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Abstract

Melanoma is the most aggressive skin cancer, traditionally known to be extremely resistant 

to common chemotherapeutics, and difficult to treat once metastasised. The prognosis of 

malignant melanoma is strongly dependent on early detection and disease stage. Recently a 

number of promising anti-melanoma therapies have been developed, such as anti-CTLA4 and 

anti-PD-1 antibodies, which enhance tumour T-cell activity, and selective BRAF 

(DBF; dabrafenib) and MEK (TRA; trametinib) inhibitors, that block tumour growth in 

patients with active BRAF mutations. Although these therapies offer significant improvement 

in treating melanoma patients, they are associated with high toxicity and drug resistance.1,2 

Nano-medicine offers unique advantages in treating metastatic melanoma. Nanoparticles 

(NPs) enhance therapeutic efficacy, providing controlled release and prolonged drug 

circulation time. Active-targeting enables NP accumulation in tumours using targeting-

moieties designed to recognise tumour-associated molecular markers.  

Super-paramagnetic (SP) iron oxide nanoparticles (SPIONs) have been selected and 

synthesised in-house as a drug delivery platform.3 These nano-carriers  can encapsulate anti-

melanoma drugs, allowing the NPs to function as drug delivery systems. Additionally, SP 

iron oxide cores possess properties for magnetic resonance imaging (MRI) and magnetic 

hyperthermia therapy (MHT). SPIONs have been fully characterised, including entrapment 

and drug-release in a controlled environment. A α-melanocyte-stimulating hormone (α-

MSH) was incorporated into SPIONs to improve tumour-targeting and demonstrated 

preferentially increased MC1-receptor mediated-endocytosis in melanoma cell lines. 

Increased cytotoxicity was demonstrated in vitro using drug-loaded NPs, showing dose-

dependent anti-proliferative effects in human and murine melanoma cell lines, using DBF or 

TRA and a synergistic combination. Drug-loaded NPs were efficacious in drug-sensitive and 

-resistant melanoma cells lines. In vivo, syngeneic studies with DBF, compared tumour

growth with free- and NP-bound drug: mice were treated with DBF daily via oral gavage 

(31.5 mg/kg) or NP-bound DBF twice weekly via intravenous injection (2.5 mg/kg). Both 

treatments significantly reduced tumour volume, demonstrating the potential for NPs to 

decrease systemic toxicity and improve therapeutic efficacy. 

SPIONs loaded with DBF and TRA, showed an increased in vitro toxicity in human and 

murine melanoma cells compared to the drug alone. Subsequently, NP-bound DBF 

significantly reduced tumour volume in syngeneic GEMM5555 tumour-bearing mouse 

models in vivo, acting as a drug-delivery platform and improving therapeutic efficacy whilst 

decreasing systemic toxicity commonly associated with conventional chemotherapies. Anti-

melanoma SPIONs can represent a lead therapeutic for the treatment of 

unresectable/recurrent tumours in both patients with locoregional and distant melanoma 

metastasis. 
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Chapter 1                                           

Novel approaches and pharmacological 

considerations in melanoma treatment 
 

1.1. History of cancer: Melanoma  

Cancer is one of the most common diseases in the modern world. Simply put, it is caused 

by the uncontrolled division of abnormal cells due to DNA mutation.4 The ancient 

Egyptians were the first to describe cancer; manuscripts discovered alongside fossilised 

bone tumours in human mummies show the first documented bone cancer osteosarcoma. 

The oldest description of cancer goes back to approximately 3000 B.C.; in two Egyptian 

textbooks on trauma surgery named “Edwin Smith” and “Georg Elbers Papyrus”. These 

texts contain various descriptions of breast tumours and ulcers, removed by cauterisation 

using a hot instrument known as “the fire drill”, as well as treatments using castor oil 

and animal parts. However, as the manuscripts reveal later “There is no treatment to this 

disease”.5,6 The word “cancer” originates from the Greek physician Hippocrates, who is 

considered the Father of Medicine.7 The terms karkinos and karkinoma come from 

ancient Greek meaning crab due to tumours surrounded by swollen veins resembling the 

body and limbs of a crab.7 

The development of cultures, coupled with a desire for knowledge, led to many inventions 

and discoveries, such as the use of the sun’s properties in medicine. The ancient 

Egyptians, Greeks and Romans were the first to discover the benefits of sunbathing or 

“heliotherapy”.8 Sun gods were present in all ancient cultures and were attributed with 

goodness and great power (Figure 1.1). The beneficial properties the sun had upon the 

human body were discovered and soon became a popular treatment for many diseases; 

unfortunately, the devastating power of the sun was discovered later. The first known skin 

cancer – melanoma – case is estimated to be at least 2400 years old and was found in pre-

Colombian Inca mummies in Peru.9,8,10 

 



Chapter 1 

2 

C
h

a
p

ter 

1
 

C
h

a
p

ter 1
 

 

Figure 1.1 Representations of solar deities in ancient cultures. A solar deity is a god or goddess who 

represents the Sun, usually by its power and strength. Solar deities are present throughout most of recorded 

history in various forms. Figure adapted and modified from Olcott et al. 1914.11  

 

Across the centuries, pigmented lesions, which had magical or religious connotations, 

began to fascinate humankind.8 However, the dangers of these lesions were noticed with 

degenerative skin changes in sailors – “seamen’s skin”, caused by extended exposure to 

the harmful effects of the sun.9 The first well-documented modern patient known to have 

had melanoma was reported by John Hunter in 1787 as suffering from a “cancerous 

fungous excrescence”. A specimen was taken, a recurrent mass from the angle of the 

lower jaw in a 35-year-old man (metastatic melanoma), and preserved in The Hunterian 

Museum of Royal College of Surgeons of England.9 

With improved diagnostics, an ageing population and tendency for tanned skin in western 

cultures, skin cancers are the most commonly found malignancies in humans, with over 

a million cases diagnosed each year.12 Incidences of skin cancers increase with age, most 

likely due to the long latency between carcinogen exposure and cancer development.13 

They can be divided into two main categories: melanoma and non-melanoma skin cancers 

(NMSC). Malignant melanoma is the most dangerous type of skin cancer with the highest 

death rate.13 The highest rates of melanoma incidence are found in Australia and New 

Zealand.14 Nevertheless, there are also high rates in Europe and North America. In Asia, 

Africa, and Latin America, melanoma is found to be less common.15 
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1.2. Biology of the skin 

Skin is the largest and fastest-growing organ in the human body. The average surface of 

the skin reaches up to 2 m2 and is 2–3 mm thick. It performs many functions, such as 

i) protection (organ and muscle protection, a mechanical barrier from internal/external 

environment, pathogens and UV radiation), ii) sensation (cutaneous mechanoreceptors, 

thermoreceptor, nociceptors and chemoreceptors), iii) thermoregulation (through sweat), 

iv) control of evaporation, storage and synthesis (storage for lipids and water) and 

v) water resistance and absorption (oxygen, nitrogen and carbon dioxide).16 Additionally, 

the synthesis of vitamins B and D starts in the skin.4 

The skin consists of three main layers: the epidermis, dermis and hypodermis 

(subcutaneous tissue). The outermost layer, epidermis, consists of a few major cell types: 

keratinocytes, pigment-producing melanocytes, mechanosensory Merkel cells and 

migratory Langerhans cells (antigen-presenting immune cells). The epidermis 

is composed of approximately 95 % keratinocytes, is about 0.05–1.5 mm thick and 

is divided into five different sublayers.17 Starting from the outermost (Figure 1.2), 

the layers are as follows: stratum corneum (mainly dead skin cells), stratum licidum 

(dead, flattened keratinocytes, only in thick skin areas such as the palms and soles), 

stratum granulosum (mainly granular keratinocytes), stratum spinosum (polyhedral 

keratinocytes) and stratum basale/germinativum (keratinocyte stem cells). The epidermis 

does not contain any vessel network (most of the cells receive oxygen from the 

surrounding air); therefore all the cells die after differentiation and lead 

to keratinisation.18  

The second layer, the dermis, mainly consists of connective tissues – dermal fibroblasts, 

a structural collagen matrix and elastin.19 Within the dermis, many structures are present, 

such as hair follicles, sweat, sebaceous and apocrine glands, and lymphatic and blood 

vessels. It also contains many nerves endings and a variety of immune cells. The tight 

connection between the epidermis and dermis is called the basement membrane.20 

The third and final layer of the skin, the hypodermis (subcutaneous tissue) lies below the 

dermis and is not considered to be a part of the skin structure. The hypodermis 

is composed mainly of fat lobules (adipocytes), loose connective tissue and elastin. 

The primary cell types present in this layer are fibroblasts, macrophages and adipocytes 

(50 % of body fat).7 Fat tissue provides padding and thermal insulation for the body. 

The primary function of the hypodermis is to provide attachment to the skin and 

https://en.wikipedia.org/wiki/Natural_environment
https://en.wikipedia.org/wiki/Pathogens
https://en.wiktionary.org/wiki/sensation
https://en.wikipedia.org/wiki/Evaporation
https://en.wikipedia.org/wiki/Biosynthesis
https://en.wikipedia.org/wiki/Lipid
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Carbon_dioxide
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underlying bones/muscles as well as providing blood and lymphatic vessel network and 

nerves.20 

 

 

Figure 1.2 Structure of the skin. Human skin is divided into three distinct layers: epidermis, dermis 

(separated by the basement membrane) and hypodermis. Interactions between the melanocytes and the 

microenvironment of the skin, such as keratinocytes, fibroblasts, endothelial cells and the extracellular 

matrix maintain a balance between the various components of the skin. Figure adapted and modified from 

Lippincott et al. 2008.21,22 

 

1.2.1. Melanocytes and melanogenesis 

The skin of all mammals is pigmented, and its intensity varies with genetic and 

environmental factors – pigmentation depends on the accumulation of a heterogeneous 

polycyclic polymer called melanin which is produced by melanocytes.23 Melanocytes are 

pigment synthesising epidermal dendritic cells, which are responsible for skin tone, hair 

colour and protection against UV radiation. They originate from the neural crest cell 

lineage and are differentiated from melanoblasts, which actively migrate during 
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development until their final destination – the eyes (choroid), mucosa lining, upper 

aerodigestive tract, anorectal region and inner ear (cochlea).24 Melanocytes play a role in 

the development of hearing, leptomeninges (the two innermost membranes of 

the meninges) and the skin (terminal differentiation).23 Exceptions are the retinal pigment 

epithelium (RPE), iris and ciliary body which are derived from epithelial cells in the optic 

cup (Figure 1.3).25,26 Melanocyte failure of migration and survival in the inner ear, iris, 

parts of the forehead and extremities occurs in congenital deafness, heterochromia of the 

eyes (two differently coloured irises) and patches of leukoderma (an auto-immune 

disorder whereby the body destroys its melanocytes) in patients with Waardenburg 

syndrome.27 The primary function of the melanocytes is to form and maintain dendrites 

in order to synthesise and mature melanosomes and later on secrete them to keratinocytes. 

In the epidermis layer of human skin, one melanocyte secretes melanosomes to 

approximately 36 keratinocytes, creating the epidermal melanin unit.28 Within this 

structure, colour adaption occurs, and pigmentation is strongly related to the amount of 

melanin in keratinocytes.27 

 
Figure 1.3 Melanocytes distribution and functions. Melanocytes are specialised cells derived from 

migratory neural crest cells that emerge from the neural plate during embryogenesis (nonpigmented 

melanoblasts precursors), after differentiation, proliferation and migration out of the neural tube and non-

neural exoderm in vertebrate embryos. Multipotent neural crest cells differentiate into a range of cell types, 

including melanocytes, neurons and glial cells of the nervous system, neuroendocrine cells of the adrenal 

medulla and the craniofacial skeletal and connective tissue. In human adults, melanocytes are located in the 

basal layer of the epidermis, hair follicles, uvea, inner ear and meninges. In the epidermis, melanocytes 

produce melanin pigment (UV protection), which is transferred to hair matrix keratinocytes during each 

hair cycle to maintain hair pigmentation. Hypopigmentation genetic disorders due to melanoblast and 

melanocyte defects, include piebaldism, albinism, Waardenburg, Chediak–Higashi and Griscelli 

syndromes. Figure adapted and modified from Plonka et al. 2009.24 
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Melanin is a pigment chromophore (Greek; chroma: colour and phore: bearing) in the 

skin and is produced only by a single class of cells – melanocytes. Melanin is produced 

through a multistage chemical process known as melanogenesis, where the oxidation of 

the amino acid tyrosine is followed by polymerisation. Most melanin is stored 

in melanosomes.29 Melanin has various functions depending on the absorption 

or scattering of different wavelengths. At visible wavelengths, it provides animals with 

camouflage, at infrared wavelengths, it provides thermal regulation, and at the ultraviolet 

wavelengths, it provides photoprotection.30 Melanin is also responsible for the prevention 

of the formation of free radicals by absorbing UV, ion storage and it takes part in 

oxidation-reduction reactions.31 By protecting other cells from harm, melanocytes are 

prone to an increased risk of carcinogenesis – melanoma.30 Melanin has the highest 

absorption in the UV spectrum and is the natural shield protecting cellular structures in 

lower layers of the skin.17 Melanin production starts in cytoplasmic organelles – 

melanosomes, which have undergone previous UV stimulation. Melanosomes go through 

four different developmental stages. 

During melanogenesis, two kinds of melanin are synthesised in human melanocytes: the 

light yellow/red pheomelanin and the dark brown/black eumelanin. The eumelanin is 

mainly found in dark eyes, hair and skin of dark-haired people (types III and IV), also 

eumelanin provides better protection from harmful UV radiation.32 The pheomelanin is 

the primary type of melanin in the fair hair and skin of blond/red-haired people (skin types 

I and II). Interestingly, regarding melanoma development, significant amounts of 

pheomelanin are found in melanoma cells.33 

There are two processes that skin pigmentation is divided into; i) constitutive 

pigmentation which is genetically determined pigmentation (i.e. pigmentation levels of 

the body without UV exposure) and ii) facultative pigmentation – pigmentation/tanning 

level of the body in the presence of UV exposure.26 The scheme below describes the 

regulation of melanogenesis in skin melanocytes (Figure 1.4). 

Melanocytes increase their size and tyrosinase enzyme activity after UV exposure. 

Pigmentary darkening (tanning) appears immediately after UV exposure and quickly 

fades away after approximately 6 hours, causing oxidation of melanin.34 During this time, 

increased activity of tyrosinase enzymes catalyse melanin production, and after 48–

72 hours we can observe a tan – this process is called delayed tanning. The production of 

free oxygen radicals and UV irradiation of phaeomelanin promote the occurrence of skin 

cancers.4,8,17  
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Figure 1.4 Melanogenesis. Four stages of melanosome biogenesis. STAGE I: vesicle development 

(immature, nonpigmented melanosomes). Vacuolar early endosomes contain glycoproteins (Pmel17, 

MART1), which give rise to fibrils. STAGE II: fibrillary matrix (immature, minimally pigmented 

melanosomes). Tyrosinase and TYRP1 enzymes are transported to melanosomes from early endosomes. 

Proteins AP1/3 sort tyrosinase and TYRP1 to melanosomes, as well as BLOC1/2. STAGE III: melanin 

production and polymerisation (mature, pigmented melanosomes). Eumelanin and pheomelanin are derived 

from the amino acid tyrosine exogenously supplied by the blood. Tyrosinase enzyme catalyses the synthesis 

for both melanin species (defects cause albinism). Incorporation of cysteine into pheomelanin results in the 

retention of sulphur (light colour) and may contribute to oxidative skin injury. STAGE IV: melanosomes 

contain melanin (mature, heavily pigmented melanosomes). Mature melanosomes predominate at the distal 

ends of the melanocyte’s dendrites. Melanin granules are transported to the tips of melanocyte and the 

keratinocytes of the basal and spinous layers of the dermis. In keratinocytes the melanin granules are 

transported near the nucleus, to form a supranuclear cap, shading the DNA against the harmful UV 

radiation. Abbreviations; α-MSH: αmelanocyte-stimulating hormone, AC: adenylyl cyclase, 

ATP: adenosine triphosphate, AP: adaptor protein, CREB: cAMP-response element binding protein, 

ER: endoplasmic reticulum, BLOC: biogenesis of lysosome-related organelles complex, cAMP: cyclic 

adenosine 3',5'-monophosphate, MART1: melanoma antigen recognised by T cells, MC1R: melanocortin 

1 receptor, MITF: microphthalmia-associated transcription factor, RAB: Ras-associated binding protein, 

RKA: Protein kinase A, Pmel17: pre-melanosomal protein 17, POMC: proopiomelanocortin, p53: tumour 

protein p53, TYRP1: tyrosinase-related protein 1. Figure adapted and modified from Wasmeier et al. 

2008.8,13,26,29 
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1.2.2. MC1R signalling pathway 

Melanophores were discovered in the early 1920s, showing that α-melanocyte-

stimulating hormone (α-MSH) induces skin darkening in amphibians. α-MSH is very 

sensitive to oxidation, which results in lower biological activity. α-MSH is a small, 

13 amino acid endogenous melanocortin peptide hormone, which plays a vital role in the 

melanogenesis by stimulating melanocytes differentiation and melanin production. 

Melanocortin peptides are produced by the biosynthesis of the precursor protein pro-

opiomelanocortin (POMC) by corticotrophs in the pituitary gland and exercise the effects 

through melanocortin receptors (MCRs). POMC undergoes a series of post-translational 

modifications before it is proteolytically cleaved by prohormone convertase enzymes to 

yield a chemically and biogenetically related family of polypeptides with different 

physiological activity, including adrenocorticotropic hormone (ACTH) and other natural 

melanocortins, such as α-MSH, β-MSH, γ-MSH, lipotropic hormone (LPH) and 

corticotrophin-like intermediate peptide (CLIP). In mammals, the pituitary gland 

produces α-MSH, as well as, keratinocytes, melanocytes and Langerhans cells.35 

Increased production of α-MSH is noticeable in melanocytes during UV exposure. There 

are many physiological functions of α-MSH; a few of them are presented in Figure 1.5. 

