very hydrophobic drugs, and there is a 

possibility that not all the drugs will be released.  

The cumulative drug release kinetics of the inhibitors inside PcNP@Drug 

at different pH levels. At pH 7.4, PcNP@Drug released 3.5% of its payload in 

the first hour before tapering off to a total of 24.9% after 48 hours. At pH 5, 

PcNP@Drug released 5.9% in the first hour and a total of 38.9% after 48 hours 

(Figure 23). This sustained release means that the loaded drugs are not 

prematurely released in the epidermis of the skin, and PcNP@Drug would be 

accumulated to a large extent at the malignant sites before the drugs are released 

to their maximum. Furthermore, the increased drug release at acidic pH is 

beneficial, as endosome escape can be hastened.  
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Chapter 5. Cell Culture Experiments 

5.1 2D Cell Culture Experiments 

5.1.1 Biocompatibility of PcNP as a vehicle 

 

Figure 24. Biocompatibility of PcNP nanoplatform at various concentrations over 48 hours 

tested on a) A375, b) B16-F10, c) SKMEL-28, d) HDF and e) HEK cell lines. 

A good drug delivery system requires the system to only elicit toxicity 

when allowed to. This means that the delivery vehicle (PcNP) itself has to have 
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no cytotoxicity in the absence of Dabrafenib, Trametinib, and irradiation. This 

should last for extended durations and at as high concentrations as possible. 

In order to do this, the cell viability of 5 different cell lines were tested 48 

hours after the addition of PcNP at various concentrations (Figure 24). The cells 

used were a mixture of the targeted BRAFV600E mutant A375 and SKMEL-28, 

BRAFwt B16F10, and the healthy HDF and HEK. This experiment was carried 

out in the absence of Dabrafenib, Trametinib and in the dark. After 48 hours of 

incubation, the cells survived well, proving low dark cytotoxicity of PcNP even 

at high concentrations of up to 250 µg/mL. 
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5.1.2 Optimisation of Dabrafenib to Trametinib ratio 

 

Figure 25. In vitro dosage optimisation results. The various ratios of Dabrafenib to Trametinib 

(1:0, 150:1, 50:1, 1:1) tested on a) SKMEL-28, b) B16-F10, c) A375, d) HDF and e) HEK cell. 

The loading ratio of Dabrafenib to Trametinib into PcNP was decided 

based on its therapeutic efficacy in the targeted mutant cell line versus its effect 

on healthy human cells. Clinically, Dabrafenib and Trametinib are administered 

in a 150:1 ratio daily. Since this ratio was hard to control, we explored different 

ratios for the best therapeutic efficacy in vitro. The drugs were effective in the 

BRAFV600E mutant cells (SKMEL-28 and A375) (Figure 25a,c), and to a much 
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lesser extent in BRAFwt cell line B16F10 (Figure 25b). Healthy cells (HDF and 

HEK) showed no obvious toxicity (Figure 25d,e).  

For the B16F10 cell line, at low concentrations of drugs (2.4 nM), the cells 

slightly proliferated till 138% for 1:0 ratio and 110% for 1:1 ratio (Figure 25b). 

Subsequently, when increasing the drug concentration, the cell viability remained 

constant at original value, indicating the specificity of Dabrafenib and Trametinib 

only to BRAF mutant cells. For HDF (Figure 25d), the cells proliferated only to 

a much lesser extent than B16F10. Interestingly, for HEK (Figure 25e), the cells 

proliferated by up to 3.7-folds at a concentration of 24 nM for ratios of 1:0 and 

1:1. This interesting behavior was explained by a previous study that low 

concentrations of BRAF inhibitors can lead to the proliferation of 

keratinocytes261 and they helped in wound healing too.262 

This study indicates the specificity of Dabrafenib and Trametinib only to 

BRAF mutant cells. For all cell lines, the therapeutic efficacy was not vastly 

different when the ratio of Dabrafenib to Trametinib was varied. As such, a ratio 

of 1:1 was used for subsequent in vitro experiments.  
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5.1.3 Time-dependent intracellular internalization of nanovehicles 

 

Figure 26.Time-dependent cellular internalization of PcNP in A375 cells after incubation for 

0.5h, 2h, and 4h. Blue channel: Hoechst 33342 filter indicating nucleus location. Red channel: 

nanovehicle location. λex: 488 and 561 nm, λem: 565 – 700 nm. Scale bar = 20 µm 

Next, the time-dependent internalization of PcNP was conducted to find 

out if PcNP will enter melanoma cells and also how long it will take. Thus, the 

experiment was conducted on A375 cells and imaged using CLSM. The red 

fluorescence detected was from the weak innate fluorescence of the 

pthalocyanine photosensitizer incorporated in PcNP. The blue fluorescence is 

attributed to Hoechst 33342, the cell nuclei dye. 