Interactions between α-MSH and melanocortin receptors also play an essential role in the 

human body. Melanocortin receptors (MCRs) can be found in many tissues within the 

human body, such as MC1R (melanocytes, macrophage, brain and melanoma cells), 

MC2R (adrenal cortex, adipose tissue), MC3R (brain, placenta, duodenum, pancreas, 

stomach), MC4R (brain, spinal cord) and MC5R (skin, adrenal cortex, adipose tissue, 

skeletal muscle). α-MSH also regulates inflammation and hyperproliferation in skin 

diseases. In melanoma cells, α-MSH is known to decrease levels of tumour necrosis factor 

(TNF-α), which increases the aggressiveness and metastatic potential of a tumour.36,35 

α-MSH is a non-selective full agonist of the MC1 receptor. The binding of α-MSH to the 

functional MC1R on melanocytes stimulates the synthesis of eumelanin.37 The MC1R 

gene is located on chromosome 16q24.3 and encodes seven-pass transmembrane G-

protein coupled-receptor of 317 amino acids. MC1R positively couples with adenylate 

cyclase, increasing cAMP levels, upon binding with endogenous ligand α-MSH.38,39 

MC1R determines the pigmentation by regulating the relative proportion of eumelanin 

(black/brown pigment) and pheomelanin (red/yellow pigment). Eumelanin is 

photoprotective, while pheomelanin may contribute to cancer risk through the production 

of free radicals in response to UV exposure.40,41,42,43 The MC1R gene locus is highly 



Chapter 1 

9 

polymorphic in populations of European origins, and more than 100 variants have been 

described.44 Some of the MC1R polymorphisms cause partial or complete loss of the 

receptor’s signalling ability, resulting in cAMP inhibition, in comparison to wild type α-

MSH receptor stimulation.45 Subsequently, a quantitative shift in melanin synthesis (from 

eumelanin to pheomelanin) is observed, resulting in the “red hair colour” phenotype, 

characterised by the fair skin, red hair, freckles and UV sensitivity (inadequate tanning 

response and solar lentigines).32 However, MC1R is not entirely responsible for 

determination of skin and hair colour, as polymorphism variants associated with fair hair 

and skin are also found in darker skin phenotypes.46 

 

 

Figure 1.5 α-MSH functions in human skin. Pleiotropic actions of a-MSH in human skin cells are shown 

in various skin cell types, such as melanocytes, keratinocytes, endothelial cells, mast cells, adipocytes, 

fibroblasts and pilosebaceous cell unit. All the above cell types are known to express various types of 

melanocortin receptors (MCRs). Figure adapted and modified from Böhm et al. 2006.35 

 

Regarding in vivo targeting of melanocytes in mouse models, human and murine skin 

structure and histology are very similar; however, the developmental biology of 

melanocytes differs between species. Unlike in humans, mouse melanocytes are localised 

mainly in the hair follicles and decline as soon as hair growth ceases on progression from 

the anagen to catagen hair growth phases.47 A fully-grown adult mouse’s skin is almost 

devoid of melanocytes except during the anagen phase of the hair cycle.48 The small 

amount of melanocytes present in the telogen phase causes a considerable problem in 

inducing melanoma in experimental mouse models through chemical carcinogenesis and 

UV exposure.49,50,51  
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1.3. Melanoma development and progression 

1.3.1. Epidemiology, ethnicity, risk factors and melanoma prevention 

Melanoma is 20 times more common today than 60 years ago. Incidences of the disease 

have become more frequent in the young and middle-aged and are more common in men 

than women. Melanoma is the fifth most common cancer in the UK. The only 

malignancies that are more common are breast, prostate, lung and colon cancers. 

Annually, almost 10,000 deaths are estimated to occur due to melanoma. Despite the 

higher incidence of basal cell carcinoma and squamous cell carcinoma, melanoma 

accounts for 50–75 % of all skin cancer deaths.52 The incidences of melanoma generally 

occurring more frequently among people of a higher socioeconomic status (estimated 

from occupation, income, education and residential areas).9,53 The epidemiological 

evidence for the harmful effects of chemical exposure includes occupations that involve 

working with oils, solvents and tars.54,55 There is also an increased risk of developing 

cancer in airline personnel (due to ultraviolet exposure) and those working in atomic 

laboratories (due to ionizing radiation).9,56,57 

Incidents of melanoma are substantially higher in Caucasian populations, while 

uncommon in people of African, Hispanic or Asian origin.58 However, Asian American 

and African American patients have a greater tendency to show advanced melanoma at 

the time of diagnosis due to late detection.15 Skin colour is an essential factor in photo-

protection against UV. Skin pigmentation and UV radiation risk of developing cancer 

was introduced by the Fitzpatrick scale of photo-types.13 Phenotypes associated with 

melanoma risk are fair skin (skin which fails to tan, classified as skin types I and II), red 

and fair hair, blue eyes and freckles.59,60 By contrast, factors associated with a lower risk 

of developing melanoma are dark skin, black hair and dark brown eyes (skin which tans 

well: skin types III–VI), symptoms occur mainly on less pigmented, non-exposed skin 

areas, with 60–75 % of tumours on the palms, plantar surfaces, mucous membranes and 

nail regions.9,61 

Individual family risk factors such as atypical mole syndrome (AMS) or dysplastic naevus 

syndrome (DNS) are significant markers for melanoma risks. Regarding the association 

between family history and melanoma cases, there is no significant histological difference 

between familial and sporadic melanomas. Nevertheless, familial melanomas characterise 

in the early stages of the disease with smaller tumours and a lower Clark’s level, when 

compared to sporadic melanomas and more substantial and more frequent naevus, which 

lead to the development of multiple primary tumours.62  
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The risk factors for melanoma can be divided into two groups – environmental and 

genetic. Genetic risk factors are reflected by personal genotype and expressed through 

phenotype, whereas environmental factors are likely to be UV radiation, ionizing 

radiation, various chemical substances and occasionally therapy such as 

immunosuppression.63 The International Agency for Research on Cancer in 2009 has 

placed ultraviolet tanning devices on the list of the most dangerous cancer-causing 

substances, alongside other agents such as plutonium, cigarettes and solar UV 

radiation.8,64 UV radiation – one of the most dangerous carcinogens – is part of the 

electromagnetic spectrum as well as visible light, infrared radiation, gamma rays and X–

rays. UV radiation is considered to be a “complete carcinogen” – it is a mutagen, and a 

non-specific damaging agent, possessing properties of both a tumour initiator and 

promoter, creating both mutations and inflammation.13  

Exposure to UV light is the most common etiological factor in skin cancer development.8 

However, UV also has a beneficial influence on human health by mediating synthesis of 

vitamin D and endorphins in the skin. Nevertheless, exposure to UV light can cause 

significant health risks and bodily changes such as atrophy, inflammation, pigmentary 

changes, wrinkling and malignancies such as skin cancers.13 Historically, people were 

exposed to UV radiation through occupational exposure to sunlight, however, in recent 

years exposure to UV has increased dramatically due to lifestyle changes towards outdoor 

recreational activities and tanning for cosmetic reasons.12,65,66  

UV light is divided into UVC, UVB and UVA (wavelengths of 200–280 nm, 280–315 nm 

and 315–400 nm respectively). UVC does not reach the Earth’s surface and is absorbed 

by the stratospheric ozone, and therefore does not induce skin cancers.67 

Shorter wavelengths have higher frequencies and are associated with photons of higher 

energy, causing harmful effects such as skin damage.34 UVB constitutes 5–10 % of UV 

radiation and is absorbed by the epidermal skin layer UVB radiation causes various 

mutations and immunosuppressive effects, including photo-carcinogenesis (caused by 

direct absorption of photons by DNA).65,66 UVB induces direct DNA damage in 

melanocytes, leading to modifications in oncogenes and tumour suppressor gene 

expression. In contrast, UVA has lower energy but can penetrate the dermis skin layer.66 

Although poorly absorbed by DNA, UVA generates reactive oxygen species (ROS) such 

as singlet oxygen and hydroxyl radicals, generated by the photo-activation of endogenous 

photosensitizers (e.g. porphyrins, quinones).68 Sunlight also activates exogenous 

molecules (photosensitising drugs), causing direct reactions with DNA (such as psoralens 
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in PUVA – ultraviolet light therapy), or generates local oxidative stress (i.e. antibiotics 

and nonsteroidal anti-inflammatory drugs).66 Both UVA and UVB radiation contribute to 

the development of melanoma.12,69 One of the natural protection from UV radiation is 

ozone (O3) – a layer of a highly reactive pale blue gas – located 15–30 km above the Earth 

in the stratosphere, which serves as a shield from harmful UVB radiation.69 The ozone 

layer is deteriorating due to pollution containing chemicals such as chlorine and 

bromine.70 Since 1980, the ozone layer above the Antarctic, where ozone destruction can 

reach up to 65 % have been significantly impacted by pollution.70
 Additionally, the 

increased temperatures associated with global climate change have increased outdoor 

occupational and recreational activities, in turn, increasing UV exposure. All factors 

mentioned above could potentially explain the burgeoning prevalence of melanoma.69 

Figure 1.6 shows simplified schematic of molecular and carcinogenic responses of 

melanocytes to UV radiation. 

 

Figure 1.6 Simplified schematic of molecular and carcinogenic responses of melanocytes to UV 

radiation. DNA damage response is mediated by p53, which triggers the transcription of downstream 

genetic targets (green boxes). Melanocytes with DNA damage can be growth-arrested in G1 and G2 before 

the repair processes. The irreparable DNA damage, in non-melanocytic skin cells, triggers p53-dependent 

apoptosis via Bax, however, due to production of pro-survival factor Bcl2, melanocytes can survive with 

excessive DNA damage, preserved as a mutation in next generations (purple boxes).71 Self-generate figure.  
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Skin is the organ most exposed to the external environment; hence the UV exposure 

contributes to erythema, sunburn, tanning, skin ageing and photosensitivity, potentially 

leading to melanoma development.8,9,10 The most common protection against UV is 

sunscreen, which scatters or reflects and absorbs some of the UV energy. Sun Protection 

Factor (SPF) is a measure of a sunscreen’s ability to prevent the occurrence of erythema. 

However, sunscreens may, in fact, indirectly increase the risk of skin cancer development, 

as due to a high SPF index, sun exposure is often extended by the user.67,72 A safe sun 

exposure time for a specific skin type can be calculated from Equation 1.1.58
 

 

LSR ∗ SPF = T 
 

Equation 1.1 The calculation formula for safe sun exposure time. Where LSR is the level of sunburn 

risk specific for skin type (I:15–20, II:30, III:40, IV:60, V–VI:120 min), SPF is the sun protection factor, 

and T is safe sun exposure time for specific skin type.  

 

1.3.2. Diagnosing melanoma 

There are more than 200 different types of cancer, which can be grouped into categories 

based on the cell type from which they originated, such as, carcinomas: cancers 

originating from epithelial cells. There are several subtypes; adenocarcinoma, basal cell 

carcinoma, squamous cell carcinoma, and transitional cell carcinoma. Sarcomas: cancers 

derived from connective or supportive tissue (bone, cartilage, fat, muscle, blood vessels, 

fat, nerve), developing from mesenchymal cells. Lymphomas: blood cell tumours which 

develop from lymphatic cells. Leukaemia’s: cancers which begin in the bone marrow and 

result in high numbers of abnormal white blood cells. Germ cell tumours: cancers derived 

from germ cells, most often present in the testicle or the ovary (seminoma and 

dysgerminoma, respectively). Brain and spinal cord cancers: cancers originating from 

within the central nervous system. Blastomas: cancers (more common in juveniles) 

derived from immature precursor cells (blasts) or embryonic tissue. Melanomas: cancer 

of the skin cells.73  

Primary prevention of skin cancer includes the avoidance of sun exposure through the use 

of sunscreens, protective clothes, public education campaigns and parental care. 

Secondary prevention is early detection – this includes self-examinations and regular 

check-ups at dermatologists.60 Dermatoscopy is the diagnostic method used to examine 

skin lesions with a dermatoscope – an instrument used to distinguish benign lesions from 

melanoma.67 To diagnose melanoma skin cancer, diagnostic algorithm and dermoscopy 

checklist was created – the ABCD rule of dermoscopy and clinical EFG rule. The ABCD 
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rule scores the lesion on the presence of 4 different dermoscopic features: A) an 

asymmetry in contours, colour or structure, B) border with an abrupt cut off of pigment 

at the lesion periphery, C) colours in the lesion (up to six: white, red, light brown, dark 

brown, blue-grey or black) and D) dermoscopic structures of reticular lines, structureless 

zones, radial lines, dot or clods. For more precise detection and diagnosis of nodular 

melanomas, which often do not display the traditional ABCD criteria, three new 

dermoscopic EFG criteria were added: E) elevated and evolving, F) firm and G) growing 

(Figure 1.7). 

 

 

 

 

Figure 1.7 Phenotypic markers of increased risk for cutaneous melanoma. A) ABCDEFG criteria in 

the diagnosis of cutaneous pigmented tumours. Figure adapted and modified from Rigel et al. 2010.74 

B) Dermoscopic patterns of benign nevi, melanoma-specific and regression structures that can be seen 

under the dermatoscope. Figure adapted and modified from Zaidi et al. 2020.75 
 

 

There are two main types of skin cancer: nonmelanoma skin cancer (NMSC) and 

melanocyte carcinoma; melanoma (6 %). Epidemiologically, NMSC is the most common 

cancer worldwide, with approximately 3 million cases diagnosed each year and refers to 

keratinocyte carcinomas, namely basal (BCC) 75–80 % and squamous cell carcinoma 

(SCC) 20–25 %. Basal cell carcinoma is not only the most common type of skin cancer 

but the most common type of cancer in humans, growing slowly and rarely spreading to 

other parts of the body. Squamous cell carcinoma commonly appears on sun-exposed 

areas of the body such as the face, lips, neck, ears, and backs of the hands – it can also 
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develop in scars and skin sores. It grows into deeper layers of skin and can spread to other 

parts of the body.76 Tumour mutational burden in melanoma is one of the highest amongst 

most cancer types (Figure 1.8 A), with the primary driver mutation in a serine-threonine 

protein kinase – BRAFV600E (Figure 1.8 B). Melanoma driver mutations have been 

identified with 50–60 % BRAF, 15–20 % NRAS, 10 % PTEN and 2 % CDKN2A 

mutations. Interestingly, the V600E and Q16R mutations account for roughly 90 % of 

BRAF and NRAS mutations, respectively. The most significant proportion of melanoma 

skin cancer cases occur in the trunk and the legs, in males and females, respectively 

(Figure 1.8 D). Melanoma incidence rates are projected to rise to 32 cases per 100,000 

people by 2035.75 

Melanoma development starts with melanocytes changes, such as clonal expansion, 

immortalisation through overcoming melanocyte senescence and suppression 

of apoptosis.77 There are two main primary melanoma stages: radial growth phase (RGP) 

where melanoma cells are capable of spreading along the basement membrane but remain 

keratinocyte dependent, and vertical growth phase (VGP) where melanoma cells develop 

the ability to invade and survive in the dermis. In this late stage, melanoma is considered 

to be metastasis competent.34 Two main staging methods of melanoma progression were 

developed by Wallace Clark and Alexander Breslow in the 1960s, to help describe and 

measure the radial and the vertical thickness of a primary tumour.78 Clark's level method 

is determined by the depth of the melanoma cells in the dermis,79 whereas the Breslow 

thickness method measures the thickness of the lesion in the skin, which defines the 

surgical margins and helps predict the five-year survival rate (Figure 1.8 C).80 Clark’s 5 

levels of melanoma is described by following stages; i) Level I: tumour cells are located 

above the basal membrane (in situ melanoma, quite rare), ii) Level II: neoplastic cells 

have broken through the basal membrane and spread into the papillary dermis but not into 

the reticular dermis, an individual cell or a small cell cluster may reach the reticular 

dermis, but the tumour will stay a level II lesion, iii) Level III: cells tend to accumulate 

at the interface between both papillary and reticular dermal regions, 

iv) Level IV: neoplastic cells start to appear between the collagen bundles, which are 

typical of the reticular dermis and v) Level V: invasion of the tumour cells into the 

subcutaneous tissues and fat.79 Recent studies show that roughly 50 % of melanoma 

patients poses the homozygous BRAFV600E mutation and BRAFV600E zygosity has an 

impact on the BRAF inhibitors capacity (Figure 1.8 E and F).81 Studies suggest that the 

zygosity of BRAFV600E change over time from heterozygous to homozygous, as shown in 

metachronous melanoma metastasis.82 
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Figure 1.8 Melanoma in numbers. A) Mutation numbers expressed by cancer cells (TCGA datasets). 

Tumour mutational burden is defined as the number of proteins with a non-synonymous mutation with the 

indication-specific median (black circle). Melanoma has the most mutated proteins, with a median of 276. 

Figure adapted and modified from Castle et al. 2019.83 B) Types and frequencies of BRAF mutations in 

melanoma. Figure adapted and modified from Cheng et al. 2018.84 C) Comparison of RGP and VGP growth 

phases. Figure adapted and modified from Abdullah et al. 2018.80,85 D) Malignant melanoma cases 

percentage distribution by anatomical site. Figure adapted and modified from Cancer Research UK, 

cancerresearchuk.org, 2014. E) Quantitative analysis of BRAFV600E allele frequency (13.6 % wild type, 

35.3 % heterozygous and 54.5 % homozygous) and F) BRAFV600E level among patients with stage II, III 

and IV melanomas, (data from TCGA clinical BioPortal, The Cancer Genome Atlas Human Skin Cutaneous 

Melanoma (SKCM), student’s t-test values: p-Value < 0.05*, < 0.01**, 0.001***. 
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1.3.3. Molecular changes in the progression of melanoma  

Melanoma progression is described as a simple 6 step model: i) common acquired 

melanocytic naevus, ii) melanocytic naevus with lentiginous melanocytic hyperplasia, 

iii) melanocytic naevus with aberrant differentiation, and melanocytic nuclear atypia, 

iv) RGP of primary melanoma, v) VGP of primary melanoma and vi) metastatic 

melanoma (Figure 1.9).86,87 In more detail, malignant melanoma arises from precursor 

lesions such as dysplastic nevi, congenital nevi or cutaneous melanocytes. Atypical 

melanocytes proliferate to form atypical nevi. Further proliferation leads to the stage of 

early melanoma in the RGP, which later may reach the lower layers of the skin (dermis) 

and become an invasive melanoma in VGP. The depth of invasion is critical point of the 

prognosis. As it reaches the dermis and may start to metastasize throughout the body 

through circulation system. Pigmentation process represents a melanocyte-specific 

response to UV irradiation mediated via MC1R, stimulated by α-MSH.87 Major 

differentiation genes, such as those encoding tyrosinase and TRP1, are targets of p53 as 

well. UV radiation can directly activate receptor tyrosine kinases (RTKs; cell surface 

growth factor receptors), including AKT antiapoptotic signalling and MAPK growth 

stimulation. However, mutated in the majority of human melanomas – BRAF – regulates 

both melanocyte growth and differentiation (Figure 1.9).71,87
 

Melanocytes undergo a series of processes to become malignant melanoma. BRAF 

mutation develops at the stage of the benign nevus, while mitogen-activated protein 

kinase (MAPK) pathway is activated. The cytologic atypia in dysplastic nevi reflects 

lesions within the cyclin-dependent kinase inhibitor 2A (CDKN2A) and phosphatase and 

tensin homologue (PTEN) pathways. Progression of melanoma is associated 

with decreased differentiation and expression of melanoma markers regulated by MITF.88 

In the VGP and metastatic melanoma stage; changes in the control of cell adhesion are 

observed, such as the decrease in the expression of the melanocyte-specific gene 

melastatin-1 (TRPM-1), loss of E-cadherin or increase expression of N-cadherin, αVβ3 

integrin and matrix metalloproteinase-2 (MMP-2), Figure 1.9. The frequency of both the 

progression of nevi toward becoming malignant and the regression of nevi is unknown. 

The model emphasizes the histopathological changes that occur in the progression of 

melanoma. Normal melanocytes progressively develop a malignant phenotype through 

the acquisition of various phenotypic features. The particular histologic features 

characterising each step of progression are the visible manifestations of underlying 

genetic changes.10,71 
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Figure 1.9 Melanoma progression. The Clark’s different level model for melanoma development, 

including critical molecules that are either mutated (BRAF, NRAS, PTEN and CDKN2A) or are 

overexpressed and play a role in BRAFi resistance. The WNT5A molecule uniquely is up- or down-

regulated during different phases of melanoma progression. Figure adapted and modified from Miller et al. 