The results in Figure 26 showed that PcNP was internalized into the 

cytoplasm of the cells as quick as within 0.5 hour as observed from the red 
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fluorescence surrounding the blue nucleus and overlaying the cell cytoplasm in 

the merged image. The cells also showed a gradual uptake increase over time, as 

evidenced by gradual stronger red fluorescence in the PcNP channel at 2 hours 

compared to 0.5 hours. Within 4 hours, the red fluorescence in cell cytoplasm 

was the strongest and interestingly, PcNP were observed to translocate into the 

nuclear region. Previous studies have shown that silica-based nanovehicles of 

similar charge and size could undergo clathrin-mediated endocytosis,263,264 and 

are capable of entering the nucleus.263 

5.1.4 Cell viability studies 

Table 7. Summary table of treatment names and their descriptions. 

Treatment name 
Description 

Intended effect 
Irradiation Dabrafenib/Trametinib 

PcNP -hv ✗ ✗ No toxicity 

PcNP +hv ✓ ✗ PDT  

PcNP@Drug -hv ✗ ✓ Targeted therapy  

PcNP@Drug +hv ✓ ✓ 
PDT & Targeted 

therapy 

 

Table 7 summarises the treatment names, the conditions of treatment as well as 

the intended effect which will be used for in vitro and in vivo experiments 

subsequently. 
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Figure 27. Cell viability of a) A375, b) SKMEL-28, c) HDF, and d) B16F10 cell lines. Incubation 

time: 16 hours, irradiation of 8 min/well. 

The therapeutic effect on different cell lines by PcNP@Drug was tested 

using A375, SKMEL-28, B16F10 and HDF cell lines, of which A375 and 

SKMEL-28 are the targeted BRAF mutant cell lines, and B16F10 is wild-type 

melanoma. Combinational therapeutic effect of PcNP@Drug +hv was compared 

against single treatment of PDT (PcNP +hv) or targeted therapy (PcNP@Drug -

hv) alone. In both SKMEL-28 and A375 cell lines at all concentrations, the 

combination treatment was able to kill more cells than single treatment (Figure 

27b,a). This therapeutic effect was more pronounced at higher concentrations, 

where the cell viability decreased to 10.0% and 6.2% for A375 and SKMEL-28 

cells respectively, corresponding to 5.36 µM drug and 10.0 µM Pc. The effect on 

B16F10 was rather limited as well due to the non-specificity of Dabrafenib and 

Trametinib to BRAFwt (Figure 27d). The effect of single PcNP +hv treatment was 
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limited as observed by the plateau effect even increasing the concentration. HDF 

cells were rather resistant to the treatment, only showing a slight decrease to 67.5% 

cell viability at the highest concentration (Figure 27c). This observation proves 

that topical treatment of PcNP@Drug would not affect the dermis layer of the 

skin as compared to the targeted melanoma cells, should it penetrate deeply. The 

combination treatment showed a synergistic effect (combination index = 0.79 for 

A375 at IC35, and 0.51 for SKMEL-28 at IC50) as calculated by the Chou-

Talalay method, indicating an efficient therapy for the targeted cells. The 

synergistic effect was detected in A375 with treatment equivalent to at least 1.25 

µM Pc and 0.67 µM drug, whereas it was efficient for SKMEL-28 under all 

concentrations used. The combination index plots are presented in Figure 28 

below. The combination index plots for B16F10, HEK and HDF were not shown 

as IC50 was not achieved. 

It was also observed that the ROS generation from PcNP +hv in the 

combination treatment was toxic toward HEK cells (data not shown), similar to 

other studies.265,266 As such, we minimized the nanovehicle accumulation in the 

epidermis with the help of an MN patch as will be discussed later. 

 

Figure 28. Combination Index plots for a) A375 and b) SKMEL-28 cell lines. 
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5.1.5 Live/dead confocal assay 

 

Figure 29. Live/dead cellular imaging of SKMEL-28 cell line for PcNP +hv (PDT), 

PcNP@Drug-hv (targeted therapy), and PcNP@Drug +hv (combinational treatment). Cells 

were incubated with PcNP or PcNP@Drug for 4 hours. Irradiation: 730 nm, 0.5 W/cm2 laser for 

15 minutes. λex: 640 nm, λem: 650 – 700 nm. Scale bar = 200 µm. 

To give a more visual representation of cell death upon treatment of PcNP 

or PcNP@Drug, the live/dead cellular assay was conducted and analysed using 

CLSM and the results reported in Figure 29. The green fluorescence is generated 

when intracellular esterase activity is detected. Calcein AM is a non-fluorescent 

molecule that can permeate through cell membranes and the intracellular 

esterases will remove ester groups and make the molecule fluoresce (reduced to 

calcein). PI on the other hand, does not permeate through healthy cell membranes 
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but will cause any cell with damaged cell membranes to be stained red. It binds 

strongly to DNA and causes the fluorescence to increase by >30-fold. So, green 

fluorescence indicates live cells and red fluorescence is indicative of dead cells. 

Negative PBS control showed no visible presence of dead cells with no 

obvious red fluorescence in both the PI and merged channel. PcNP with 

irradiation (PcNP +hv) and PcNP@Drug without irradiation (PcNP@Drug -hv) 

showed some red fluorescence in the PI channel, but also green fluorescence was 

still detected in the Calcein channel, hence depicting some but not total cell death, 

as seen in the merged channel. However, in the case of PcNP@Drug with 

irradiation (PcNP@Drug +hv), there was no green fluorescence but a strong red 

fluorescence in the PI and merged channel, suggesting complete cell death. 

5.1.6 In vitro oxidative stress confocal assay 

 

Figure 30. Mechanisms of cell deaths. a) In vitro cellular oxidative stress imaging of SKMEL-28 

cell line for PcNP in the absence and presence of NIR light. Hoechst 33342 = nucleus location, 

and carboxy-H2DCFDA = oxidative stress. Scale bar = 200 µm. b): Quantitative measurement 

of the oxidatively-stressed cells vs number of cells present (n=3). 

Next, it is important to know if the cell deaths were caused by PDT, or in 

other words, if the photosensitizer incorporated inside PcNP produced any ROS 
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and whether it occurred in the presence or absence of light (Figure 30a). 6-

carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) is a 

reduced form of fluorescein used to detect in vitro ROS. When this non-

fluorescent molecule has its acetate groups removed by intracellular esterases and 

after oxidation by in vitro ROS, it immediately becomes fluorescent. Therefore, 

green fluorescence in the carboxy-H2DCFDA channel indicates that oxidative 

stress was detected. The cell nuclei were stained with Hoechst 33342, a cell 

nucleus dye.  In the PBS control and PcNP in the absence of light (PcNP –hv), 

no observable green fluorescence was detected, suggesting low dark toxicity of 

PcNP. When PcNP was added and irradiated by NIR light (PcNP +hv), green 

fluorescence was observed in the cytosol, which merged well with the location 

of each cell due to overlap with the blue fluorescence arising from cell nuclei. 

This observation was similar to the positive control experiment done using tert-

Butyl hydroperoxide (TBHP) that induces oxidative stress chemically in vitro.  

Quantitative assessment (Figure 30b) shows that, in the PBS and PcNP -hv 

groups, only about 15% and 19% cells exhibited visible green fluorescence in the 

green channel, respectively. Significantly, a huge increment to 55% cells became 

oxidatively stressed after the irradiation, conforming that Pc in PcNP was only 

activated in the presence of light and responsible for producing the reactive 

oxygen species. The TBHP positive control displayed 74% of cells that were 

oxidatively stressed. 
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5.1.7 Caspase 3 activity assay  

 

Figure 31. Detection of caspase 3 activity in A375 cells upon various nanovehicle treatments. 

(n=3), *p < 0.005. 

Next, the mode of cell death was investigated. It is hypothesized that the 

main cell death mechanism is apoptosis as it is widely accepted according to 

section 2.2.1 Mechanism of PDTApoptosis is initiated by proteases known as 

caspases. These caspases cleave specific substrates in the cell, which leads to the 

propagation of pro-apoptosis signals. Caspases are detected in the cell lysate once 

apoptosis is initiated. The caspase 3 assay is developed because hydrolysis of the 

substrate acetyl-Asp-Glu-ValAsp p-nitroanilide (Ac-DEVD-pNA) by caspase 3 

releases p-nitroaniline (pNA), which absorbs strongly between 400 – 405 nm. 

The amount of the released pNA can be derived using optical densities at 400 or 

405 nm.267  

The activity of crucial caspase 3 protein was then determined to test the 

apoptotic activity of cells upon different treatments (Figure 31). Under PcNP +hv 

treatment, the cells displayed a 4.1-fold increase in caspase 3 protease. When 
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treated with PcNP@Drug -hv, this increase was 1.6-fold. Upon PcNP@Drug+hv 

treatment, the caspase 3 protease increased by 6.8-fold over the control, further 

indicating effective combination treatment and also apoptosis being a mechanism 

of cell death. 

5.2 3D cell culture 

 

Figure 32. Efficacy of PcNP on 3D tumour spheroids. a) Microscopic images of representative 

tumour spheroids receiving different treatments upon time. Scale bar = 500 µm. b) Relative 

tumour size chart. Error bar represents standard error of mean, *p < 0.05 (n = 5). c) Viability 

of tumour spheroids conducted using acid phosphatase assay. Error bar represents standard 

deviation, *p < 0.05, **p < 0.001 (n = 5). 

To show that the synthesized nanosystem is not only effective on 2D cell 

culture but has prospects to treat solid tumours, 3D spheroids were cultured to 

mimic the microenvironment of tumours. The spheroids were cultured using 

8000 cells per droplet in 1% Matrigel by hanging drop method and left to grow 



117 
 

for 3 weeks. When the spheroids reached a diameter of about 400 µm, treatment 

commenced. 

The digital photographs indicate that the control group of spheroids without 

any treatment increased in size steadily from 470 µm to 670 µm (Figure 32a). 