2006.10  

 

The MAPK and PI3K/AKT pathways play an integral role in the pathogenesis of 

melanoma. In the normal physiologic state, MAPK signalling promotes several functions, 

including differentiation, hormone responses and cellular proliferation.88 Growth factors, 

such as FGF (fibroblast growth factor), HGF (hepatocyte growth factor), SCF (stem cell 

factor) and GDNF (glial-cell-derived neurotrophic factor) initiate the signalling pathway 

by binding to the receptor tyrosine kinases (RTKs), such as epidermal growth factor 

receptor (EGFR), hepatocyte growth factor receptor (HGFR), platelet-derived growth 

factor receptor-α (PDGFR-α) and insulin-like growth factor-1 (IGF-1), leading to auto-

phosphorylation, dimerization and activation.89 Several adaptor molecules and guanine 

exchange factors (GEFs) facilitate activation of the small GTPase rat-sarcoma homolog 
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(RAS), which activates fibrosarcoma proteins (RAF), which form homo- or heterodimers 

among RAF isoforms (ARAF, BRAF and CRAF kinases).90 These proteins are activated 

by GEFs and suppressed by GTPase-activating proteins (GAPs), including 

neurofibromin-1 (NF-1). Dimers phosphorylate mitogen-activated extracellular signal-

regulated kinase (MEK), which activates extracellular signal-regulated kinase (ERK).91 

Further, active MEK1/2 and ERK1/2 kinases phosphorylate nuclear and cytoplasmic 

substrates. In humans, the most commonly mutated gene in the ERK pathway is BRAF, 

which has been shown to induce MAPK signalling, even without RAS activation. One of 

the critical BRAF mutations is valine changed to glutamic acid at codon 600 (BRAFV600E) 

in exon 15, which induces a protein conformational change that makes the protein 

constitutively active. The low survival in melanoma patients has been associated with the 

presence of BRAFV600E. Inhibition of BRAFV600E results in a significant decrease in the 

metastatic cell potential due to the reduction in cell extravasation. The BRAFV600E 

mutation is positively correlated with pro-angiogenic growth factors, such as vascular 

endothelial growth factor (VEGF), suggesting BRAF mutation involvement in the 

metastatic process. BRAF-induced MAPK signalling further induces or activates ERK1/2 

activity, thereby regulating cell proliferation, survival, migration and metastasis in 

melanomas.92 ERK attenuates further pathway activation via a negative feedback loop on 

upstream pathway members.93 Interestingly, BRAFV600E displays a 500–fold increase in 

kinase activity, stimulating the activation of PI3K/AKT signalling pathway.93 

BRAF inhibition leads to hyperactivation of the MAPK pathway, which induces cell 

division and survival pathways to promote tumour growth. The paradoxical activation of 

the MAPK pathway is caused by hetero- and homodimerization of RAF isotypes, 

inducing proliferation in RAS mutated BRAF wild-type cells (Figure 1.10).94  
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Figure 1.10 Paradoxical activation of the MAPK pathway by RAF kinase inhibitor. A) At the 

physiological state, RAF kinase is autoinhibited by trans-P loop phosphorylation of one RAF protomer by 

another one within the dimer (inhibitory autophosphorylation). RAF is inactive and downstream ERK 

signalling is low. B) In normal and tumour RAF wild-type cells, BRAFi leads to paradoxical upregulation 

of the MAPK pathway. The loss of inhibitory phosphorylation and allosteric effects between two RAF 

protomers results in increased kinase activity. Low levels of BRAFi prevent transphosphorylation of one 

RAF protomer. BRAFi transactivates the homo- or heterodimeric binding partner (non-phosphorylated 

protomer becomes active) and increases downstream MAPK signalling. C) At high BRAFi concentrations, 

RAF protomers are inhibited and transphosphorylation is prevented. Although RAF protomers are no longer 

autoinhibited, BRAFi levels are sufficiently high to displace ATP from the catalytic clefts and inactivate 

all RAF protomers, blocking downstream ERK activation.95,96 Self-generated figure. 

 

1.3.4. Resistance mechanisms in melanoma 

The ERK signalling pathway consists of upstream receptor tyrosine kinases: RAS, RAF, 

MEK and ERK. ERK signalling substrates regulate cascade of critical cellular processes 

of transcription, translation, mitosis and apoptosis.97 Melanoma cells employ 

hyperactivation of the RAS/RAF/MEK/ERK signalling pathway that regulates cellular 

programs, including cell survival.98 Interestingly, although RTK signalling increases 

upon BRAF inhibition, melanoma cells do not produce their own autocrine growth factors 

– instead these derive from host cells, such as fibroblasts and B-cells.90 Anti-melanoma 
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therapies with small targeted molecule inhibitors, such as vemurafenib can successfully 

attenuate the effects of enhanced ERK signalling.99. Unfortunately, drug resistance to 

BRAF inhibitors (BRAFi) develops rapidly within one year of initiating treatment.100 

BRAFi resistance is mediated by a complex series of mechanisms, leading to the recovery 

of the MAPK signalling pathway that allows melanoma cells to persist in the presence of 

the drug before re-curing with acquired resistance.101 Acquired resistance to BRAFi 

characterises with increased upstream growth factor expression, upregulation of RTKs, 

BRAF amplification, alternative RAS mutations and downstream MEK mutations, 

resulting in reactivation of downstream ERK signalling.94 

Acquired resistance is frequently genetically mediated and associated with the 

development of new mutations that maintain MAPK signalling, such as NRASQ61K, 

BRAF splice-form mutants and amplifications, MEK1C121S/P124L and MEK2Q60P.102 

Interestingly, when downstream of RAF signalling is elevated, BRAFi can overcome 

a negative feedback loop that downregulates RTK signalling.103 The upregulation of 

PDGFR and IGF-1 have been shown to increase the BRAF resistant in melanoma 

tumours.104 Additionally, the upregulation of RTK signalling activates PI3K/AKT 

signalling pathway, contributing to BRAFi resistance.105 Additional genetic events 

implicated in BRAFi resistance, include cyclin D1 amplification, RB1 inactivation and 

MAPK mediators, such as COT1 and RAC1 mutations.106 The MAP kinase COT1 

(MAPK pathway agonist) drives resistance to RAF inhibition through MAPK pathway 

reactivation in BRAFV600E mutants. COT activates ERK primarily through MEK-

dependent mechanisms (independent of RAF signalling). COT expression is associated 

with de novo resistance in BRAFV600E cells and acquired resistance in melanoma relapsing 

patients following treatment with MEKi or BRAFi.91 Combined BRAF/MEKi treatment 

reduces cutaneous toxicities, such as squamous cell carcinoma, caused by the paradoxical 

activation of the MAPK pathway during BRAFi monotherapy. Other mutations 

increasing signalling in the PI3K/AKT/mTOR pathway include, PI3KCAD350G/E544G, 

PI3KCGV983E, PTEN134M/fs.40, PI3KR2N561D, AKT1Q79K, AKT3E17K and PHLPP1K596E. 

The loss of PTEN function predicts worse progression-free survival (PFS) in patients on 

BRAFi therapy. Pre-clinical strategies explore new ERK inhibitors and other components 

of the MAPK pathway using HSP90 inhibitors.107,108 Figure 1.11 summarises cell 

signalling pathways and therapeutic targets in melanoma.  

Development of new immunotherapies, using immune checkpoint inhibitors, open new 

opportunities in overcoming melanoma resistance to traditional therapies.109 
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Development of CTLA-4 (cytotoxic T-lymphocyte-associated protein-4) and PD-1 

(programmed cell death protein-1), antibodies significantly improved survival in patients 

with late-stage metastatic melanoma.110 However, successful immunotherapies have a 

relatively poor response in a small group of patients, suggesting the existence of 

mechanisms enabling resistance to immune therapy, such as decreased antigen 

expression, suppression of effector immune cell activity in the tumour microenvironment, 

changes in regulatory T-cell activity or increased secretion of inhibitory ligands.111 

Significant immune-related adverse effects (irAEs) are strongly associated with 

immunotherapies, causing overwhelming autoimmune toxicities.110,111 
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Figure 1.11 Cell signalling pathways and therapeutic targets in melanoma. Schematic overview of the 

MAPK/ERK (blue) and the PI3K/AKT (green) signalling pathways and approved targeted and immune 

therapies in melanoma treatment. Activation of RTKs receptors leads to dual activation of the MAPK and 

PI3K signalling pathways. The MAPK signalling pathway results in cell proliferation by activating cyclin 

D1 and CDK4/6 complexes (cell cycle progression and gene transcription). PI3K pathway leads to the 

antagonism of apoptosis and increased cell growth and proliferation. Resistance to BRAFi arises from 

MAPK pathway reactivation including i) MEK1C121S and NRASQ61R/K mutations, ii) COT1 overexpression, 

and iii) alternative splicing and amplification of BRAFV600E. RTKs activation and overexpression bypasses 

BRAFV600E, which activates CRAF-MEK independent ERK mechanisms. BRAFi and MEKi are used as 

a combinatory treatment regimen, and immunotherapy is physiological inhibitors of T cell-mediated 

immune response.109,110,111 Self-generated figure. 
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1.3.5. Current advances and problems in melanoma treatment 

Melanoma is a highly aggressive malignancy.112 The prognosis of malignant melanoma 

is strongly dependent on early detection and disease stage. Patients with early diagnosed 

tumours have a high probability of complete remission after surgery.113 Unfortunately, 

the 5–year survival rate of patients with melanoma which has already spread to the 

sentinel lymph nodes is significantly lower.113 Melanoma is known to be resistant to 

conventional chemotherapeutics, and challenging to treat once metastasised; its resistance 

to chemotherapy is caused by complex molecular mechanisms.114 The most common drug 

inhibiting mechanisms is the overexpression of multidrug transporters, and the 

simultaneous accumulation of mutations; involved in those processes are, among others, 

multi-drug resistance protein (MRP) and p-glycoprotein (P-gP).115,116 

Surgery provides the most effective and long-lasting treatment for melanoma. Primary 

melanoma (melanoma in situ or stage I or II) is treated with the surgical excision of the 

lesion.117 Low depth of invasion and healthy surrounding tissue usually lead to complete 

remission.74 Chemotherapy is a standard treatment for advanced melanoma. The 

conventional cytotoxic chemotherapy for metastatic melanoma is dacarbazine (DTIC) 

and temozolomide – exhibiting low response rates (10–15 %) and short duration.118 

Currently, new drugs are being developed in anti-melanoma therapies, such as immune 

checkpoint inhibitors (immunotherapies) and small molecule inhibitors and many more 

which are still at the clinical trial and development stages.119,120,121,122,123 These treatments 

can be divided into two main approaches: immunotherapy (to enhance anti-tumour 

immunity), such as ipilimumab, tremelimumab (CLTA-4); pembrolizumab, nivolumab 

(PD-1); avelumab, durvalumab, atezolizumab (PD-L1); and targeted therapies (that block 

oncogenic driver mutations), such as vemurafenib, dabrafenib, encorafenib, sorafenib 

(BRAFi) and trametinib, cobimetinib, binimetinib, selumetinib, pisaretinib, refametinib 

(MEKi).124,125 So far, those drugs have shown promising results in monotherapies. 

However, sides effects were still present, such as immune-related adverse events (irAEs) 

and multiple resistance mechanisms.126 The irAEs can manifest in various sides effects 

such as diarrhoea, dermatitis, hepatitis, uveitis, nephritis, myopathy, neuropathy, 

perforating colitis and toxic epidermal necrolysis.1,127 As well as vitiligo, colitis, hepatitis, 

hypophysitis, thyroiditis and inflammatory pneumonia.2 Many of these symptoms can be 

potentially lethal to the patient if neglected.128 The first-line treatment highly depends on 

the BRAF mutation status; approved treatment options for patients with unresectable 

metastatic melanoma are shown in Figure 1.12.129 
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Figure 1.12 Treatment options for unresectable metastatic melanoma. The 1st line treatment for 

melanoma depends on BRAF mutation. Patients with BRAF-mutant melanoma receive targeted-therapies 

or immunotherapies (ICIs) as 1st line treatment. Targeted-therapies with BRAFi monotherapy or in 

combination with MEKi are preferred. Patients with BRAFWT tumours receive ICIs as 1st line treatment. 

BRAFi unresponsive patients receive ICIs as 2nd line treatment. Non-targeted therapies are administered as 

2nd line treatment using chemotherapeutics. Melanoma tumours can also be treated locally with oncolytic 

virus-therapy (T-VEC).121,122,123 Self-generated figure. 

 

Treatment resistance is a critical issue in melanoma therapies. Drug resistance provides 

new targets for combination chemotherapies with both multiple targeted and 

immunotherapies, however many limitations and sides effects work against patients.130 

Therefore, novel promising strategies like nano-technology and nanoparticles (NPs) have 

the potential to improve treatment efficacy.131 Table 1.1 shows advantages and 

disadvantages of approved therapeutics in melanoma treatment.  
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Table 1.1 Advantages and disadvantages of approved therapeutics in melanoma treatment.  

Therapy  Advantages Disadvantages Ref. 

Targeted 
monotherapy   

Suppression of MAPK pathway, rapid clinical 
responses and significantly improved survival 

Acquired resistance and high 
toxicity 

119-121 

Immunotherapy  
Promotion of antitumor immunity, improvement 

of the median overall survival 

Limited effects on long-term 
response Immune-related adverse 

effects 

122-123 

 
Combination 
therapy 
  

Increase of complete clinical responses 
Increase of drug-related adverse 

effects 
132-133 

Anti-angiogenic 
drugs 

Targeted endothelial and tumour-related 
vascular endothelial growth factor signalling 

Limited clinical response, acquired 
resistance 

134-135 

Chemotherapy 
Penetration of drugs into tumours through 

passive diffusion 
Cytotoxicity on healthy cells, high 

side effects 
136-137 

Nano-medicines  

The drug-carrying capacity of one or more 
compound. Hydrophilic and hydrophobic drugs 

can be incorporated simultaneously 
 

Improved systemic circulation of drugs & 
enhanced tissue permeability, improved 
bioavailability of chemotherapeutics to 

metastatic tumours 
 

Drug degradation protection, improved efficacy 
and increased drug tolerability 

 

Simultaneous imaging and diagnosis  
 

Controlled release of the drug(s) inside the 
tumour cells and increased drug concentration 

by passive targeting  
 

Specific tumour targeting and increase of drug 
penetration, to reduce systemic toxicity of drugs, 
reducing side-effects (active targeting via ligand-

receptor interactions) 
 

Drug resistance and efflux capacity of cancer cells 
reduction 

Biodistribution depend on surface 
characteristics of NPs, possible 

kidney and liver filtration 
 
 

High manufacturing costs, scale-up 
can be impeded due to complex 

nano-material formulation 
 
 

Unwanted activation of immune 
response leads to allergic reactions, 

toxicity levels assessment 
 
 

Removal of NPs by the ER system 
and other clearance mechanisms, 
NP must be engineered to reduce 

opsonisation and optimise the 
surface properties to reduce 

clearance 

138-139 

 

Currently, several NPs are being developed and tested for tumour imaging (i.e. MRI, PET, 

US) and targeted drug delivery systems.3,140 NPs have the potential to enhance the 

therapeutic efficacy of a drug, since they can be engineered to modulate its release and 

stability, and to prolong its circulation time, protecting it from elimination by phagocytic 

cells or premature degradation.141,142 NPs can also be tailored to accumulate in tumour 

cells and tissues and by active targeting strategies using ligands designed to recognize 

tumour-associated molecular markers.143 NPs can combine diagnostic, imaging and 

targeting therapeutic agents into a nano-medicine tool.116 NP agents range from 

liposomes, oil-based dispersions, polymeric particles and hydrophilic polymer–

photosensitizer conjugates to gold NPs.76,144 Therefore, NPs have great potential in future 

of diagnosing and treating melanoma, dramatically increasing overall survival for 

melanoma patients.3,145  
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Nano-medicine, especially in melanoma treatment, provides several strategies involving 

improvement of currently available therapeutics and reducing off-side toxicities. The 

approval of Abraxane (albumin bound PTX) in breast cancer treatment, opened a bridge 

between the development of NPs with increased therapeutic efficacy and lower drug dose. 

Docetaxel (DTX; antineoplastic agent), insoluble in water, when encapsulated with 

biocompatible carboxymethylcellulose/polycaprolactone polymer and stabilised with 

PEG, resulted in reduced side-effects, improved efficacy and accumulation of DTX in the 

tumour site.146,147 

On the other hand, direct targeting of melanoma cancer cells provides attractive targets 

for nano-therapy. Several melanoma targeting possibilities were identified, such as; cell 

surface receptors, tumour stroma and vasculature. For example, folate conjugated NPs 

have been shown to be selectively internalise with melanoma cells.148 Furthermore, 

recently a number of MC1R targeted NPs for melanoma treatment were developed.149,150 

MC1R targeted NPs demonstrated receptor-mediated cell uptake; interestingly, 

PEGylated gold NPs conjugated with MC1R agonist peptide (α-MSH), were internalised 

via receptor mediated endocytosis, where non-targeted NPs remained uninternalized.151 

The main advantageous application of SPIONs is imaging of tissues in the early detection 

of melanoma. Several MRI contrast agents use SPIONs as imaging and therapeutic 

agents, such as dextran coated SPIONs (nodal tumour detection), VEGF-targeted SPIONs 

(integrin-positive tumour detection), SPIONs coated with phospholipids polymer 

(imaging-guided photothermal-therapy) and DOX-loaded SPIONs (drug delivery and 

imaging).148 Table 1.2 shows currently approved small molecule inhibitors, 

combinatorial and immunotherapies in melanoma treatment.  
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Table 1.2 Approved anti-melanoma therapies.152,153 

Compound FDA Company Administration dose Mechanism of action 

Small molecule therapies 

Dacarbazine (DTIC-dome®) 1975 Bayer 2-4.5 mg/kg IV Q4W  DNA alkylating 

Vemurafenib (Zelboraf®) 2011 
Plexxikon/ 
Genentech 

960 mg PO Q12H BRAFV600E inhibitor 

Dabrafenib (Tafinlar®) 2013 Glaxo Smith Kline 150 mg PO BID BRAFV600E inhibitor 

Trametinib (Mekinist®) 2013 Glaxo Smith Kline 2 mg PO QD MEK-1/2 inhibitor 

Cobimetinib (Cotellic®) 2015 Genentech 20 mg PO QD MEK-1/2 inhibitor 

Encorafenib (Braftovi®) 2018 Array BioPharma 300 mg PO QD BRAF inhibitor 

Binimetinib (Mektovi®) 2018 
Array Biopharma/ 

Novartis 
45 mg PO BID MEK-1/2 inhibitor 

Combination therapies 

Trametinib (Mekinist®)  
+ Dabrafenib (Taniflar®) 

2014 Novartis 
150 mg PO BID 
+ 2 mg PO QD 

BRAFV600E inhibitor  
+ MEK-1/2 inhibitor 

Nivolumab (Opdivo®)  
+ Ipilimumab (Yervoy®) 

2015 
Bristol Mayer 

Squibb 
1 mg/kg IV Q3W x 4 doses 

+ 3 mg/kg IV Q2W  
α-PD-L1 monoclonal antibody + 
α-CTLA-4 monoclonal antibody 

Vemurafenib  (Zelboraf®)  
+ Cobimetinib (Cotellic®) 

2015 
Roche/ 

Genentech 
960 mg PO BID 
+ 60 mg PO QD 

BRAFV600E inhibitor  
+ MEK-1/2 inhibitor 

Encorafenib (Braftovi®)  
+ Binimetinib (Mektovi®) 

2018 Array BioPharma 
450 mg PO QD 
+ 45 mg PO BID 

BRAF inhibitor  
+ MEK-1/2 inhibitor 

Vemurafenib (Zelboraf®)  
+ Cobimetinib (Cotellic®) 

+ Atezolizumab (Tecentriq®) 
2020 Roche 

720 mg PO BID  
+ 60 mg PO QD  

+ 840 mg IV Q2W  

BRAFV600E inhibitor  
+ MEK-1/2 inhibitor 

 + α-PD-L1 monoclonal antibody 

Immunotherapies 

Recombinant  
interferon α-2b  

(Intron A®) 
1995 

Biogen Schering 
Plough 

Inject 1.36-3.4 million  
units/m2 ILES Q4W 

IFNAR/JAK/STAT activation 

Aldesleukin IL-2 (Proleukin®) 1998 Chiron 
0.6-6 million units 

ILES TIW, QW 
Immune cell activation 

Nivolumab (Opidovo®) 2011 
Bristol Myers 

Squibb 
3 mg/kg IV Q2W x 4 doses α-PD-1 monoclonal antibody 

Ipilimumab (Yervoy®) 2011 
Bristol Myers 

Squibb 
3 mg/kg IV Q3W x 4 doses α-CTLA-4 monoclonal antibody 

Peginterferon α-2b 
(Sylatron®) 

2011 Merck 6 mcg/kg/week, SC IFNAR/JAK/STAT activation 

Pembrolizumab (Keytruda®) 2014 Merck 2 mg/kg IV Q3W x 4 doses α-PD-1 monoclonal antibody 

Talimogene laherparepvac 
(Imlygic®) 

2015 Amgen 
1 million PFU/ml ILES, 

100 million PFU/ml in new 
lesions, Q2W 

Oncolytic viral therapy 

 

Abbreviations; BID: twice daily, ILES: intralesionally, IV: intravenously, PFU: plaque forming units, PO: 

taken orally, Q12 h: every 12 h, QD: every day, QW: every week, Q2W: every two weeks, Q3W: every 

three weeks, Q4W: every four weeks, SC: subcutaneously, TIW: three times a week. 
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1.4. Nano-medicine  

1.4.1. History of nano-medicine and nano-technology 

"Nanoparticles (NPs) are solid colloidal particles ranging in size from 1 to 1000 nm 

(1 µm). They consist of macromolecular materials in which the active principle (drug or 

biologically active material) is dissolved, entrapped, encapsulated or to which the active 

principle is adsorbed or attached" – Encyclopaedia of Pharmaceutical Technology, 

1994.154  

The first NPs were reported in 1847 by Michael Faraday, an experimental 

electromagnetic physicist. He accidentally discovered, whilst washing the films of gold 

sheets, before mounting them on the microscope slides, a faint ruby coloured fluid. 

Faraday’s gold was, in fact, a colloid – a dispersion of very fine gold particles suspended 

in a liquid.155 This colloidal approach nowadays is prepared in the presence 

of phosphorus, which was later developed and optimised by John Turkevich in 1951.156 

Additionally, NPs in a colloidal dispersion scattered a portion of the light passing through, 

causing divergence of the light beam, revealing a new optical effect, known today as the 

Faraday–Tyndall effect. These were the first known NP experiments with gold colloids, 

which initiated the fields of nano-science and nanot-echnology.157,158 

To address the systemic toxicity of chemotherapy, a reasonable strategy was 

to encapsulate the nonselective chemotherapeutics in a stealth vehicle that would carry 

the drug accurately to the tumour site. The concept of targeted drugs dates back to 1906 

when Paul Ehrlich (Nobel Prize in Physiology or Medicine, 1908) proposed the 

development of a drug that specifically binds to and kills microbes without harming 

human cells – the "magic bullet". He developed the first specifically acting therapeutic 

marking the start of chemotherapy – the Salvarsan.159  

The origins of nano-medicine are attributed to the Manhattan Project physicist, 

Richard Feynman (Nobel Prize in Physics, 1965) pioneer of quantum computing and 

nano-materials by his evolvement and diversification of a wide range of medical 

applications, e.g. tissue engineering, at the beginning of the 1950s.160,161 The first NPs 

used in targeted drug delivery therapy were developed at the end of the 1960s 

by Peter Speiser, shortly followed by successful production of monoclonal antibodies by 

Georges Köhler and César Milstein (Nobel Prize in Physiology or Medicine, 1984) in the 

1970s.162  
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The term nano-technology was first used by Eric Drexler in 1986, in his book "Engines of 

Creation: The Coming Era of Nano-technology" (Figure 1.13).163 The intensive research 

into the syntheses of NP systems and physicochemical functionalisation of their surface 

has been ongoing since then. At the start of the 1990s, for the first time, NPs were 

modified to transport genes and DNA fragments into cells to aid antibodies.162 

Officially approved by the FDA in 1995, the first therapeutic nano-formulation on the 

market was liposomal doxorubicin encapsulation (Doxil) for the treatment of AIDS-

related Kaposi’s sarcoma. Doxil vastly reduced side effects of free doxorubicin, 

e.g. cardiotoxicity, neutropenia, myelosuppression and alopecia.  

 

 

Figure 1.13 Nano-technology: nanoscale integration of nano-structures and biomolecules. Figure 

adapted and modified from Saallah et al. 2018.164 

 

1.4.2. Nano-medicine applications 

The main factor influencing the action of an active pharmaceutical ingredient (API) is an 

optimal drug distribution in the human body. Appropriate API penetration of target 

tissues and limited off-target distribution is required. The API distribution throughout the 

human body is defined by pharmacokinetics (PK) and influenced by absorption, 

distribution, metabolism and elimination (ADME) processes, which define nano-

medicine safety.165 Nano-medicine became a multidisciplinary area, which combines 

chemical, physical and engineering sciences with a pharmaceutical approach aiming to 

generate a powerful tool for precision medicine. Numerous therapies have been 

developed to increase and target drug delivery to the tumour site. NP delivery systems 
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can overcome the limitations associated with traditional therapies, such as nonspecific 

biodistribution, the poor water solubility of drugs, low therapeutic indices, tumour 

multidrug resistance and act as a therapeutic and diagnostic platform. NPs allow active 

and passive targeting to the site of action and release of drug in a controllable manner. 

Biocompatible and biodegradable delivery nano-systems are designed to increase drug 

loading capacity, bioavailability, enhanced efficacy and safety.166 Therapies and essential 

applications include a wide range of NPs, such as liposomes, solid lipid NPs, 

nanocrystals, polymer-based NPs, protein conjugate NPs, dendrimers, virosomes, 

modified viruses, diagnostic biosensors, nanocapsules for hyperthermia, thermoablation 

and radiotherapy, metallic NPs (semiconducting and superconducting) and 

multifunctional NPs as theranostics agents, tissue engineering and magnetofection 

applications (transfection method using a magnetic field to concentrate NPs into the target 

cells).167 Drug-loaded NPs can provide high drug accumulation in target disease sites and 

decreased off-target toxicities. Nano-medicine-based gene therapy can deliver nucleic 

acids intracellularly. Functionalised NPs interact with microenvironment pH changes and 

external stimuli, such as temperature, light and magnetic fields. Incorporation of the 

imaging contrast agents in NPs increases therapy and diagnostic capabilities.168  

 

1.4.3. NP pharmacokinetic and pharmacodynamics  

Pharmacokinetics (PK) and pharmacodynamics (PD) of NPs involves systematic 

absorption, distribution, metabolism and excretion of NPs; and interactions between 

receptors, ion channels, enzymes and immune system with NPs, respectively. 

Drugs loaded into NPs are potentially pharmacologically inactive, once released, are 

subjected to the same routes of metabolism and clearance as the NPs themselves.166 

PK and PD assessment are performed to assess the disposition of released or still NP 

encapsulated drugs in plasma and tumour. Factors that influence the variability of NP-

related PK/PD include NP physicochemical characteristics, host-associated 

characteristics, reticuloendothelial and mononuclear phagocyte system (MPS).169 

After the administration of NPs into the human body, irrespective of their route of entry, 

interactions between NPs and non-cellular biological environments immediately occur. 

Interactions of the NP surface with proteins and lipids can affect the NP physicochemical 

characteristics. NPs enter the tissue by size-dependent cellular uptake, endocytosis or 

phagocytosis by macrophages and are selectively removed from the blood.170 

The extravasation of the NPs may be restricted by the existence of natural barriers formed 
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by the tight junctions between endothelial and epithelial cells (studies have demonstrated 

that certain materials may bypass the blood-brain barrier (BBB) or the placenta).170,171 

The principal proportion of NPs are excreted from the body via urine and/or faeces 

(Figure 1.14). However, certain materials are retained in the body for extended periods 

and consequently may contribute to NP-induced chronic toxicity. Thus, the following 

should be the focus of investigation: i) nano-medicine toxicity, exposure route, bio-

persistence and clearance, ii) delivery mechanisms influencing nano-medicine toxicity.171  

 

Figure 1.14 Physical barriers impeding drug delivery into tumour cells and ADME processes. 

Molecular and physiological ADME processes (absorption, distribution, metabolism and elimination) 

define NP biodistribution and toxicity of drugs in the human body. EPR: enhanced permeability and 

retention, RES: reticuloendothelial system. Figure adapted and modified from McDonald et al. 2015.168 

 

1.4.4. Nano-toxicity and metabolism 

Nano-toxicity involves environmental, occupational and health safety concerns. Toxicity 

evaluation of NPs is based on several factors including i) application purpose, ii) route of 

administration, iii) dosing, iv) systemic distribution and toxicity, v) use of relevant 

models, vi) NP metabolism and vii) both long-term and acute toxicities.172  
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Irrespective of administration route, NPs can enter the body intentionally (intravenous 

procedure) or accidentally (environmental exposure) in order to distribute and accumulate 

in the target tissue. The mononuclear phagocytic system (MPS) is a frequent target for 

nano-medicine.173 Cationic dendrimers are known to induce hepatotoxicity due to 

sequestration by Kupffer cells. NP uptake by MPS depends on opsonisation, which is 

determined by the particle size and surface modifications. Hydrophilic polymer coatings 

of NPs significantly reduce the nano-toxicity to liver, spleen and bone marrow, as well as 

liposomal NPs due to their higher tropism for phagocytic cells in liver and spleen.174 

Kidneys tend to clear small NPs with hydrodynamic size less than 10 nm, through 

the urinary excretion route. NP functionalised with water-soluble fullerene derivatives 

and certain types of carbon nanotubes were shown to be highly nephrotoxic.175  

The main mechanisms of systemic nano-toxicity are oxidative stress and lysosomal 

dysfunction, caused mainly by ROS (reactive oxygen species) generated during 

mitochondrial oxidative metabolism, cellular response to xenobiotics, cytokines and 

bacterial invasion.176 Quantum dots and fullerene NPs induce autophagic activation 

in vitro resulting in enhanced toxicity and cell death. Carbon nanotubes (CNTs) 

are known to induce oxidative stress cell signalling, stimulating expression 

of proinflammatory and fibrotic cytokines.177 Accumulation of metallic NPs, such as 

titanium dioxide (TiO2), cerium oxide (CeO2) and zinc oxide (ZnO), trigger activation of 

macrophages and neutrophils in response to generated ROS imbalance. Most of the metal-

based NPs trigger free radical formation (highly oxidizing hydroxyl radicals) and toxicity 

related to Fenton reactions (oxidation processes).178 NPs used for drug delivery, due to 

their unique physicochemical properties, can influence biodistribution of the drug and 

alter toxicity profile; thus, both the toxicity of NP and the drug have to be considered. 

Liposomal pegylation of doxorubicin (DOX) vastly reduces myelosuppression and 

cardiotoxicity; the main adverse effects of free DOX.179 

 

1.5. Optimal characteristics of NP drug delivery  
 

1.5.1. Size characteristics of NPs 

NPs with an approximate diameter of 100 nm show prolonged blood circulation time, 

increasing the probability for NP extravasation through fenestrations in poor tumour 

vasculature ranging from 380–780 nm in size.180 Notwithstanding the benefits 

of enhanced permeability and retention effect (EPR) in tumorous tissues and NP 
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accumulation, EPR effects were shown to vary considerably depending on the extent 

of tumour vascularity.181 Recent studies reported polymeric micelles in a range of sizes 

(30, 50, 70 and 100 nm), successfully penetrated highly permeable tumours. In poorly 

vascularised cancers, such as the highly aggressive human pancreatic ductal 

adenocarcinoma (PDAC, characterised by low vascularity and dense fibrotic stroma), 

only small NPs below 50 nm in diameter were able to infiltrate.182 The degree of NP 

accumulation in cancer sites, however, vastly depends on the tumour type and factors 

within the tumour microenvironment (TME), including permeability factors, such as 

vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), 

bradykinins or prostaglandins.183 TME factors may be highly elevated in certain solid 

tumours, whereas nonsolid tumours such as leukaemia or lymphoma are disadvantaged 

by a lack of EPR. In solid tumours, vessels are surrounded by morphologically abnormal, 

spatially isolated contractile cells on capillaries, which are loosely connected with 

endothelial cells, lacking smooth muscles and basal membrane, thus leading to 

an increased blood flow resistance and reduced tumour blood supply.184 

Consequently, despite a high microvessel density, tumours have a weak drainage system 

with hyperpermeable vasculature. The extracellular pH decreases due to an accumulation 

of metabolic products such as lactic acid, carbonic acids and oxygen supply suppression, 

which creates a hypoxic acidic microenvironment in the tumour area. This triggers 

a tumour angiogenic downstream signalling cascade, leading to production and activation 

of growth factors such as VEGF, TNF (tumour necrosis factor) and PDGF (platelet-

derived growth factor).185 Subsequently, high accumulation of acidic metabolites and 

a faulty vascular network provides an opportunity for drug-carrying NPs, through forced 

accumulation and increased retention time of NPs in the tumour area. 

Furthermore, an acidic tumorous microenvironment provides additional advantages of 

the pH-sensitive coating design of NPs, allowing localised drug release.186 

Figure 1.15 illustrates intracellular receptor-mediated endocytosis of targeted NPs for 

melanoma treatment, followed by pH-dependent drug release, enhanced by EPR effect 

and active tumour targeting. In the bloodstream, NPs are taken up by immune cells in 

circulating monocytes, platelets, leukocytes and dendritic cells. In tissues, NPs can be 

taken up by phagocytes, such as Kupffer cells in the liver, dendritic cells in the lymph 

nodes, macrophages and B-cells in the spleen. 187 The vast majority of NPs have been 

developed to evade rapid clearance from the bloodstream, hence extending systemic 

circulation time.188 Elements of the geometry, size, surface properties, and stiffness help 

these particles escape the mononuclear phagocyte system.168 
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Figure 1.15 Intracellular NP uptake. Targeted NPs enter tumour cells via receptor-mediated endocytosis, followed by pH-dependent drug realise enhanced by EPR effect and active 

tumour targeting. Tumour-specific targeting ligands on the NP surface bind to tumour cell surface receptors, triggering endosomal internalisation. Acidic pH in endosomes destabilises 

NP coating, resulting in the drug release into the cytoplasm. Drug-loaded stealth NPs bypass the p-glycoprotein efflux pump unrecognised, leading to the high intracellular concentration 

of the carried drug.189 Self-generated figure. 
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1.5.2. Shape characteristics of NPs 

Another vital characteristic is the NP shape, which can influence function and 

intracellular fate. NP geometries affect hemorheological dynamics, cellular uptake and 

in vivo fate.190 Discoidal NPs display unique tumbling and margination dynamics 

favouring vessel wall interaction, whereas spherical NPs are more prone to bind and 

adhere to endothelium. Filamentous polymer micelles align with blood flow and have 

a long-circulating lifetime, whereas spherical NPs circulate up to 3 days. 

Geometrical parameters such as curvature and aspect ratio can influence uptake and 

macrophage internalisation.191 Spherical NPs with curvature less than 45° are 

phagocytosed faster than their counterparts with higher curvature. NPs with high aspect 

ratios and minimal curvature (ellipsoidal, cylindrical and discoidal), show higher 

accumulation of therapeutics within tumours.192  

 

1.5.3. Surface modifications 

Circulation time and selectively enhanced accumulation can be tailored using NP surface 

charge.193 NPs with neutral and negative surface charges reduce serum protein surface 

adsorption, thus prolonging retention time. NPs with neutral and anionic surface charges 

show prolonged circulation and higher accumulation in liver and spleen, in comparison 

to negatively charged NPs. Positively charged NPs show much higher nonspecific uptake 

in the majority of cells and the proton sponge effect enables the endolysosomal escape of 

positively charged NPs. When cationic NPs enter the acidic endolysosomal compartment, 

this causes protonation, which leads to an enhanced influx of chloride ions.194 

The concentration gradient causes osmotic swelling, which leads to endosomal 

membrane rupture or lysis and release of the carrier and cargo to the cytosol. Thus, an 

ideal NP should possess a neutral or moderately negative surface charge, and 

subsequently be capable of switching to a positive charge at the tumour site. 

The zwitterionic NPs (switchable charge) are more favourable in tumour targeting uptake 

and accumulation.194,195 

 

1.5.4. Degradability of NPs 

Deformability and degradability of NPs play an essential role in determining the in vivo 

fate of therapeutics and NP transport through small capillaries (i.e. lungs).196 

The mechanism of drug release is dependent on NP degradation kinetics. 
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Thermodynamic and kinetic stability or NP dissociation rate is crucial in NP design 

feasibility. Current research is focused on combining NP with improved 

pharmacokinetics (PK), tissue-specific targeting and accumulation of therapeutics.197 

Figure 1.16 summarises physiochemical properties, surface functionalisation, targeting 

and detection principals of NP design.  

 

 
 

Figure 1.16 NPs and their physicochemical properties and applications. An ideal gold standard NP for 

drug-delivery cancer treatment should include optimal formulation design of physiochemical properties, 

surface functionalisation, targeting and detection principals and incorporate the following: 

i) biocompatibility and low-to-no toxicity, ii) increased half-life and high stability, iii) optimal geometrical 

shape and narrow size distribution, iv) optimised surface charge, v) biodegradable surface coating, vi) high 

targeting and drug-delivery efficiencies, vii) high magnetisation and enhancement contrast imaging 

properties, viii) ability to conjugate with a range of receptors, functional groups and drugs and ix) ability 

to respond to stimuli (magnetic field, heat, pH).196 Self-generated figure. 
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1.6. Superparamagnetic iron oxide NPs 

Historically, the discovery of magnets was accredited to a Cretan shepherd, named 

Magnes. Legend has it that, 4,000 years ago while herding his sheep, his metal staff 

became firmly stuck to the large, black rock. To find the source of attraction, he dug up 

the Earth to find lodestones (Greek; lode: lead or attract), which contained a natural 

magnetic material. This type of rock was subsequently named magnetite (iron oxide), 

after either Magnesia (a region in Northern Greece) or Magnes himself. Stories of 

magnetism date back to the first century B.C in the writings of Pliny the Elder, who was 

the author of the first scientific encyclopaedia “The Natural History”. Pliny wrote of 

a hill made entirely of a stone that attracted iron and the magical powers of magnetite. 

The other known earliest references to lodestone's magnetic properties was made by 

6th century B.C Greek philosopher Thales of Miletus, who was the first person to describe 

magnetism after observing the attraction of iron by the mineral magnetite. Among other 

ancient civilisation, iron was known as "The gift from Seth" (Egypt) or "Droppings of the 

Cosmic Serpent" (Mesopotamia), which corresponded to meteorites, and for many years 

after its discovery, magnetite was surrounded in superstition and considered to possess 

magical powers, such as the ability to frighten away evil spirits, heal the sick and attract 

and dissolve ships made of iron!198,199  

Nowadays, there are sixteen identified iron oxides, including oxides, hydroxides and 

oxide-hydroxides, which are commonly spread in nature and play an essential role in 

many geological and biological processes.200 Iron oxides are chemical compounds 

composed of iron and oxygen, differing in the valency of iron and overall crystal 

structure, as a result of aqueous reactions under various redox and pH conditions. 