The spheroids receiving single treatment of either PcNP +hv or PcNP@Drug -hv 

grew slightly in size. The spheroids receiving the combination PcNP@Drug +hv 

treatment presented the best performance, with their size shrinking from day 3 of 

treatment and disaggregating from day 4 onwards. The radius of the spheroids 

shrank from an average of 502 µm to 452 µm over 8 days. The corresponding 

volumes of the spheroids were calculated according to eq (5) and their relative 

sizes were plotted (Figure 32b). At the end of the treatment, the combinational 

PcNP@Drug +hv was significantly more effective than single treatments and 

control group (p < 0.05). The cell viabilities of the spheroids were also analyzed 

using an acid phosphatase assay, as reported in several studies.268,269 Across all 

concentrations, the combination PcNP@Drug +hv treatment was shown to have 

much better cell-killing efficacy than PcNP +hv or PcNP@Drug -hv alone. At 

the highest concentration, the cell viability of the spheroids receiving single 

treatment dropped to 39% and 33%, respectively. Conversely, the cell viability 

of the combination treatment was much lower at 8% (Figure 32c). 
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Chapter 6. Skin penetration studies 

6.1 Ex vivo skin permeation top-view analysis 

 

Figure 33. Topical penetration of PcNP on porcine skin. a) Fluorescence of permeated PcNP (20 

mg/mL) versus free Pc on fresh porcine skin for 10-minute and 1-hour durations with and without 

the MN assistance. λex: 620nm. λem: 640–700 nm. b) Intensity of the luminescence on the porcine 

skin tabulated into a graph. **p < 0.01.  

Microneedle (MN) patch was used to improve the penetration of PcNP into 

the stratum basale to bypass the keratinocytes, where PDT was found to be 

cytotoxic. MN patch was chosen as its penetration depth can be controlled by 

means of the needle length. The surface area of coverage and number of pores 

formed can also be controlled by the design before fabrication. MN can also be 

chosen to be solid/hollow/dissolving or stainless steel/polymer depending on the 

application required. Physical penetration methods would be preferred as 

chemicals may react with the drug/nanovehicle and could even work against it. 

Amongst the various physical penetration enhancing methods presented in 

section 2.6.3.2 Physical penetration methods, MN presents the simplest method 

of physical penetration without damaging the skin and has been tested to be pain-

free compared to hypodermic needles. The MN patch used is commercially 

available and made of stainless steel.  
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In order to test the improvement in penetration by using MN patches, full-

thickness porcine skin was used as a model for human skin as it is known to be 

the closest substitute to human skin.71,270 The penetration depth and amount of 

PcNP was measured by means of IVIS imaging for the top-down measurement 

and CLSM for cross-section analysis. The penetration of PcNP was tested against 

free Pc, with and without the help of MN patch. 

Following the topical application of PcNP or Pc with or without the help of 

MN patches, IVIS ex vivo imaging (Figure 33a) and histological analysis of the 

skin samples was carried out. At 10 minutes, there was no significant difference 

of particle signals between the untreated and MN-treated skin samples (Figure 

33a,b). However, 1 hour later, the signal on MN-treated samples increased 

dramatically. The amount permeated was 27.2% and 63.1% without and with an 

MN, respectively. We did not observe significant change of NP penetration when 

there was no MN treatment. This indicates that it took 1 hour for PcNP to 

penetrate and distribute in the skin layers. Interestingly, there was minimal skin 

penetration of free Pc, regardless of the MN treatment. This should be due to the 

hydrophobicity of the drug, which can’t diffuse in the skin layers.  
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6.2 Ex vivo porcine skin cross-section analysis 

 

Figure 34. a) Cross-section images of porcine skin permeated with PcNP (20 mg/mL) for (i) 10 

mins without MN, ii) 10 mins with MN, iii) 1 hour without MN, and iv) 1 hour with MN. Scale 

bar = 200 µm. b) Fluorescence intensity of skin permeated with PcNP (20 mg/mL) for 10 

minutes/1 hour, with/without MN. *p < 0.05, **p< 0.01, ***p< 0.005. 

As it is already established that free Pc was unable to penetrate through the 

skin, the skin that was already treated with the different PcNP, with and without 

microneedle for 10 minutes and 1-hour durations were fixed and sectioned. We 

then proceeded to examine the histological samples of the treated skin by its cross 

section by using confocal imaging (Figure 34a). As shown in Figure 34a(i), there 

was barely any signal from NPs in skin after the 10-minute topical application of 

the formulation. This is expected as 10 minutes is too short a time for most 

materials to pass through. As time for penetration increased to 1 hour, this signal 

in the epidermis layer increased a bit, as observed from the red fluorescence 

present in the epidermis in Figure 34a(iii). However, the signal in the dermis layer 

remained visually unchanged. This indicates that PcNP cannot get into the dermis 

layer no matter how long they stayed on the skin up till 1-hour duration.  



121 
 

However, when the skin was pre-treated with MNs, the particle signal in 

the epidermis layer was stronger after 10 minutes (Figure 34a(ii)) as compared 

to without the MN pre-treatment (Figure 34a(i)). And after 1 hour of treatment, 

the enhanced fluorescence signal in both epidermis and dermis layers was 

observed in Figure 34(iv). Interestingly, the signal distributes evenly through 

each layer, which suggests that PcNP penetrated in the skin through diffusion.  