The most magnetic of all the naturally occurring rock minerals on Earth is magnetite, 

with the chemical formula Fe3+(Fe2+Fe3+)O4, where the iron oxidation states are Fe3+ 

(ferric) and an equal mixture of Fe2+ (ferrous) and Fe3+. In addition to magnetite, there 

are a few other essential iron compounds, such, as i) maghemite (γ–Fe3+
2O3, magnetite in 

extreme conditions, contains Fe3+); ii) wüstite (Fe2+O, formed under reducing conditions, 

contains Fe2+ with a cation deficiency); iii) hematite (Greek; hema: blood, α–Fe3+
2O3 

formed under oxidising conditions, contains Fe3+) and iv) goethite (α–Fe3+OOH, iron 

oxyhydroxide, formed by the oxidation state change of Fe2+ to Fe3+).201,202 Figure 1.17 A 

illustrates the Fe-O phase diagram (temperature-dependent transition), Figure 1.17 B 

describes the temperature-dependent magnetic phase diagram of Fe–O system, 

Figure 1.17 C visualises a Pourbaix diagram of potential vs pH relationship of 

an aqueous electrochemical Fe–O system and Figure 1.17 D describes transitions of 
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magnetic and structural phases of magnetite. Table 1.3 summarises the most important 

characteristics of these iron oxides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17 Magnetic and electronic properties of iron oxides. A) The Fe–O phase diagram illustrates 

magnetite at the highest oxidation state, hematite at oxygen-deficient single-phase, wüstite at iron-deficient 

single-phase, metallic iron and liquid oxide. FCC: face-centred cube and BCC: body-centred cube. 

Figure adapted from Morris et al. 1987.203 B) Magnetic phase diagram of Fe–O system vs temperature. 

The ferromagnetic cluster forms the spin glass-type random ordering. When Fe concentration is higher than 

16 %, the system exhibits a temperature decrease resulting in paramagnetic to ferromagnetic transition and 

ferromagnetic to spin glass transition. The ferromagnetism and the spin-glass coexist in the low-

temperature. F: ferromagnetic, CG: cluster glass. Figure adapted from Taniguchi et al. 2009.204 

C) Pourbaix diagram represents the oxidising and reducing abilities of the Fe–O system. Strong oxidising 

conditions are found above the datum; reducing conditions are found below the datum. Figure adapted from 

Tolouei et al. 2016.205 D) The structural phase diagram of magnetite represents pressure and Néel 

temperature (TN) dependence. TV: Verwey temperature, PM: paramagnetic, FeM: ferromagnetic states. 

Figure adapted from Kozlenko et al. 2019.206 
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Table 1.3 Properties of iron oxides. 

Iron Oxide 
Magnetite207,208 

Fe3+(Fe2+Fe3+)O4 
Hematite207 
α–Fe3+

2O3 
Maghemite209 

γ–Fe3+
2O3 

Wüstite 200 
Fe2+O 

Goethite210 
α–Fe3+OOH 

Composition Iron oxide Iron oxide, corundum Iron oxide Iron oxide, halite Iron hydroxide, diaspore 

Colour  Black  Red Red brown Black  Yellow-brown 

Crystal system Cubic (inverse spinel ) Rhombohedral hexagonal Cubic or tetragonal Cubic Orthorhombic 

Cell dimensions [Å] a = 8.397 a = 5.038, c = 13.772 a = 8.33 a = 4.296 a = 4.608, b = 9.956, c = 3.0215 

Anion stacking  FCC (111)  HCP (001) FCC (111)  FCC (111)  HCP (001) 

Coordination number  Z = 8 Z = 6 Z = 8 Z = 4 Z = 4 

Space group Fd3m R3c Fd3m or P4332 Fm3m Pbnm 

Molecular weight [g/mol] M = 231.533 M = 55.845 M = 159.69 M = 83.728 M = 88.85 

Density [g/cm3] ρ = 5.175 ρ = 5.26 ρ = 4.87 ρ = 5.88 ρ = 4.28 

Density calculated [g/cm3] ρ = 5.2 ρ = 5.255 ρ = 4.86 ρ = 5.97 ρ = 4.18 

Mohs scale (hardness; 1-10) 5.5-6.5 5-6 5 5 5 - 5.5 

Type of magnetism 
Ferrimagnetic. Super-
paramegnetic at the 
nanoscale 

Weakly ferrimagnetic or 
antiferromagnetic 

Weakly ferrimagnetic. 
Super-paramegnetic at the 
nanoscale  

Antiferromagnetic 
Antiferromagnetic or weakly 
ferromagnetic 

Refractive index  n = 2.42 n = 3.02 n = 2.63 n = 2.23 n = 2.32 

TCURRIE, TNEEL, TVERWEY , TMORIN [K] 
TC = 853, TN = 850 ,  
TV = 120 

TC = 956, TN = 948, 
TV = 123, TM = 260 

TC = 950 TN = 863,  
TV = 110 

TC = 198, TN = 203, 
TV = 190-210 

TC = 393, TN = 120 ,  
TV = 125  

Unit cell volume [Å3] VC = 591.86 VC = 302.72 VC = 582.5 VC = 79.29 VC = 138.62 

Magnetic saturation [Am2/kg] MS = 90-100 MS = 0.4 MS = 60-80 MS = 0.1 MS = 0.3 

Energy density [erg/cm3] KEFF = 1∙106 KEFF = 6∙105 KEFF = 1∙106 KEFF = 1∙105 -7∙106  KEFF = 1∙104 

Molar volume [cm3/mol] Vm = 44.56 Vm = 30.39 Vm = 43.71 Vm = 11.97 Vm = 20.36 

Attenuation coefficient [cm-1] µ = 224.048  µ = 222.144 µ = 205.830 µ = 1451.891 µ = 706.870 

Mass attenuation coefficient [cm2/g] 43.126 42.28 42.276 241.974 175.346 

Melting point [°C] 1597 1538 1565 1377 350 

Boiling point [°C] 2863 1812 2623 2512 305 
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D-spacing is a unique characteristic for all crystal structures; knowing the crystal 

composition of magnetite crystal we can perform 3D modelling and predict SAED 

patterns. Magnetite belongs to the broad spinel class of minerals (named after the mineral 

spinel MgAl2O4), which has a general formulation of AB2O4 and crystallises in a cubic 

(isometric) crystal system. More precisely, the magnetite structure Fe3+(Fe2+Fe3+)O4 is 

identified as an inverse iron spinel, which is illustrated by following structure B(AB)O4 

and it has cubic magnetic anisotropy with <1 1 1> and <1 0 0> directions being the easy 

and hard axes of magnetisation, respectively. At room temperature, magnetite crystallises 

in an inverse spinel structure with oxygen ions arranged in a slightly distorted face-

centred cubic lattice, whereas iron atoms occupy tetrahedral and octahedral interstitial 

sites. The structure of magnetite is assumed to have both divalent and trivalent iron ions 

in a stable ratio of 1 Fe2+: 2 Fe3+ and described as a closed-packed cube of oxygen atoms 

with A (Fe3+) and B (Fe2+Fe3+) cations occupying one eighth of the tetrahedral sites and 

one-half of the octahedral sites occupied by an equal number of Fe2+ and Fe3+ 

(Figure 1.18). In some SAED models can be observed missing dots, this is due to 

distractive electron interference (forbidden reflections), which causes systematic 

absences (Figure 1.18 D). 

The magnetocrystalline anisotropy parameters are highly temperature-dependent, 

i.e. most of the parameters decrease rapidly as the temperature reaches the Curie Point, 

resulting in isotropic crystal. The structure of magnetite behaves in different ways, 

depending on temperature conditions; thus, its properties can be modified. There are few 

material-specific temperature points in magnetophysics that are important for 

magnetocrystalline characterisation e.g., Curie temperature (TC), Verwey temperature 

(TV), blocking temperature (TB) and irreversible temperature (TIR). For example, below 

Curie temperature magnetite behaves like ferrimagnetic spinel (TC = 858 K), whereas 

with temperature decrease to TV = 125 K, Fe3O4 exhibits electrical and magnetic 

anomalies, indicating a phase transition at which the crystal symmetry changes from 

cubic to monoclinic. This is known as the Verwey Transition (metal-insulator transition), 

commonly interpreted as a long-range electron charge ordering in the octahedral 

Fe sublattice. Some materials, like magnetite, have an isotropic point at 130 K, where the 

magnetocrystalline anisotropy constant K1 passes through zero (K1 = -1.35∙105 [erg/cm3] 

at RT changes sign passing through magnetite isotropic). 
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Figure 1.18 3D visualisation of Fe3O4 inverse spinel with space group Fd3m and respective SAED 

patterns. Crystal structure and crystallographic data of the magnetite inverse spinel shows the linkage 

between AO4 tetrahedrane and B4O4 octahedron on A) [100], B) [110], C) [111] and D) random face 

orientation of the cubic unit cell of magnetite (Fe3+[Fe2+Fe3+] O4). E) Colours indicted following structures: 

Red - oxygen atoms, Blue (A) - tetrahedral structure with Fe3+ and Green (B) - octahedral structure with 

Fe2+Fe3+, arrows indicate the shift directions of the oxygen atoms from their ideal positions (spinel structure 

is highly flexible). F) Magnetite has face centred cubic structure (FCC) where atoms are located at each of 

the corners and the centres of all the cubic faces. The 3D model was created using Single Crystal and Crystal 

Maker X 10.0.7 software. 
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1.6.1. SPIONs as drug delivery systems 

Magnetite, due to its unique properties, has recently attracted significant attention in the 

fields of nano-medicine.211 Magnetite is known to have a high Curie temperature (TC) and 

nearly full spin polarisation at room temperature (RT); both properties of high potential 

for applications in magnetic data storage, biosensing, magnetic resonance imaging (MRI) 

and magnetic hyperthermia therapy (MHT).212  

Once the SPM properties of SPIONs are proven, in vivo magnetic hyperthermia therapy 

(MHT) induction studies may be performed with an oscillating magnetic field (100–

500 kHz). MHT allows localised treatment, depending on favourable biodistribution of 

the targeted SPIONs in tumour tissue. Cancer cells are more susceptible to heat; sustained 

temperatures (42–45°C) destruct internal cellular structures and lead to cell death.213 

Ultimately, the system will be optimised to achieve MHT with a relatively low 

concentration of tissular iron ions (SPIONs) and the delivery of active anti-cancer agents.  

Super-paramagnetic iron oxide NPs (SPIONs) consist of maghemite and magnetite with 

sizes between 2 and 20 nm. They have specifically attracted considerable interest due to 

their super-paramagnetic (SPM) properties (NP magnetisation is zero in the absence of 

an external magnetic field, while they can be spontaneously magnetised by an alternating 

external magnetic field).214 This property provides not only additional stability for NPs 

but also creates potential biomedical applications, including drug delivery arising from 

its biocompatibility and non-toxicity.215 Surface area to volume ratio in NPs increases 

significantly, which allows a considerably higher drug binding/loading capacity and 

excellent dispersal of NPs in solutions. The formulation design and synthesis route of NPs 

are crucial, as it can suppress unwanted physiochemical properties of the encapsulated 

drugs, such as low water solubility, unfavourable distribution (entrapment in the 

reticuloendothelial system and extensive renal elimination), modify biodistribution of the 

drugs towards targeted delivery into the tissue of interest and allow triggered release of 

the active cargo and alternate magnetic properties of NPs.216 Recent developments in 

SPIONs synthesis design – in comparison to older hydrothermal methods such as heating 

in aqueous solutions under controlled temperature and pressure conditions – allow 

synthesis of NPs with desirable properties.217 The shape and size of the NP design must 

be considered, given that geometry drives initial internalisation and NP size ultimately 

determines successful completion of uptake. SPION synthesis by thermal decomposition 

of iron carboxylate salts has significantly improved the quality of NPs in terms of size 

tunability and control, monodispersity and crystalline structure.218 
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Thermal decomposition can produce larger cores composed mostly of wüstite 

(undergoing a wüstite–magnetite–maghemite conversion following oxidation), and 

smaller magnetite and maghemite cores, indicating that a smaller size is beneficial in 

obtaining SPM state.219 Table 1.4 summarises types of magnetism and magnetic 

behaviour in presence or absence or magnetic field.  
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Table 1.4 Magnetism.220,221,222

Abbreviations; H: magnetic field, NP: nanoparticles, M-H: magnetisation vs field curve, M-T: magnetisation vs temperature curve, TC: Curie temperature.  
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Using the in-house synthesis of the multilayer polymer coating, hydrophobic, organic 

ligand-coated SPIONs have successfully been converted into water-soluble, bio-

accessible NPs. Enhancement in the quality of SPIONs opens avenues of opportunities 

for the development of NP based applications, such as contrast agents for MRI, 

drug carriers for target-specific drug delivery, gene carriers for gene therapy, therapeutic 

agents for hyperthermia based cancer treatments, magnetic sensing probes for in vitro 

diagnostics (IVD), vaccine and antibody production.223 NP size can be precisely 

engineered to desired dimensions and dispersity, allowing NP parameters to be tailored 

for each specific application. Size plays an essential role in the intracellular fate of NPs, 

influencing circulation time, extravasation through leaky vasculature or macrophage 

uptake.224 NPs below 5 nm in diameter undergo rapid renal clearance upon intravenous 

administration, whereas larger NPs accumulate non-specifically in the liver, 

where endothelial vascular fenestrations measure 50–100 nm. Splenic filtration 

determines the fate of NPs size range 200–500 nm, passing through interendothelial cell 

slits (the narrowest circulatory pathway in the human spleen).225 Additionally, much 

larger NPs ranging between 2–5 μm in size, have been reported to accumulate in lung 

capillaries. Ultimately, resident macrophages of the liver, spleen and lungs substantially 

contribute to NP uptake and clearance.226 Figure 1.19 illustrates the in-house developed 

strategic theoretical design of fully functionalised targeted -MSH-SPIONs for 

melanoma treatment. 
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Figure 1.19 Scheme of fully functionalised targeted -MSH-SPIONs. A) Theoretical design of 

theranostic -MSH-SPIONs for melanoma treatment with inorganic and organic structural components. 

B) Visualisation of hydrodynamic (DLS) and physical (TEM) size radius of the iron core and subsequent 

coating layers of -MSH-SPIONs. Self-generated figure. 
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1.6.2. Future direction and opportunities 

The translation of nano-medicine and NPs from the lab bench to the clinic has been 

relatively slow, due to numerous reasons. The efficient and reproducible synthesis of NPs 

in sufficient quantity with identical properties has been the significant difficulty of 

successful translation.227 The understanding of the relationship between in vitro 

physicochemical properties and in vivo fates of NPs and potential nano-toxicity in vivo is 

still being investigated. The last decades of research have provided a wide range of in- 

and organic NPs with tailored physicochemical characteristics, providing specific 

functionality to accommodate many medical applications.228 The concepts of nano-

medicine provide a range of NPs for medical use with desirable optical, electronic, 

magnetic and biological properties, including theranostics, preventive and personalised 

medicine. Nano-multifunctional platforms provide high sensitivity, specificity, resolution 

and accuracy.139 This is exemplified for iron oxide NPs, which have a significantly 

enhanced magnetic properties. SPIONs effectively penetrate human tissue and cells, 

simultaneously providing detection of histopathological, cellular and molecular changes 

during treatment and diagnosis.179 Finally, the variety and modality of SPION 

physicochemical properties make them a perfect candidate for multifunctionality, 

including their size and surface properties, which can significantly influence their 

bioavailability, transport, biotransformation, cellular uptake and overall biological 

response. Table 1.5 summarises nano-carriers used in anti-melanoma treatment.  

Targeted drug delivery is a preferential accumulation of a drug within a target site that is 

independent of the method and administration route. NP targeted drug delivery to 

melanoma allows higher drug concentrations to accumulate in tumour sites by facilitating 

uptake and internalisation of drug-loaded NPs and reduction of off-target toxicities.229 

Specific melanoma targeting through different ligand-receptor mediated interactions, 

such as cell surface receptors, tumour stroma/vasculature and dendritic cells, are listed in 

Table 1.6. Dendritic cells – potent antigen-presenting cells – link the innate and adaptive 

immune systems. Dendritic cells play an important role in the immune response of many 

tumours including melanoma and have been widely used in vaccines and cancer 

immunotherapy. NPs conjugated with ligands are protected from degradation and 

enhance phagocytosis efficiency.229 Targeted-NPs are recognised by specific receptors 

expressed on the surface of dendritic cells. However, a greater understanding of the EPR 

effect, which is the basis of the targeted-drug delivery and combination of nano-

technology, is still needed. 
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Table 1.5 Summary of main pre-clinical nano-carriers used in melanoma treatment.  

 

Nanoparticle Agent Advantage REF 

Lipid based 
NPs 

siRNA 

PEGylated liposomes containing α-BRAF siRNA, decrease BRAF expression in vitro 
and decrease tumour growth in vivo 

166 

167 
232 

233 
 

Liposomes containing c-Myc siRNA, decrease Bcl-2 expression, increase 
apoptosis and inhibit tumour growth in B16F10 melanoma cells in vivo 

Peptide antigen 
Improved α-tumour effects in metastatic melanoma models compared with free 

antigens and single peptide-loaded nano-vaccines 

Liposome 
Nano-liposomal PEGylated ceramide in combination with sorafenib 

synergistically decreases melanoma growth in vitro and in vivo 

Albumin bound 
NPs 

Improved tumour-targeting and significantly increased drug accumulation in 
tumour 

Dendrimers 

Antineoplastic 
agent 

Selective accumulation of cisplatin in tumour cells with decreased toxicity in vivo 168 

169 
236 

Peptide antigen Increased delivery of antigen to antigen-presenting cells in vitro and in vivo 

Micelles Increased the bioavailability and efficiency of transported compounds 

Polymers 
PLGA 

Polylactic-co-glycolic acid NPs prevent metastasis in a murine model of lung 
metastasis in vivo 170 

171 Photosensitizer 
Polymeric-lipid NPs carrying ferrous chlorophyllin, produce time-dependent 

photodynamic cytotoxicity in melanoma cells  

Carbon 
nanotubes 

siRNA Effective inhibition of melanoma cell growth, cell cycle arrested at G2/M phase 239 

Metallic 

Gold 
Doxorubicin conjugated gold NPs, in vivo administration of gold NP with laser 

irradiation effectively destructs melanoma tumour cells 240 

241 

242 

Copper 
Generation of selective ROS toxicity, mitochondrial swelling and membrane 

potential decline 

Iron oxide 
PLGA polymer iron oxide NPs conjugated with EGFR for target specificity, 

hypothermia decreases tumour growth in vivo 
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Table 1.6 Pre-clinical targeting approaches, in melanoma. 

 

Targeting ligand Agents Nano-carriers   Effect  REF 

Cell surfaces 

Transferrin receptors 
(TfR) 

siRNA  
Transferrin PEG 

cyclodextrin- polymer  
Inhibition and tumour growth suppression 

240 
243 
244 

245 

246 

DNA plasmid 
Transferrin PPI 

dendrimer 
Enhanced antiproliferative activity and 

tumour growth inhibition 

Folate receptors IL-2  
PPI beta-cyclodextrin 

conjugated folate 
Tumour growth suppression and 

prolonged survival 

Fibroblast growth factor 
receptor (FGFR) 

Doxorubicin & 
paclitaxel  

FGF-LPs 
Significant inhibition in tumour growth and 

improvement in survival rate 

Paclitaxel (PTX) FGF-PEG-LPs 
Higher drug accumulation in tumour 

tissues 
and prolonged drug half-life time 

Peripheral somatostatin 
receptors (SSTRs) 

Doxorubicin (DOX) Octreotide PEG-PEI 
DOX accumulation in melanoma tumours 
and significant cytotoxicity to melanoma 

cells 

Laminin receptors 5-FU, Etoposide 
YIGSR peptide 

micelles 
Higher cytotoxicity to melanoma cells and 

inhibition in lung metastasis 

Melanocortin 1 
receptor (MCR1) 

Herpes simplex virus 
thymidine kinase 

(HSV-TK)  

PEI-PEG polyplexes 
with 

MC1SP-peptide 

Efficient melanoma growth inhibition and 
prolonged the lifespan 

Vasculature 

Integrin αvβ3 

Doxorubicin & 
combretastatin A4  

RFPMs peptide PEG-
PLA 

Anti-tumour vasculature and 
anti-proliferation effect 

247 

248 

249 

250 

PTX and CA4 
cRGDfK peptide solid 

NPs 
Anti-tumour vasculature and anti-

proliferation effect 

Integrin α5β1 

Doxorubicin PHSCNK peptide LPs 
Enhanced intracellular uptake and more 

potent tumour inhibition 

Doxorubicin C16Y-L peptide 
Higher intracellular uptake and enhanced 

antitumor effect 

Doxorubicin 
Anx and RGD-L 

peptides 
Significantly enhanced targeting 
effect on the tumour vasculature  

Epidermal growth factor 
(NG3) 

Docetaxel (DTX) TH10 peptide NPs 
Pericyte apoptosis with decreased 

microvessel density in lung metastasis and 
enhanced antitumor effect 

Dendritic cells 

Dendritic non-integrin 
(DC-SIGN) 

MART-1 DC-SIGN glycans LPs 
More efficient antigen presentation to T 

cells and drive CD8(+) T cells 
differentiation 

251 

252 

253 

Fluorescently 
labelled antigen 

DC-SIGN antibodies 
SPIONs 

Imaging agent tracking nano-vaccines on a 
subcellular, cellular and organism level 

 Integrin (CD11c) 
& lymphocyte antigen-
75 (DEC-205) 

Ovalbumin peptide 
antigen 

CD11c and DEC-205 
OVA-LPs 

Significant protection against tumour 
growth and prolonged melanoma  

free survival 

Mannose 
receptor 

MART-1  
Mannosylated and 

histidylated 
lipopolyplexes 

Significant anti-melanoma immune 
responses and tumour growth inhibition 
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1.7. Hypothesis and specific aims 

Tumour targeted, drug-loaded super-paramagnetic (SPM) iron oxide nano-carriers can 

systemically deliver combinatorial therapies in a more penetrant and efficacious way 

directly to melanoma cells, thereby providing an effective solution to polygenic cancer 

drug resistance and treatment-induced toxicity. Moreover, α-MSH-SPIONs allow 

localised treatment by performing in vivo magnetic hyperthermia therapy (MHT). 

 

Aim 1: Investigate the melanoma targeting capacity of the anti-melanoma SPIONs 

α-MSH-SPIONs uptake and biodistribution will be investigated to successfully develop 

a highly effective drug delivery nano-formulation that will optimally accumulate in the 

tumours of cancer patients. Rigorous optimisation of in-house synthesised NPs will be 

the main focus to avoid NP interactions with the biological environment, resulting in 

unfavourable clearance or loss of targeting capacity; this will be achieved through the 

following objectives: 

Objective 1.1. Synthesis and optimisation of anti-melanoma SPIONs (Chapter 3) 

Objective 1.2. Anti-melanoma SPION intracellular fate determination (Chapter 4) 

Objective 1.3. In vitro targeting assessment of anti-melanoma SPIONs (Chapter 4) 

 

Aim 2: Therapeutic evaluation of the anti-melanoma SPIONs 

Delivery of a synergistic drug combination using the α-MSH-SPIONs will reduce drug 

resistance and achieve a highly potent therapeutic index for nano-formulation. The 

efficacy assessment of the nano-formulation will be achieved through the following 

objectives: 

Objective 2.1. In vitro efficacy studies of drug-loaded anti-melanoma SPIONs (Chapter 4) 

Objective 2.2. In vivo efficacy studies of drug-loaded anti-melanoma SPIONs (Chapter 5) 
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Chapter 2                                                                                 

Materials and methods 

 

2.1. Materials 

The following chapter describes the chemicals, experimental methods, protocols and 

material manufacturers used in this thesis. This includes buffers and solution recipes used 

throughout, tissue culture in vitro conditions and in vivo experiments protocols. 

Additional information is expanded in adequate chapters if the method required further 

explanation. A list of secondary antibodies and cell stains are listed in Table 2.1; primary 

antibodies are listed in Table 2.2, lab consumables are listed in Table 2.3, materials and 

chemicals are listed in Table 2.4; materials used specifically in NP synthesis are listed in 

Table 2.5. 

 

Table 2.1 List of secondary antibodies and cell stains. Secondary antibodies and cell stains used 

throughout this thesis with their supplier, catalogue number and additional information (host species, 

dilution factor and storage temperature). 

Secondary antibodies and cell stains 

Product Species Supplier Catalogue No. Dilution Storage 

CellMask Green   - Thermo-Fisher C37608 1:1000  -20 

CellTox Green Dye  - Promega G8738 1:20000  -20 

Goat IgG - HRP Rabbit Dako P0449 1:10000  4 

Goat IgG (H+L), Alexa Fluor 488 Donkey Invitrogen A-11055 1:5000  4 

Mouse IgG - HRP Goat Dako P0447 1:10000  4 

Mouse IgG (H+L), Alexa Fluor 488 Donkey Invitrogen A-21202 1:5000  4 

Mouse IgG (H+L), Alexa Fluor 633 Goat Invitrogen A21050 1:5000  4 

Rabbit IgG - HRP Goat Dako P0448 1:10000  4 

Rabbit IgG - HRP Mouse Dako P0260 1:10000  4 

Rabbit IgG (H+L), Alexa Fluor 488 Donkey Invitrogen A-21206 1:5000  4 

Sheep IgG - HRP Rabbit Invitrogen 31480 1:10000  4 
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Table 2.2 List of primary antibodies. Primary antibodies used throughout this thesis with their supplier, 

catalogue number and additional information (host species, dilution factor and storage temperature).  

Primary antibodies 

Product Species Supplier Catalogue No. Dilution Storage 
AKT, 60kDa Rabbit Cell Signalling 9272S 1:1000  -20 

Caspase-3, 17 kDa Rabbit Cell Signalling 9661S 1:1000  -20 

Caveolin-1, 24 kDa Mouse BD Biosciences  610406 IF 1:250 -20 

c-MYC, 56 kDa Rabbit Cell Signalling 5605T 1:1000  -20 

Cyclin-D1, 36 kDa Rabbit Cell Signalling 2978T 1:1000  -20 

EEA-1, 180 kDa Mouse BD Biosciences  610456 IF 1:200 -20 

ERK-1/2, 44/42 kDa Rabbit Cell Signalling 4695S 1:1000  -20 

GAPDH, 34 kDa Rabbit Cell Signalling 2118S 1:1000  -20 

Ku80, 80 kDa Rabbit Cell Signalling 2753 1:1000  -20 

LAMP-1, 48 kDa Mouse DSHB  H4A3-s IF 1:150 -20 

MC1R, 34 kDa Rabbit Abcam  ab125031 1:1000  -20 

MEK-1/2, 45 kDa  Rabbit Abcam ab97445 1:1000  -20 

Melan-A, 20 kDa Rabbit Abcam  ab51061 1:1000  -20 

MITF, 70 kDa Mouse Thermo Scientific  MA5-14146 1:250  -20 

p-AKT, 60 kDa Rabbit Cell Signalling 4060S 1:1000  -20 

PARP-1, 116/86 kDa Rabbit Cell Signalling 46D11 1:1000  -20 

PCNA, 36 kDa Rabbit Abcam  ab2426-1 1:1000  -20 

p-ERK-1/2, 44/42 kDa Rabbit Cell Signalling 9101S 1:1000  -20 

PMAEL-17, 100 kDa Mouse Thermo Scientific  MA5-13232  1:200 -20 

Tyrosinase, 60 kDa Goat Santa Cruz  sc-7833  1:200 -20 

β-Actin, 43 kDa Rabbit Sigma-Aldrich  A5060 1:1000  -20 

β-Arrestin1, 50 kDa Rabbit Abcam  ab32099 IF 1:100 -20 

β-Tubulin, 55 kDa Mouse Cell Signalling  3873 1:2000  -20 
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Table 2.3 List of laboratory consumables. Materials used throughout this thesis with their supplier and 

catalogue number.  

Laboratory consumables 

Product Supplier Catalogue No. 

12-wells plate, sterile Thermo-Fisher  150628 

6-wells plate, sterile  Thermo-Fisher  146675 

96-wells plate, sterile  Thermo-Fisher  167008 

Aspirator pipette Corning 50002679 

BioTrace NT Nitrocellulose Transfer Membrane Pall Corporation 66485 

CASY clean  Roche 43008 

CASY cup Roche  5651794001 

CASY tone Roche 5651808001 

Cell Scrapers Corning 10702192 

Centrifuge tube, sterile, 50 ml Corning 430791 

Centrifuge tube, sterile, 15 ml Corning 430829 

Cryotube vials  Thermo-Fisher  363401 

Eppendorf tube Thermo-Fisher  11926955 

Immobilon-P PVDF Membrane Merck IPVH00010 

Microcentrifuge tube, 1.5 ml  Thermo-Fisher  AM12400 

Microplate, sterile, 96 well Thermo-Fisher  167008 

NuPAGE Bis-Tris Gels 10 %  Thermo-Fisher  NP0302BOX 

NuPAGE Bis-Tris Gels 4–12 %  Thermo-Fisher  NP0322BOX 

Pipette serological, 25 ml Costar 4251 

Pipette serological, 10 ml   Costar 4101 

Pipette serological, 5 ml Costar 4487 

Pipettor tip 100-1250 µl Thermo-Fisher 10053750 

Pipettor tip 1-200 µl Thermo-Fisher 11963426 

Pipettor tip 0.1-10 µl  Thermo-Fisher 10072521 

Polylysine microscope slides   VWR   631-0107 

SuperFrost Plus microscope slides   VWR   631-0108 

Tissue culture dish, sterile 10 cm  Thermo-Fisher 150350 

Tissue culture flask, sterile, 175 cm2 culture area Thermo-Fisher 178883 

Tissue culture flask, sterile, 75 cm2 culture area Thermo-Fisher 156367 

Tissue culture flask, sterile, 25 cm2 culture area Thermo-Fisher 156499 

Whatman gel blotting paper Merck WHA10427826 
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Table 2.4 List of materials and chemicals. Materials used throughout this thesis with their supplier, 

catalogue number and additional information.  

Materials and chemicals 

Product Supplier Catalogue No. Storage 
5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X–gal) Sigma-Aldrich  1074574 -20 

CellTiter 96 AQueous solution cell proliferation assay (MTS) Promega G3582 -20 

cOmplete™ Protease Inhibitor Cocktail (tablets)  Roche 11697498 4 

Dabrafenib, methanesulfonate salt LC Laboratories D-5699 -20 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich  276855 RT 

Dithiothreitol (DTT) Thermo-Fisher  R0861 -20 

DMEM, Dulbecco's Modified Eagle's Medium Thermo-Fisher  11971025 4 

Docetaxel LC Laboratories D-1000  -20 

DPX Mountant for histology Sigma-Aldrich 06522 RT 

ECL Prime Western Blotting Detection  Sigma-Aldrich GERPN2232  4 

EDTA Sigma-Aldrich E5134 RT 

Eosin Merck  E4009 RT 

Foetal bovine serum (FBS) Thermo-Fisher  26140079 -20 

Full-range rainbow molecular weight markers  GE Healthcare  11580684 -20 

Formal saline, Gurr histological fixative VWR 36136 RT 

Halt Phosphatase  Thermo-Fisher  1862495 4 

Haematoxylin Merck  H9627 RT 

Histo-Clear VWR 101412-87 RT 

Hoechst  Life Technologies  H1399 -20 

HPLC MS grade acetonitrile  Merck  1000291 RT 

HPLC MS grade dichloromethane  Merck  1060444 RT 

HPLC MS grade methanol  Merck  1060354 RT 

LysoTracker RED Life Technologies  L7528 -20 

Mirsky's Fixative National Diagnostics 12934910 RT 

Mounting medium with DAPI Vector Laboratories H-1500 4 

Mounting medium with Propidium Iodide Vector Laboratories H-1300 4 

Nuclear Fast Red Sigma-Aldrich N3020 RT 

NuPAG Antioxidant  Invitrogen NP0005 4 

Paclitaxel Selleckchem S1150 -20 

Penicillin - Streptomycin solution Thermo-Fisher 15140122 -20 

Phosphate buffered saline (PBS)  Thermo-Fisher  BR0014 RT 

Ponceau S solution Sigma-Aldrich P7170  RT 

ProLong Gold Antifade Mount Invitrogen  P36930 -20 

Propidium Iodide Sigma-Aldrich  P4170 4 

Proteoquant BCA Assay - Reagent A Expedeon 44130 RT 

Proteoquant BCA Assay - Reagent B Expedeon 44130 RT 

RPMI, Roswell Park Memorial Institute 1640 Medium Thermo-Fisher  61870044 4 

SuperSignal West Pico PLUS Stable Enhancer  Pierce  1856136 4 

SuperSignal West Pico PLUS Stable Peroxide Pierce  1856135 4 

Trametinib LC Laboratories T-8123 -20 

Trichloroacetic acid Sigma-Aldrich T9159  RT 

Trypsin Neutralizer Solution Trypsin-EDTA, 0.05 % Gibco R002100 4 

Trypsin-EDTA 0.25 %  Thermo-Fisher  25200056 -20 

Tween-20 Sigma-Aldrich P1379 RT 

Xylene  Merck  214736 RT 

α-melanocyte-stimulating hormone (α-MSH)  Abcam ab120189 -20 
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Table 2.5 List of materials used in NP synthesis. Materials used in NP synthesis, purification, 

fictionalisation and characterisation, used throughout this thesis with their supplier, catalogue number and 

additional information.  

Materials used in NP synthesis 

Product Supplier Catalogue No. Storage 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC)  Sigma-Aldrich  E1769 -20 

Benzyl ether Sigma-Aldrich  108014 RT 

Cellulose Ester dialysis membrane, 100 kDa Spectrum Labs 131414 4 

Cellulose Ester dialysis membrane, 2 kDa Spectrum Labs 132620 4 

Cellulose Ester dialysis membrane, 3.5-5 kDa Spectrum Labs 131198 4 

Centrifuge tube, sterile, 15 ml Thermo-Fisher 11849650 RT 

Centrifuge tube, sterile, 50 ml Thermo-Fisher 11819650 RT 

Chloroform (CHCl3)  Sigma-Aldrich C2432 RT 

Dimethyl sulfoxide (DMSO) Thermo-Fisher 10213810 RT 

Ethanol, 95.0 % Sigma-Aldrich 652261 RT 

Fe(acac)3 Sigma-Aldrich F300 RT 

FluoSphere, 20 nm  Molecular Probes F8787 4 

Iron oxide (II, III), magnetic NPs 5 nm in toluene Sigma-Aldrich 700320-5ML RT 

Iron oxide (II, III), magnetic NPs 10 nm in toluene Sigma-Aldrich 700312-5ML RT 

Methanol (MeOH)  Sigma-Aldrich 34860 RT 

Methoxy PEG Amine, HCL salt, 2 kDa JenKem Technology  ZZ118P117 -20 

Nile red Sigma-Aldrich 19123 -20 

Oleic Acid  Sigma-Aldrich O1008 RT 

Oleylamine Sigma-Aldrich O7805 RT 

Parafilm M, 10 cm x 76 cm Thermo-Fisher 10018130 RT 

PEG succinimidyl carboxymethyl ester, 2 kDa  Jenkem Technology M-SCM-2000 -20 

Pipette serological, sterile, 10 ml  Thermo-Fisher 11839660 RT 

Pipette serological, sterile, 25 ml  Thermo-Fisher 11517752 RT 

Pipette serological, sterile, 5 ml  Thermo-Fisher 11829660 RT 

Pipette tip, 0.1-10 µl Thermo-Fisher 11933416 RT 

Pipette tip, 100-1250 µl Thermo-Fisher 11548442 RT 

Pipette tip, 1-200 µl Thermo-Fisher 11538422 RT 

Poly(maleic anhydride-alt-1-octadecene) (PMAO)  Sigma-Aldrich 419117 -20 

Potassium chloride (KCl) Sigma-Aldrich P9333 RT 

Potassium dihydrogen phosphate (KH2PO4)  Sigma-Aldrich P9791 RT 

Sodium azide (NaN3) Sigma-Aldrich S2002 RT 

Sodium chloride (NaCl)  Sigma-Aldrich S7653 RT 

Sodium phosphate dibasic anhydrous (Na2PO4) Sigma-Aldrich RES20908-A7 RT 

Sodium phosphate monobasic (NaH2PO4) Sigma-Aldrich S5011 RT 

Sucrose Sigma-Aldrich S0389 RT 

T-Boc amine PEG NHS ester, 2 kDa Jenkem Technology  TBOC-PEG2000-NHS -20 

TEM copper grids, 70 µm square holes Agar Scientific AGG203 RT 

Tetramethylammonium hydroxide (TMAH)  Sigma-Aldrich 426318 RT 

Toluene Sigma-Aldrich 179417 RT 
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2.2. Statistical analysis 

Statistical analysis was performed using GraphPad Prism (GraphPad Software, version 

8.0.0, USA). One-way ANOVA, Student’s t-test and the Mann-Whitney tests were used 

for parametric and non-parametric analyses. Statistical significance is represented by 

asterisks; p-Value < 0.05*, < 0.01**, < 0.0001*** and < 0.00001****. All results were 

expressed as mean ± standard deviation. The pharmacokinetic (PK) parameters: area 

under the curve (AUC), terminal half-life, maximum plasma concentration (Cmax), 

enzyme kinetic parameters and Hill coefficients were determined using GraphPad Prism 

(GraphPad Software, version 8.0.0, USA). 