The CTCF in the porcine skin was quantified by taking the average of 4 

regions in both the epidermis and dermis of the skin (Figure 34b) and calculated 

according to eq (6). Initially at 10 minutes and without MN pretreatment, there 

was not much signal throughout the skin. But with time, a 64% increase in the 

epidermis and an 85% increase in the dermis was detected. When the skin was 

pre-treated with MN, the fluorescence signal increased in both the epidermis 

(78%) and dermis (46%) after 10 minutes. After 1 hour of application, the 

increase was more prominent in both the epidermis (142%) and the dermis 

(152%). With time, the signal in the epidermis also increased by 112% and 368% 

in the dermis when pre-treated with MN. This result positively demonstrates the 

benefit of using MN in aiding the permeation of the PcNP nanovehicle.  
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Chapter 7. In vivo pilot studies 

7.1 Tumour growth chart and tumour growth inhibition 

Given the promising potential of the PcNP@Drug nanosystem in both 2D 

and 3D in vitro as well as its penetrating ability through the skin, animal studies 

were conducted to assess the nanosystem’s overall therapeutic ability to treat 

melanoma. As the targeted cells are of human origin, CrTac:NCr-Foxn1nu mice 

were chosen as they are immunocompromised “nude” mice, reducing the 

rejection rate of subcutaneous xenografts. 4-week old mice were separated into 4 

groups: control, PcNP +hv, PcNP@Drug -hv and PcNP@Drug +hv. 

 

Figure 35. In vivo antitumoural efficacy of PcNP. a) Relative tumour size growth chart for control, 

PcNP+hv, PcNP@Drug-hv, and PcNP@Drug+hv combination treatments. Green arrow: 

nanovehicle treatment, red arrow: laser treatment. *p < 0.05. b) Tumour growth inhibition (TGI) 

of PcNP +hv, PcNP@Drug -hv and PcNP@Drug +hv treatment groups.  

Using a xenografted tumour mouse model, we examined the anti-tumour 

efficacy of the drug-loaded nanovehicle (PcNP@Drug) through the combination 

treatment comprising of PDT, targeted therapy and MNs. The tumour model was 

established with subcutaneous injection of A375 cells into flanks of 4-week-old 

homozygous female CrTac:NCr-Foxn1nu mice.271 When tumours reached a size 
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of about 5 mm in diameter, MN-assisted nanovehicle (PcNP or PcNP@Drug) 

treatment was conducted twice weekly for two consecutive weeks (as indicated 

by green arrow in Figure 35a), followed by laser treatment (as indicated by red 

arrow in Figure 35a). As shown in the tumour growth curve (Figure 35a), the 

control group exhibited exponential growth of tumours, while either PcNP+hv or 

PcNP@Drug-hv treatment alone showed modest inhibition of tumour growth. In 

comparison, the PcNP@Drug+hv treatment led to significant tumour regression 

as compared to PBS control or PcNP@Drug-hv alone (P < 0.05). In addition, the 

PcNP+hv and PcNP@Drug-hv groups gave tumour growth inhibition (TGI) 

values of 44.4% and 17.2% respectively, whereas the PcNP@Drug+hv 

combination group showed a TGI value of 76.0% (Figure 35b). This was 

calculated according to eq (7). Since a TGI > 50% is considered meaningful,272 

these data conclude excellent anti-tumour efficacy of the PcNP@Drug 

nanovehicle.   
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7.2 Tumour size monitoring 

 

Figure 36. a) Photographs of mice in the different experimental groups over duration of treatment. 

b) Photographs of excised tumours (circled in white) showing relative sizes of each group. c) 

Weights of tumours excised from the mice in different groups. *p < 0.05, **p < 0.01. e) H&E 

stained images of tumour cross-sections indicating cell nuclei density. (i) Control, (ii) PcNP +hv, 

(iii) PcNP@Drug -hv and (iv) PcNP@Drug +hv. 

In the control group, tumour sizes enlarged over the whole treatment 

duration. whereas the tumour sizes significantly shrunk for the PcNP@Drug +hv 

group (Figure 36a). Three out of the four mice in the group receiving PcNP +hv 

treatment also showed significant necrosis on the skin covering the tumour. After 

the course of the study, the mice were sacrificed and tumours were excised and 

photographed in Figure 36b. The tumours from the PcNP@Drug+hv group were 

smaller in size than other groups. The tumour weights in the PcNP@Drug+hv 

group were also significantly lighter than other groups (Figure 36c).   
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7.3 Hematoxylin and Eosin staining of tumour cross-sections 

 

Figure 37. H&E stained images of tumour cross-sections indicating cell nuclei density. (i) 

Control, (ii) PcNP +hv, (iii) PcNP@Drug -hv and (iv) PcNP@Drug +hv. Scale bar = 50 µm. 

H&E staining of tumour sections obtained from the various treatment 

groups of mice showed severe destruction of cancerous cells in the combination 

treatment group (PcNP@Drug+hv). The images obtained from single therapy 

groups (PcNP+hv or PcNP@Drug) displayed only slight damage. This 

observation confirms the tumour inhibition data and further demonstrates 

superior efficacy of the combination therapy.  