 

2.3. Recipes 

2.3.1. Buffers and Solutions 

Electrophoresis Gels:        10 % Resolving gel   4 % Stacking gel  

30 % acrylamide:bis-acrylamide (29:1) 10 % (w/v)  4 % (w/v) 

Tris-HCl, pH 8.8     375 mM  -------- 

Tris-HCl, pH 6.8    --------   125 mM 

Sodium dodecyl sulfate (SDS)  0.1 % (w/v)  0.1 % (w/v)   

Tetramethylethylenediamine (TEMED) 0.1 % (v/v)  0.2 % (v/v)  

Ammonium persulfate (APS)   0.05 % (v/v)  0.08 % (v/v)   
 

Enhanced Chemiluminescence Solution 1 - ECL 1 

2.5 mM Luminol 

100 mM Tris pH 8.5 

396 μM P-Coumaric acid 
 

Enhanced Chemiluminescence Solution 2 - ECL 2 

0.0192 % (v/v) Hydrogen peroxide (H2O2) 

100 mM Tris pH 8.5 
 

Immunofluorescence Blocking Solution 

TBS (1X) 

10 % (w/v) Bovine serum albumin (BSA) 

0.1 % (v/v) Triton X–100 
 

Immunofluorescence Fixative Solution 

TBS (1X) 

3 % (v/v) Paraformaldehyde (PFA) 
 

Immunofluorescence Permeabilising Solution 

TBS (1X) 

0.2 % (v/v) Triton X–100 
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Immunofluorescence Quenching Solution 

TBS (1X) 

50 mM Ammonium chloride (NH4Cl) 
 

Immunofluorescence Washing Solution 

TBS (1X) 

0.05 % (v/v) Triton X–100 
 

Perl’s Prussian Blue Stain 

20 % Hydrochloric Acid (HCl)   

10 % Ferrocyanide potassium hexacyanoferrate, II trihydrate (K4Fe(CN)6∙3 h20)  
 

Phosphate Buffered Saline pH 7.4 - PBS 

137 mM Sodium chloride (NaCl) 

2.7 mM Potassium chloride (KCl)  

10 mM Disodium phosphate (Na2 hPO4) 

1.8 mM Monopotassium phosphate (KH2PO4) 
 

Ponceau S Staining Buffer 

0.2 % (w/v) Ponceau S  

5 % (v/v) Glacial acetic acid (CH3COOH) 
 

Protein Loading Buffer (4X) - SDS   

250 mM Tris-HCl pH 6.8 

40 % (v/v) Glycerol 

10 % (w/v) Sodium dodecyl sulfate (SDS) 

0.0 4% (w/v) Bromophenol blue 
 

Sulforhodamine B Solution - SRB 

0.4 % (w/v) Sulforhodamine B  

1 % (v/v) Acetic acid (CH3COOH) 
 

Western Blot Blocking Buffer 

PBS (1X) 

0.1 % (v/v) Tween 20 

5 % (w/v) Marvel dried milk 
 

Western Blot Lysis Buffer - RIPA 

50 mM Tris pH 8.0 

150 mM Sodium chloride (NaCl) 

0.1 % Sodium dodecyl sulphate (SDS) 

0.5 % Sodium deoxycholate 

1 % nonyl phenoxypolyethoxylethanol (NP-40) 

2 mM Ethylenediaminetetraacetic acid (EDTA) pH 8.0 

50 mM Sodium fluoride (NaF) 
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Western Blot Running Buffer (10X) 

250 mM Tris 

1.92 M Glycine 

1 % (w/v) Sodium dodecyl sulphate (SDS) 
 

Western Blot Transfer Buffer (10X) 

250 mM Tris  

1.92 M Glycine 

20 % (v/v) Methanol (CH3OH) 
 

Western Blot Washing Buffer (10X) pH 7.9 - TBS  

0.2 M Tris pH 7.6 

1.4 M Sodium chloride (NaCl) 
 

Western Blot Washing Buffer (10X) - TBS-T 

0.2 M Tris pH 7.6 

1.4 M Sodium chloride (NaCl) 

0.1 % Tween 20 
 

X–gal Fixative Buffer  

0.1 M Phosphate buffer pH 7.4 (PBS) 

1 M Magnesium dichloride (MgCl2) 

5 mM EDTA 

2 mM Magnesium dichloride (MgCl2) 

0.2 % Glutaraldehyde (GA) 
 

X–gal Staining Buffer  

0.1 M Phosphate buffer pH 7.4 (PBS) 

2 mM magnesium dichloride (MgCl2) 

5 mM Ferrocyanide potassium hexacyanoferrate, II trihydrate (K4Fe(CN)6∙3 h20)  

5 mM Ferricyanide potassium hexacyanoferrate, III (K3Fe(CN)6)  

0.01 % (w/v) Sodium deoxycholate (NaDOC) 

0.02 % (v/v) Nonidet-P40 (Igepal) 

1 mg/ml X–gal in DMSO (5-bromo-4-chloro-3-indolyl-β-D-galactoside) 

 

X–gal Washing Buffer  

0.1 M Phosphate buffer pH 7.4 (PBS) 

2 mM Magnesium dichloride (MgCl2) 

0.01 % (w/v) Sodium deoxycholate (NaDOC) 

0.02 % (v/v) Nonidet-P40 (Igepal) 
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2.4. NP synthesis 

2.4.1. In-house and commercial NPs  

SPIONs (super-paramagnetic iron oxide NPs) stabilised with PMAO, and PEG 

(polyethylene glycol) coating were synthesised in-house, as previously described by 

Webster et al., 2016, with an approximate size of 7 nm.254 Commercially available 

SPIONs in size range of 5 and 10 nm: iron oxide (II, III), magnetic NPs solution 5 nm 

avg. part. size, 5 mg/ml in toluene and iron oxide (II, III), magnetic NPs solution 10 nm 

avg. part. size, 5 mg/ml in toluene from Sigma-Aldrich, were compared to in-house 

synthesised 7 nm SPIONs.  

 

2.4.2. Iron oxide core synthesis 

The high-temperature phase synthesis of monodispersed magnetic Fe3O4 NPs was carried 

out as previously described by Sun et al., 2004 and Guardia et al., 2014.255,256 The reaction 

protocol is based on gradual heating during thermal decomposition of iron salts, which 

provides better control over the size and distribution of small monodispersed iron oxide 

NPs, resulting in hydrophobic NPs in an organic solvent. 

The reaction was carried out in a 50 ml double-neck round bottom flask equipped with 

a water-cooled Allihn condenser (bulb condenser) connected to a standard Schlenk line 

(vacuum inert gas manifold). The reactants were placed in the flask in the following order: 

i) SOLIDS: Iron (III) acetylacetonate (7 mmol), 1, 2-tetradecanediol (35 mmol), 

ii) LIQUIDS: oleic acid (21 mmol), oleylamine (21 mmol), iii) SOLVENT: dibenzyl 

ether (70 ml), mixed and stirred magnetically at 1000 rpm, under three cycles of nitrogen 

flow in the presence of a vacuum to remove any moisture and air (Table 2.6). 

The reactants were gradually heated up from room temperature to 100°C over 45 min and 

kept at 100°C for 45 min. The temperature was then raised to 200°C over 45 min and kept 

at this temperature for 2 hours. Finally, the temperature was raised to the reflux 

temperature of 300°C and kept for 1 hour (the reflux temperature is dependent on the 

boiling temperature of benzyl ether of 298°C) and then slowly cooled down to room 

temperature and left stirring overnight. During the temperature-controlled step, the size 

and shape of NPs are determined.257 Thus, the maintained temperature achieved a size of 

7 nm and a spherical shape; SPIONs maintain their super-paramagnetic properties below 

20 nm in diameter. 
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Following this step, a black iron oxide mixture is produced. This was transferred using 

a small amount of toluene solvent to centrifuge tubes and was centrifuged at 4000 rpm 

for 10 min to remove any insoluble aggregates. Then the supernatant was centrifuged 

twice at 8500 rpm for 30 min in excess of ethanol which allowed recovery of the solution 

and the precipitate was then separated. The supernatant was removed, and the black 

precipitate was dried under nitrogen flow and later dissolved in the minimum amount of 

toluene and filtered using a syringe fitted with a 0.20 μm pore filter for organic solutions. 

After another centrifugation at 1500 rpm for 10 min, the supernatant was kept in the glass 

vial, and dynamic light scattering (DLS) and transmission electron microscopy (TEM) 

analysis was performed to ensure the hydrodynamic size of ion core NPs. 

During thermal decomposition, nucleation, seeding and growth mechanisms occur, 

assuring narrow size and shape distribution of iron oxide cores (Figure 2.1 A).258 

Various nucleation and growth mechanisms can occur during nanocrystal formation as 

described in the Figure 2.1 B.259 Thermal decomposition of iron oxide cores synthesis 

occurs by the LaMer burst nucleation, followed by Ostwald ripening to form 

monodispersed NPs (Figure 2.1 C and D).259 The primary particles tend to assemble to 

the less bound agglomerates, polyvalent or very firmly bound aggregates 

(Figure 2.1 E).259,260 

 

Table 2.6 List of reagents and solvents used for the synthesis with stoichiometric ratios. 

Reagents 
Stoichio-

metric ratio 
Molarity 

[mM] 

Molecular 
weight 
[g/mol] 

Weight [g] 
Volume 

[ml] 
Density 
[g/cm3] 

Fe(acac)3 1 7 353.19 2.471 - 1.348 
Oleic acid 3 21 282.46 5.930 6.7 0.89 
Oleylammine 3 21 267.49 5.617 6.9 0.813 
1,2-Tetradecanediol 5 35 280.39 8.064 - 0.903 
Benzyl ether 10 368 198.26 73.010 70 1.043 
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Figure 2.1 Formation of in-house synthesised nanocrystals. A) The seed-mediated synthesis. Metal precursor reduction or decomposition leads to the formation of nuclei clusters. 

Grown nuclei form predominant seed structures: single crystalline, single twinned, multiply twinned or stacking fault-lined. Seeds grow into various nano-structures, illustrated by 

different batches of in-house synthesised NPs (TEM images on the right). Terminating facets are pointed by red arrows and twin planes delineated in red. Figure adapted and modified 

from Sajanlal et al. 2011.261 B) Formation mechanisms. The chemical reaction of the precursor, nucleation and surface growth, followed up later by side-mechanisms: coagulation, 

agglomeration, coalescence and ripening.262 C) Formation of large self-assembled crystallites by side-orientated attachment mechanisms (representative images of high contrast TEM 

of in-house synthesised NPs, scale bars indicated). D) Stages of the LaMer nucleation and growth. The formation process can be divided into nucleation, growth and Ostwald ripening. 

Following coalescent growth, Ostwald ripening is observed, which corresponds to the linear region. The regions I, II, and III represent the prenucleation, nucleation and growth stages, 

respectively. The final number of the monodisperse particles is determined only in the nucleation stage and kept constant in the growth stage. Figure adapted and modified from 

Polte et al. 2015. E) Differentiation of primary particles, nanoclusters, agglomerates and aggregates in ideal shape. Figure adapted and modified from Wu et al. 2016. 
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2.4.3. Coating synthesis  

Iron oxide core NPs are a hydrophobic particle soluble in an organic solvent; to enable 

the use of NPs in biological applications they underwent a coating procedure. NPs were 

transferred into an aqueous solution and underwent a phase transfer by surface 

functionalisation to allow solubility in a biological environment. For this reason PMAO 

poly(maleic anhydride-alt-1-octadecene) amphiphilic polymer was selected as an 

intercalating agent to allow NP surface functionalisation, as PMAO was shown 

previously in literature to be a suitable coating agent.215,263,264 PAMO is not only well 

characterised and allows phase transfer but also stabilises NPs, reduces surface charge 

(reducing toxicity) and creates a hydrophobic pocket (suitable for drug embedding). 

Coating with PMAO amphiphilic polymer allowed NP surface functionalisation due to 

the intercalation of octatedecene chain hydrophobic alkyl groups of PMAO with 

surfactant chains of the oleate (oleic acid) and tetradecanethiol on the Fe3O4 NPs surface 

through hydrophobic interactions, at the same time stabilizing the NP surface and forming 

a stable coating. This resulted in coated NPs with a polymeric shell and exposure on the 

outside of hydrophilic groups at the interface with the water molecules, allowing the 

Fe3O4 NPs to be soluble in an aqueous solution. The anhydride ring in PMAO can, 

therefore, be later cross-linked and functionalised with molecules terminating in an amine 

group through carbodiimide functional group, such as 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDAC); a carboxyl activating agent used for 

coupling primary amines to yield amide bonds.265 

To achieve this, iron core NPs in toluene (1014 NP/ml) were first sonicated in an ultrasonic 

bath (59 kHz, 20°C, 15 min) to remove any potential aggregates and filtered using a 

0.2 μm pore syringe cellulose membrane. Then NPs were precipitated in excess of ethanol 

by centrifugation at 8000 rpm for 30 min. The precipitate was dried with compressed air 

and re-solubilised in a minimum amount of chloroform (CHCl3). PMAO was prepared in 

a proportion of 8 mg of PMAO to 1015 NP/ml and dissolved in a minimum amount of 

chloroform. The mixture was transferred to a round bottom flask with an excess of 

PMAO, and the solution was magnetically stirred for 1 hour. The chloroform solvent was 

slowly removed through evaporation under pressure control using a rotary evaporator, 

avoiding vigorous bumping. When the solvent disappeared, the pressure was lowered to 

10 mbar to “evacuate mode” and kept for 1 hour (chiller 0°C, bath 20°C). To ensure the 

chloroform had been fully evaporated, the mixture was further dried through a gentle 

stream of nitrogen flow for 1 hour.  
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The dried NP film on the bottom of the flask was dissolved with 0.1 M 

tetramethylammonium hydroxide pentahydrate (TMAH). A strong base alkaline solution 

was then used to solubilise the NPs for 15 min sonication. This resulted in hydrolysis 

which opened the maleic anhydride ring, creating two negatively charged carboxylated 

groups (COOH-) which increased solubility and acted as an anchor for the convenient 

attachment of other molecules.266 The solution was magnetically stirred overnight and 

then filtered using 0.20 μm pore cellulose acetate membrane syringe filters. Finally, the 

solution was concentrated through centrifugation using Amicon filter units with 50 kDa 

molecular weight cut-off (MWCO) at 4000 rpm for 2–3 min, reaching a final volume of 

a few millilitres. The Milli-Q deionization water was then added to pre-wash the 

NP solution (to remove the TMAH), before the dialyses step, and the concentration step 

was repeated. The NPs were first dialysed in 2 L of Milli-Q deionization water for 

24 hours. The solution was transferred to a cellulose ester dialyses seamless membrane 

with MWCO of 100 kDa, stored previously in 0.05 % sodium azide and sealed tightly. 

Secondly, NPs were dialysed against PBS pH 7.4, (10 mM NaCl) to remove part of the 

unbounded PMAO polymer for 48 hours. After successful dialyses, the solution was 

transferred to a glass vial, and DLS was performed to ensure the hydrodynamic size of 

coated NPs. 

 

2.4.4. NP purification 

To further purify NPs and remove larger aggregates and excess of PMAO micelles, 

SPIONs were ultracentrifuged through a sucrose gradient. This allowed highly purified 

monodispersed NPs to be obtained. A sucrose gradient, with a continuously variable 

concentration of sucrose, was prepared in centrifuge tubes ranging from 6.6 % to 66 % 

sucrose solution. The stock solution of 66 % sucrose was made using 66 g of sucrose in 

34 ml of PBS, gently stirred in a water bath at 50°C on a stirring plate, then filtered using 

0.20 μm cellulose membrane filters. A range of sucrose concentrations was made by 

diluting the stock solution in PBS to make the following fractions: 53.4 %, 52.8 %, 

46.2 %, 39.6 %, 33 %, 26.4 %, 19.8 %, 13.2 %, and 6.6 %. To each fraction, 0.05 % 

sodium azide (NaN3) was added to avoid any potential microbial growth. 1.2 ml of each 

solution were layered on top of each other in the centrifuge tubes starting with 66 % 

sucrose solution and left to homogenize/equilibrate and form a continuous gradient 

overnight.4 



Chapter 2 

65 

NPs were carefully layered over the pre-formed sucrose gradient, and the tubes were 

placed in an ultracentrifuge and spun at high speed (3600 rpm) for 4h at 20°C (in lower 

temperatures NPs tend to aggregate), in a Beckman Coulter SW40 swinging bucket rotor. 

In a sucrose gradient, NPs sediment until they reach a comparable density with the 

sucrose fractions, resulting in separation of NPs and PMAO polymers by size. 

Eventually, the excess of PMAO polymer is removed from the NP solution. Respective 

fractions were collected from the tubes using a syringe and Braun Sterican Hypodermic 

needles (0.80 x 120 mm) and later purified from sucrose and sodium azide by dialysis 

against PBS pH 7.4, (10 mM NaCl) using the dialysis membrane with MWCO of 2 kDa 

for 3 days. After the dialyses step, NPs were filtered using a 0.20 μm pore syringe filter 

for water solutions and concentrated by centrifugation with 50 kDa Amicon filter units at 

4000 rpm for 2–3 min until they reached the desired concentration. DLS measurements 

were performed on purified NPs to determine their size distribution. 

 

2.4.5. Functionalisation with PEG 

After NP solubilisation in water was made possible due to the PMAO coating, the NPs 

were stabilised in physiological conditions. To achieve this, methoxy-PEG-amine, HCL 

salt and MW 2000 (NH2-terminated polyethylene glycol) were selected; these could be 

attached to a maleic anhydride ring on the NP surface via stable linkages such as amide, 

urethane, urea and as in this example, secondary amine. The HCl salt on the amine end 

provides stability for the solid form of M-PEG-NH2. PEG is not only a well characterised, 

flexible, uncharged and highly hydrophilic polymer but also provides stability and 

prevents NP aggregation, blocks immune system uptake, reduces surface charge 

(reduced toxicity), creates a hydrophobic pocket (suitable for drug embedding) and most 

importantly creates a bridge/linker for further functionalisation.267,268,269,270  

Due to TMAH providing the alkaline environment, the anhydride ring on PMAO iron 

cores opened, exposing carboxyl functional groups, which allowed PEG coupling. 

PMAO iron cores were coupled with linear amine PEG using an excess of PEG in the 

presence of the catalyst N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDAC). EDAC is a water-soluble condensing reagent, generally used as 

a carboxyl activating agent for amide bonding with primary amines; additionally, it reacts 

with phosphate groups. EDAC has been widely applied in peptide synthesis, crosslinking 

proteins to nucleic acids as well as preparation of immunoconjugates.271  
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The working solutions were prepared as follows: 20 mM M-PEG-NH2 and 0.15 M EDAC 

were prepared in PBS, aliquoted in 1 ml Eppendorfs and stored at -20C. Coupling was 

calculated for 6⸱1013 NP/ml. Reactants were added in the following order and proportions: 

to 250 µl carboxylated PMAO iron core, was added 100 µl M-PEG-NH2 20 mM and 

100 µl EDAC0.15 M in a final volume of 1000 µl (final concentration of M-PEG-NH2 

2 mM and EDAC 15 mM. The reaction mixture was placed on a shaking block and 

agitated overnight at room temperature. Lastly, NPs were dialysed in PBS pH 7.4, 

(10 mM NaCl, 0.31 osmol) using 2 kDa MWCO dialysis membrane for 24 hours. 

 

2.4.6. Functionalisation with PEG–Peptide 

To target melanoma cells, a targeted moiety which specifically binds to melanoma 

tumours was selected. The targeting candidate α-MSH (-melanocyte stimulating 

hormone) is a native ligand for MC1R (melanocortin 1 receptor), which is expressed on 

melanocytes and overexpressed on melanoma cells surface.272 The α-MSH (H-Ser-Tyr-

Ser-Nle-Glu-His-dPhe-Arg-Trp-Gly-Lys(Dde)-Pro-Val-NH2) was purchased from 

Severn Biotech Ltd.35 

To achieve efficient peptide coupling, PEG and targeting moieties were firstly pre-

conjugated. In a 10 ml round bottom rotavapor flask, reactants were weighed as follows: 

5.84 mg of the peptide (0.0033 mmol) and 13.2 mg T-BOC-PEG-NHS (T-Boc Amine 

PEG Succinimidyl Carboxymethyl Ester, MW 2000), 0.0066 mmol were dissolved in 

1.5 ml of DMF (dimethylformamide) and N, N-Dissopropylethylamine base (DIPEA) 

(30 μl). The reaction was magnetically stirred at room temperature for 24 hours. 