7.4 Body weight of mice 

 

Figure 38. Body weights of mice throughout the duration of treatments. Error bar = standard 

deviation. 
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The mice were weighed regularly to ensure that they were healthy and the 

chart presented in Figure 38. A gradual weight loss could mean that the mice are 

not coping well and the treatment is too much for them to handle. Overall, the 

mice displayed a gradual gain in weight across all experimental groups. This can 

be attributed to the fact that the mice were only 4 weeks old when treatment 

started and have not reached full size yet. This observation means that all the 

treatment groups (PcNP +hv, PcNP@Drug -hv and PcNP@Drug +hv) were not 

detrimental to the overall health of the mice.  
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Chapter 8. Conclusions and Recommendations 

8.1 Conclusions 

This chapter summarizes chapters 4, 5, 6 and 7 in sections 8.1.1 Nanoparticle 

Characterisation, 8.1.2 Cell Culture Experiments, 8.1.3 Skin Penetration Studies, 

respectively. Section 8.1.5 Overall conclusionsconcludes the entire project with 

relation to the objectives and hypothesis that the work aimed to address at the 

start.  

Finally, the recommendations and the future outlook are mentioned in section 8.2 

Recommendations the future outlook 

8.1.1 Nanoparticle Characterisation 

In chapter 4, the nanoparticle’s composition was optimised by synthesizing 

a range of different ratios of the 2 silica precursors and testing their ROS 

generating ability. The best ratio was used for further synthesis of the 

nanoparticle. Subsequently, the synthesized PcNP and PcNP@Drug were 

characterised according to various materials characterisations techniques such as 

absorbance and fluorescence spectra, TEM, DLS, FTIR, XPS, N2 

adsorption/desorption. Its DLC, EE and drug release kinetics were also calculated. 

Its photostability, photothermal efficiency and finally singlet oxygen quantum 

yield was also tested. 

8.1.2 Cell Culture Experiments 

In chapter 5, the biocompatibility of the bare nanoparticles in the absence 

of Dabrafenib and Trametinib and light irradiation was tested for 48 hours at up 

to concentrations of 250 µg/mL and were proven to be non-cytotoxic. The 
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optimisation of the Dabrafenib to Trametinib ratio was also tested by means of 

cell viability to obtain the best loading ratio to obtain PcNP@Drug. 

The time-dependent internalisation of PcNP was also done using CLSM. 

The cell viability after treatment with PcNP and PcNP@Drug with various 

controls were done using MTT assays to prove its therapeutic efficacy compared 

to normal human epidermal keratinocytes and dermal fibroblasts. Live/dead 

assay was also conducted to prove the therapeutic efficacy. CLSM was also used 

to detect ROS generated in vitro to prove that PDT effect was taking place. 

Finally, a caspase 3 assay was done to find out the possible mode of death.  

Following which, 3D spheroids were cultured to mimic a solid tumour 

microenvironment in the human body. The 3D spheroids were allowed to 

stabilise and treatment was started. The efficacy of the treatment was tested by 

measuring the volume of the spheroids and also by means of acid phosphatase 

activity. It was proven that the combinational PcNP@Drug +hv was superior to 

singular treatment of PDT (PcNP +hv) and targeted therapy (PcNP@Drug -hv). 

A possible mechanism of action for the death of melanoma cells is depicted 

in Scheme 1 whereby once PcNP@Drug enters the cell, it starts to release 

Dabrafenib and Trametinib, which will inhibit the BRAF and MEK pathway 

respectively. Meanwhile, PcNP releases ROS when shone with NIR light. Both 

these processes contribute to apoptosis and eventually, cell death. 
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Scheme 5. Possible schematic for the cellular mechanism for the action of PcNP@Drug. 

8.1.3 Skin Penetration Studies 

Skin penetration studies were also conducted on full-thickness porcine skin, 

the closest model of human skin, to prove the benefit of using MN and 

encapsulating photosensitizer in our nanoparticle. The penetration was analysed 

in two directions: top-down and cross-section. The top-down analysis was done 

using the IVIS system and the remaining fluorescence was calculated. The cross-

section analysis was carried out by sectioning and mounting and the fluorescence 

was detected by CLSM. We have proved that encapsulating the photosensitizer 

in the PcNP improved the penetration as compared to free Pc due to its aqueous 

stability. Also, MN was found to improve the penetration through human skin 

and possible to reach the dermis region. This means that there would be no 

problem reaching the melanoma site, which is present at the stratum basale. 

8.1.4 In vivo pilot studies 

Encouraged by the results of the 2D and 3D in vitro experiments and the 

porcine skin topical penetration results, in vivo pilot studies were explored. A375 

subcutaneous tumours were cultivated in NCr mice and when the tumour size 
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reached about 100 mm3, treatment was started using the same experimental 

groups. A treatment protocol of alternating PcNP/PcNP@Drug treatment and 

laser irradiation was carried out, and the tumour volumes were measured 

frequently. Treatment was stopped when the tumour size of the control group 

exceeded 2000 mm3. Tumour weight was measured and imaged using H&E 

staining after sectioning. The in vivo studies have shown that the combinational 

PcNP@Drug +hv treatment was most superior, consistent with the in vitro 2D 

and 3D experiments.  

8.1.5 Overall conclusions 

In this work, we have synthesized organosilica nanoparticles with Pc 

covalently incorporated within the framework. The porous photodynamically-

active nanoparticles were capable of incorporating inhibitor drugs to enhance 

therapeutic efficacy. Its small size enables the permeation through skin efficiently, 

especially with the assistance of a microneedle patch in vivo. We have established 

that the drug loaded PcNP@Drug nanovehicle could successfully deliver a 

mixture of inhibitors into cancer cells, while it was non-toxic to non-BRAF 

mutant cells. We have also demonstrated that the nanovehicle aided by MN patch 

was able to penetrate into skin through the stratum corneum layer and epidermal 

barrier, as evidenced by the porcine skin permeation experiments and in vivo 

results. In vivo studies have proven that the developed PcNP@Drug+hv treatment 

had exemplary anti-tumour ability, being able to impede the tumour growth when 

irradiated with 730 nm laser. Therefore, this work presents excellent validation 

of applying the PcNP@Drug platform against the deadly melanoma disease. This 

technology platform could be applicable to encapsulate other types of inhibitors 

or drugs to be released topically. The organic moiety within the platform could 
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also be replaced with other photosensitizers that absorb at desirable light 

wavelengths to suit their applications.  

 

To address the objectives stated in section 1.3 Objectives 

The first objective was to develop a drug-containing mesoporous 

organosilica nanocarrier that is pre-conjugated with large molecular weight 

photosensitizer (i.e. phthalocyanine) and load it with the two inhibitors 

(Dabrafenib and Trametinib). In Chapter 4. Nanoparticle Characterisation, the 

precursor ratio of TMOS to Pc-Si was optimized, and the subsequent PcNP was 

synthesized. Pc was proven to be conjugated within the framework of PcNP. The 

ratio of Dabrafenib to Trametinib was optimized in section 5.1.2 Optimisation of 

Dabrafenib to Trametinib ratio by MTT assays and the best one was chosen as the 

drug loading concentration. 

The second objective was to test its therapeutic efficacy on BRAFV600E 

melanoma versus BRAFwt as well as non-cancerous cell lines in the skin. This 

was achieved as explained and proven in section 5.1.4 Cell viability studies, that 

PcNP@Drug was effective only on BRAF mutant melanoma cells and to a much 

lesser extent for the wildtype and HDF. The PDT effect was, however, toxic 

towards keratinocytes, for which we utilized MN to bypass this top layer. 

The third objective was to test its penetration through skin. This was 

demonstrated in Chapter 6. Skin penetration studies and it was also further proven 

that MN patch was able to enhance this penetration through skin.  

And finally, the last objective was to bring this nanoplatform to an in vivo 

platform, and test if it is capable of treating melanoma that is in a living body. 

This was achieved in   
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Chapter 7. In vivo pilot studies, where topical administration of 

PcNP@Drug and PcNP were used to treat melanoma in the mice and the 

therapeutic efficacy of PcNP@Drug +hv was proven to be the most effective. 

Thus, the hypothesis to prove that the topically applied nanoparticle can 

enhance targeted photodynamic therapy to treat mutant melanoma was achieved.  

8.1.6 Novelty of project 

The novelty of this project is listed here: 

1) The first sub-50 nm organic-inorganic mesoporous silica hybrid 

functionalized with large molecular-weight Pc capable of PDT was 

synthesized. 

2) It is the first time that the topical application of an organic-inorganic 

mesoporous hybrid nanomaterial has been carried out and proven to be 

able to treat skin cancer. 

3) This system overcomes some of the issues preventing the clinical use of 

PDT, by enhancing efficacy and skin penetration, as well as selectivity 

against cancerous tissue. 

4) This nanosystem has made a hydrophobic high molecular weight 

photosensitizer stable in aqueous solutions while maintaining its 

monomeric state, solving the hydrophobicity-induced aggregation of 

most photosensitizers which have hindered their implementation in 

topical treatment of melanoma.  
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8.2 Recommendations the future outlook 

There are a few directions that this project can be extended to. This chapter 

divides it into three broad areas: (1) nanoparticle synthesis, (2) biological/cellular 

and (3) application. 

8.2.1 Nanoparticle synthesis perspective 

8.2.1.1 Silica precursors 

In this project, silylated pthalocyanine was used as the photosensitizer to 

due to its high quantum yield, and also to demonstrate that a high molecular 

weight photosensitizer can be used in topical treatment of skin cancer, as an 

alternative to the 5-ALA and MAL used currently in clinics. However, it would 

be interesting to see if other forms of high molecular weight silylated 

photosensitizers can be incorporated in the organic-inorganic hybrid’s 

framework. This will produce different quantum yields of the final synthesized 

products. The size of the nanoparticle product may also differ, affecting the depth 

of penetration through skin. Also, the wavelength of light required to activate 

PDT will also differ, which can somewhat be used to control the depth of 

activation under the skin. Moreover, it would also be interesting to see how the 

degree of silylation of the photosensitizer will affect the morphology of the final 

synthesized project. In this project, the photosensitizer Pc-Si had 4 silica end 

groups to react with TMOS to form PcNP.  

8.2.1.2 Dabrafenib and Trametinib 

In this project, Dabrafenib and Trametinib were used as the small molecular 

inhibitors to treat the BRAFV600E melanoma cells. But other forms of inhibitors 

can be loaded inside PcNP as well. For example, the chemotherapeutic drugs 
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used in melanoma treatment (fluorouracil, temozolomide or dacarbazine) can 

actually be loaded inside PcNP. Then the drug-loaded nanoparticle can be 

administered in the same MN-pretreated way to enhance their topical permeation 

for an enhanced PDT plus chemotherapy treatment. 

Moreover, the outer surface of PcNP can be decorated with antibodies such 

as ipilimumab (human IgG1 anti-CTLA4 antibody) or lambrolizumab (anti-PD-

1 humanised IgG4 antibody) to further improve the targeting ability of the 

nanovehicle to melanoma cells. This also will stimulate T-cells to the melanoma 

region to help combat the cancerous cells. The PD-L1ligand upregulated on the 

surface of antigen presenting cells can also be targeted. CSPG4 overexpressed on 

80 – 85% of melanoma lesions can also be targeted. 

8.2.2 Biological/cellular perspective 

In this project, the BRAFV600E cells used were A375 and SKMEL-28. 

CLSM was done to test the time-dependent uptake, live/dead assay and ROS-

generation ability of PcNP@Drug and PcNP.  

8.2.2.1 Cell death mechanism 

Caspase 3 assay was done to find out the mode of cell death. However, it 

can be investigated further if necrosis is one possible mode of death. This can be 

done by flow cytometry using live cell/apoptosis/necrotic kits.  

8.2.2.2 Cell internalization mode 

Furthermore, this project has concluded that the nanoparticles were able to 

enter melanoma cells in a short period of time of half an hour and increased with 

time. However, more can be done to elucidate the mode of internalization. 

Literature has proven that nanoparticles of similar size and charge will enter cells 
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via clathrin-mediated endocytosis263,264, however it would be good to prove the 

exact mode pertaining to PcNP using various endocytosis blockers.  

8.2.2.3 In vivo studies 

The work in this project only covered pilot studies of the nanoparticle’s 

application in vivo. Basic tumour growth curves and H&E staining were 

conducted only. While these were sufficient to prove that PcNP@Drug was 

sufficient to treat melanoma by topical application, more in-depth studies can be 

conducted. For example, the various other controls such as PcNP -hv, free Pc, 

free Dabrafenib + Trametinib, or individually Dabrafenib and Trametinib can be 

included in the study. Various other parameters can also be varied, such as the 

duration and intensity of laser irradiation, concentration of nanoparticle solution 

used, frequency of application or drug-to-light interval. 

Furthermore, other modes of administration can also be conducted, such as 

intratumoural injection or intravenous injection. As Dabrafenib and Trametinib 

are clinically given orally, it may be beneficial if these inhibitors be allowed to 

flow in the bloodstream to catch any metastasized cells. Furthermore, due to the 

existence of EPR effect in intravenous applications, PcNP can locate itself at 

malignant sites. More in-depth in vivo studies can also be studied. For example, 

it would be interesting to know if PcNP will permeate through the dermis and 

into the bloodstream. Other tests such as the blood retention time or clearance 

route of the nanoparticles could be investigated as well. In vivo fluorescence 

imaging of the tumour and the other organs or the whole mouse can also be done.  



136 
 

8.2.3 Applications perspective 

8.2.3.1 Optimisaton of topical treatment formulation 

It would be advantageous if the synthesized nanoparticles could be 

optimally formulated in a way ready for direct treatment, such as in creams or 

gels. The formulation is essential as it helps stabilize the nanoparticles, 

preventing aggregation, can also increase permeation through the skin and also 

maintain a steady flux into the skin. Various skin-protection chemicals can also 

be included within the formulation to help the skin heal after treatment.  

8.2.3.2 Integration of MN patch 

In this project, it is a three-step treatment, whereby the skin is first pre-

treated with MN, secondly, the nanoparticle mixture is added and allowed to 

permeate. Third and lastly, laser is shone on the tumour site to activate the 

photosensitizer. It would be more convenient if this treatment can be streamlined 

into one or two steps. For example, MN can be coated with the nanoparticle 

formulation and dried. The nanoparticle formulation can also be added into the 

reservoir of hollow MN patches. And then the nanoparticle-coated MN patch can 

directly be applied on the skin, saving time and effort and reducing room for error.  

In this project, the MN patch used was obtained commercially. In future, 

different parameters of MN patches can be explored. For example, microneedle 

arrays of different gap size and length can be tested out to find the optimum 

penetration efficiency to the malignant site. Polymer MN patches can also be 

used as a disposable applicator in clinics.  
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