The DMF solvent was then removed by rotary evaporation under vacuum (water batch 

37C). The reaction powder was later dissolved in 3 ml of H2O and dialysed using 2 kDa 

dialysis membrane in MilliQ water for 3 days at 4°C.273 

The next stage was to deprotect the amine -NH2 terminal site of PEG-PEP conjugate, 

to react with the activated -COOH group of the PMAO polymer coating using EDAC, 

allowing later functionalisation with NPs. Deprotection of the tert-butoxycarbonyl (Boc) 

group was achieved by using HCl/dioxane. First, PEG-PEP was lyophilised to return it to 

a powder. In a solution of 4 M HCl in dioxane, 0.2 mM PEG-PEP was then added to 

a 25 ml round bottom flask at 4°C and mixed using a magnetic stir bar. The reaction was 

removed from the ice and left mixing overnight at room temperature. After the reaction 

was complete, the solution was lyophilised under vacuum until a powder.274 

The deprotected PEG-PEP was then prepared as a 20 mM stock in PBS pH 7.4, 
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(10 mM NaCl 0.31 osmol). PEG-PEP was attached to SPION-PMAO via amine covalent 

bond, using the same method as pegylation of SPION-PMAO NPs. In place of 100 µl 

PEG, 10 % 20 mM PEG-PEP and 90 % 20 mM PEG was used. 

 

2.5. Physicochemical characterisation of SPIONs 

2.5.1. Dynamic Light Scattering (DLS) 

DLS uses a monochromatic and coherent light which allows the observation of time-

dependent fluctuations of the NPs scattering intensity. The distance between the NPs 

continually changes due to Brownian motion and constructive and destructive 

interferences occur.275 Brownian motion is the random movement of an NP due to the 

random molecular bombardment by the other moving NPs in the solvent. Larger particles 

manifest slower Brownian motion, while smaller particles move much faster.275 

The velocity of Brownian motion is defined by the translational diffusion coefficient. 

Time-dependent scattering fluctuations incorporate information about the NP dynamics 

and hydrodynamic size.276 Hydrodynamic size is calculated using Bragg’s diffraction law 

and known scattering angle–Bragg angle θ (Figure 2.2) and the Stokes–Einstein equation 

(Chapter 3, Equation 3.4).  

Particle solutions were measured with the multiangle DLS device ALV/CGS-3 Compact 

Goniometer System (AVL-GmbH), with HeNe laser, 22 mW output power and λ = 

633 nm, at an angular range of 17°–150°. The scattered light was detected at under angles 

of 50°, 70°, 90°, 110° and 130°. Fixed angle Malvern Nano-Zetasizer ZS 

(Malvern Instruments, Malvern, UK) was also used, under an angle of 90°. Samples were 

measured three times and data was presented as averaged values with standard deviations. 
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Figure 2.2 Bragg’s Law and DLS principal illustration. A) Bragg’s reflection of parallel rays from lattice 

crystal planes (P1, P2 and P3) and the incident beams at the Bragg’s angle θ. Interplanar spacings dkhl can be 

derived from the path lengths, which differ by AB + BC and depend on the glancing angle (θ). Black dots 

represent atoms in a crystal structure. Figure adapted from Malvern et al. 2012.277 B) Simplistic optical 

layout of DLS diffraction instrument with typical experimental arrangement φ = 90. The intensity of 

scattered light depends on the angle θ between the incident and scattered beams. Figure adapted and 

modified from Berne et al. 2000.276 C) Types of interaction between light and a surface. Nano-Zetasizer 

uses Mie Scattering Theory to transform the intensity size distribution into volume and number distribution, 

precisely describing the light scattering of spherical particles of all sizes and optical properties. Figure 

adapted and modified from Malvern et al. 2012.277 

 

2.5.2. Zeta–potential 

Zeta–potential (ζ) is the potential difference created at the interface between the NP 

surface (Stern inner layer) and the diffuse outer layer around the NP in the colloidal 

dispersion (Figure 2.3). This affects ion distribution in the system, which causes an 

increase in the counter-ion concentration on the NPs surface.278 The value measured in 

mV describes the NP stability; NPs exhibiting large positive or negative ζ–potential 

(value > 30 mV) are considered as highly stable, due to the repulsion between NPs.278,279 

Otherwise there is a limited force between NPs to repel each other, which leads to 

instability and aggregation/agglomeration.188  

Samples were measured with Nano-Zetasizer ZS (Malvern) and injected with a syringe 

into a 1 ml plastic cuvette (Folded Capillary Zeta Cell) equipped with one electrode on 

each side. Charged particles move towards electrodes with the opposite charge when an 

electric field is applied. The particle velocity becomes constant when the equilibrium with 

viscous forces is reached; this is known as electrophoresis mobility and is related to the 
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zeta–potential. Measurements were performed in 10 mM PBS solution at pH 7.4 and 

repeated two times. Results were presented as averaged values with standard 

deviations.280 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.3 Zeta–potential illustration. Schematic representation of the negatively charged particle and 

double ion layer defining zeta–potential. In plasmas and electrolytes, the Debye length (also called Debye 

radius), is a measure of a charge carrier's net electrostatic effect in a solution and how far its electrostatic 

effect persists. Figure adapted and modified from Lowry et al. 2016.277,193 

 

2.5.3. Microscopy 

Three main branches of microscopy are optical, electron and scanning probe microscopy. 

Microscopy provides information about NP size and shape. Optical and electron 

microscopy involves diffraction, reflection and refraction of electromagnetic beam 

wavelength occurrence, which scatters from the specimen and creates an image. 

Optical microscopy resolution is limited down to 1 µm, due to diffraction effects. 

However, electron microscopy uses shorter wavelengths and allows higher resolution. 

Thus, transmission electron microscopy (TEM) and scanning transmission electron 

microscopy (STEM) can provide exact information and images of particle size, shape and 

distribution. 
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2.5.3.1. Transmission Electron Microscope (TEM)  

A TEM microscope uses electron beams for the illumination of a sample which is 

transmitted through a specimen to form an image down to nanometre scale (0.1 nm). 

In principle, a thin layer of sample is placed on the thin grid and completely evaporated 

in the TEM chamber under a high vacuum. The electron beam is focused and interacts 

with the specimen, creating scattered and unscattered electrons; these are later focused, 

magnified and projected on a detector, creating diffraction patterns under a vacuum to 

prevent electron scattering. Imaged materials that are electron transparent are presented 

as light areas on the image, and dark spots correspond to areas that electrons cannot 

transmit.281 

 

2.5.3.2. Scanning Transmission Electron Microscopy (STEM) 

STEM is a type of TEM microscopy. STEM offers unique imaging modes and enhanced 

microanalysis capabilities, using a narrow electron beam focused to a fine spot which is 

then scanned over the sample. Scanning of the beam across the sample makes STEM 

suitable for analytical techniques such as spectroscopic mapping by energy-dispersive X–

ray (EDX) spectroscopy and electron energy loss spectroscopy (EELS). STEM analysis 

of NPs can provide information on the atomic alignment of individual atoms and sample 

cross-sections of NP cores and subsequent coating layers.282,283 

Samples for TEM and STEM imaging were prepared at the same time. Images of dried 

NPs to assess particle diameter were acquired using FEI Titan Themis S/TEM operating 

at an accelerating voltage of 60–300 kV (atomic resolution STEM–EELS and STEM–

EDX) equipped with an ultra-bright XFEG gun in St. Andrews and Philips CM200 

electron microscope operating at 200 kV equipped with a Field Emission Gun (FEG) 

filament in Milan. FEI Titan Themis S/TEM has multiple unique applications including 

chemical composition and bonding state studies, 3D chemical mapping, 

S/TEM tomography, magnetic and electric field measurements, dynamic studies and in 

situ gas-solid interaction experiments. 

TEM samples were prepared by dropping dilute NPs onto carbon-coated 200 mesh copper 

grids and air-dried for several hours at room temperature before analyses. 

Size distribution was obtained by analysing images of a minimum of 250 NPs using Fiji 

ImageJ software; frequency and standard deviation were derived using Graphpad Prism 

6 software. 
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2.5.3.3. Selected Area Electron Diffraction (SAED) 

SAED is a crystallographic technique performed by TEM microscopy. As in TEM 

imaging, the electron beam is diffracted at a specific angle characteristic for the crystal 

structure of the specimen. A selected area of the specimen can be analysed by aperture 

manipulation; only this area contributes to the diffraction pattern. SAED provides the 

crystal structure of a single particle, which differs from X–ray diffraction. SAED can 

confirm material purity, showing characteristic ring patterns for the crystal structure of 

specimens.284  

The SAED patterns were collected using a TEM microscope. The camera length for 

recording SAED patterns was set to L = 0.00251 nm (TEM for 200 kV). For identification 

of iron oxide crystal structure, interplanar distances (d-spacing) and plane orientation 

were calculated using Bragg’s law with the unit cell parameter of a = 0.83941 nm – lattice 

constant for magnetite (Figure 2.4). An energy dispersive X–ray analysis (EDX) system 

was used to identify the elemental composition of the sample potentially. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 SAED schematic atomic planes orientation and interplanar d-spacing. A) The geometry of 

electron diffraction from atomic planes (dashed lines), θB is the Bragg’s angle, R is the radius of the 

diffraction ring of the plane, and L is the camera length. Standard SAED consists of ring patterns centred 

on a bright central dot. Rings correspond to atomic planes (hkl) and the R = the diffraction ring radius. 

B) Schematic cross-section of iron oxide lattice with atoms (dots) at lattice points. Lines represent atomic 

planes with d-spacings: d1 and d2. R1–R8 are illustrating radii of the diffraction rings of the iron oxide planes. 

Figure adapted and modified from Brent et al. 2008.285 
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2.5.4. Superconducting Quantum Interference Device (SQUID) 

Iron core magnetic SPION NPs have unique properties, which can be applied in many 

fields such as magnetic separation, magnetically targeted drug delivery, hyperthermia in 

cancer thermal ablation therapy and MRI imaging as contrast agents. Their magnetic 

properties strongly depend on size, shape, composition and crystal structure. Due to their 

small size (> 20 nm), SPIONs behave as super-paramagnets and can evoke hyperthermia. 

Super-paramagnetic properties of SPIONs were characterized by the ZFC–FC (Zero-

Field Cooled and Field Cooled) curves using Superconducting Quantum Interference 

Devices –  SQUID (Figure 2.5). SQUID is an extremely sensitive magnetometer used to 

measure subtle magnetic fields, based on superconducting loops. SQUID magnetometer 

is the most sensitive instrument for DC and AC measurements of magnetic properties as 

a function of magnetic field and temperature (Figure 2.6).286 

Magnetometer MPMS XLTM (Quantum Design) was used to characterise the magnetic 

properties of SPIONs. ZFC measurements were performed by first cooling the sample 

down from room temperature to 0 K without applying any external magnetic field. 

A small field of 100 G was then applied, and the magnetisation of NPs was measured as 

the temperature was slowly increased to 300 K. FC measurements were completed by 

cooling the sample back down to 0 K, while the same external field of 100 G was applied. 

The magnetisation was measured while the temperature was slowly increased again back 

to 300 K. Hysteresis magnetisation curves were collected at temperatures of 300 K with 

an external field loop from -4 to 4 kG, -2 to 2 kG and -1 to 1 kG.  
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Figure 2.5  SQUID magnetometer and measurement of the magnetic field. SQUID uses the quantisation 

of magnetic flux and properties of current loops in a superconductor. The flowing current in the magnetic 

field depends on the value of the magnetic flux. The inset shows the arrangement of a magnetic sample and 

coils, which are used to measure magnetic susceptibility, from which permanent magnetic moment can be 

derived. The sample of interest is moved upwards in small increments, allowing the measurement of 

potential difference across the SQUID. Figure adapted and modified from Mangin et al. 2017.287 
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Figure 2.6 Representation of magnetisation and ZFC–FC curves. A) Model of Langevin function and 

hysteresis loop for magnetic NPs. M: magnetisation, MS: magnetic saturation, H: the magnetic field. 

B) Schematic representation of coercivity changes as a function of particle size. The hysteresis loops of 

super-paramagnetic (SPM), ferromagnetic (FM) and paramagnetic (PM) states are shown. Magnetisation 

curve in red resembles a typical noninteracting SPM behaviour, where green one illustrates characteristic 

hysteresis for paramagnetic and blue ferromagnetic interactions. DC: critical size for multidomain/single 

domain transition. DSF: critical particle size for SPM/FM transition, HC: magnetic field coercively. 

C) Schematic representation of the typical zero-field cooled curve (ZFC) and field cooled curves (FC) for 

different types of magnetic NPs: the right; an ideal uniform single domain SPM NPs with negligible 

interparticle interactions and on the left; NPs with non-negligible particle size distribution and strong 

interparticle interactions (multidomain NPs). A non-magnetised sample is cooled down to a few Kelvin and 

magnetisation (M) is subsequently measured with increasing temperature (T) under a low external magnetic 

field applied to obtain the ZFC curve. After having reached room temperature (RT), the sample is cooled 

while being exposed to the applied magnetic field H and again M is recorded independence of T (FC curve). 

Figure adapted and modified from Butler et al. 1992.288 
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2.5.5. Fourier Transform Infrared Spectroscopy (FT–IR) 

Infrared spectroscopy determines material composition at a molecular level. In the 

electromagnetic spectrum, infrared region light absorption (4000 to 400 cm-1) is 

associated with the energy transfer of molecules, which absorb specific frequencies that 

are characteristic to their structure. This can be used to identify chemical bonds within 

the molecule through comparison to reference absorption wavenumbers of common 

functional groups, thus characterising the compound and identifying functional groups 

within the molecule, providing precise information on the chemical composition of the 

sample. FT–IR spectroscopy exploits the Fourier transform phenomena to distinguish 

wavelength contributions to the signal. Samples in a dry state are analysed by attenuated 

total reflection FT–IR (ATR-FT–IR), which provides a stronger signal than the liquid 

sample chamber.289 ATR-FT–IR spectrophotometer NICOLET iS50 was used to verify 

sample composition. The spectrophotometer was equipped with potassium bromide 

(KBr) cell window and a beam splitter (λ = 4000–400 cm-1). Liquid samples were 

analysed by evaporating drops of NP solution on the KBr plate at room temperature. 

Each measurement consisted of 128 scans at a resolution value of 1 cm-1. 

Background signals were collected after sample spectrum collection. Spectrum software 

OMNIC FT–IR (Thermo Scientific) was used to analyse data. 

 

2.5.6. Thermogravimetric analysis (TGA) 

In order to demonstrate the functionalisation steps, NPs were characterised by the 

TGA method. TGA measures mass as a function of temperature and provides information 

about thermal stability and composition of the initial sample, intermediate products, 

residues, phase transitions, absorption, desorption, chemisorptions and solid-gas 

reactions (oxidation or reduction). Derivative thermogravimetry (DTG) measures the 

weight loss of the sample during the heating process, and it is directly correlated with the 

differential equation of weight change rate. The evaporation surface and the heat of 

evaporation can be calculated based on the DTG curve. Differential thermal analysis 

(DTA) measures the heat flow. Characteristic peaks show phase transition, such as 

melting (endothermic) or crystallisation (exothermic). DTA is used as a fingerprint for 

identification and determination of phase diagrams, heat change measurements and 

decomposition.  
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TGA experiments were performed on a Perkin Elmer TGA 6 Thermo-gravimetric 

Analyser, using nitrogen as the sample purge gas or a RheoTherm TG1000M+, using 

argon as the purge gas. Measurements were performed on 10 mg sample in an aluminium 

pan from 10 to 800ºC, at a heating rate of 10°C min−1 under a dynamic nitrogen 

atmosphere with a flow rate of 100 ml min−1 and outlet pressure set at 6–10 kg/cm2. 

The weight loss (TG curve) and its first derivative (DTG curve) were recorded 

simultaneously as a function of temperature. The amount of inorganic and organic 

components was estimated from the percentage loss of the TGA thermal curve. 

 

2.5.7. Inductively coupled plasma – optical emission spectroscopy (ICP–OES)  

ICP–OES is a spectroscopic analytical technique used to determine sample composition 

(detection of trace metals) and concentration. ICP–OES spectroscopy was performed to 

determine the concentration of Fe3O4 NPs by measuring iron content. The ICP principle 

is based on the spontaneous emission of electromagnetic radiations from atoms and ions 

generated by the inductively coupled plasma. Firstly, samples undergo acid digestion to 

assure complete dissolution of the elements and destruction of the matrix. 

A radiofrequency generator surrounds a quartz torch, which generates an electromagnetic 

field in the coil. Argon gas is ionised to produce positive ions. The sample is now 

converted to an aerosol (gas phase) and directed into the central channel of the plasma, 

where it is quickly vaporized; analyte elements are liberated as free atoms in the gaseous 

state. Further collisional excitation within the plasma imparts additional energy to the 

atoms, promoting them to excited states. These atomic transitions are characteristic for 

specific elements, and their intensity is related to the concentration of the specie through 

a calibration curve. Quantitative analysis of the resulting emission spectrum is used to 

gain the concentration of the iron metal in the NP sample.290 

For ICP–OES mass determination of iron content, 100 μl of the sample was added to 4 ml 

of a concentrated aqua regia mixture (1 HNO3: 3 HCl) in a Teflon digestion vessel. 

Samples were digested in a Milestone Ethos TC microwave mineralizer, by heating to 

220°C over 10 min. and kept for 15 min and then cooled to room temperature before 

analysis. Samples were then diluted to 10 ml with Milli-Q water. ICP–MS analyses were 

performed on an ICP–OES Optima 7000 DV (PerkinElmer), with WinLab32 control 

software. Analyses were performed at λ = 238.204 nm, and results are given in ppm 

(mg/l), as an average of three measurements. 
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2.6. In vitro 

2.6.1. Cell Culture 

A panel of genetically diverse human melanoma cell lines was a kind gift from Professor 

Antoni Ribas (UCLA, US) and Professor Randall Moon (University of Washington, US). 

These cell lines represent two major phenotypic growth patterns: proliferative and 

invasive. The following melanoma cell lines: A375, M285, M296, M308, M501 and 

SKMEL-28 characterise an invasive cell phenotype; where A2058, M202, M207, M229, 

M375, M624, SKMEL-5 and SKMEL-24 cell lines demonstrate a proliferative 

phenotype. Initially, six cell lines – well-characterised and with well-known mutation 

status – were chosen for further characterisation and analysis with α-MSH targeted 

SPIONs. All cell lines were cultured at 37°C, 95 % air/5 % CO2 humidified incubator and 

tested negative for Mycoplasma. The following human melanoma cell lines were used: 

A375, M202, M229, M501, A2058, SKMEL5 and SKMEL28; and non-melanoma cell 

lines: HeLa (human cervical cancer cells), HEMA (human normal epidermal 

melanocytes) and A549 (adenocarcinoma human alveolar basal epithelial lung cells). 

Melanoma cell lines were cultured in RPMI medium with heat-inactivated 10 % Foetal 

Calf Serum (FCS) and antibiotics (100 μg/ml Penicillin and 100 μg/ml Streptomycin). 

The heat-inactivation of FCS inhibits its haemolytic activity by decreasing the titer of 

heat-labile complement proteins. Cells were sub-cultured using Trypsin-EDTA 0.25 % at 

approximately 80 % cell confluency and never used beyond passage number 30. Murine 

melanoma cell line GEMM5555 (BRAFV600E) was a kind gift from Professor Richard 

Marais (University of Manchester, UK). Other non-melanoma (A549 and HeLa) and 

murine melanoma (GEMM5555) cell lines were maintained in DMEM with 10 % FCS 

and 1 % PenStrep. HEMA cell line was cultured in 254 Media with human melanocyte 

growth supplement (HMGS-2) and sub-cultured using short exposure to Trypsin, 

followed by incubation with Trypsin Neutralizer Solution Trypsin-EDTA, 0.05 %. 

All tissue culture in vitro experiments were reported as mean ± SEM of at least three 

independent experiments and three technical replicates. Characteristics of human 

melanoma cell lines are summarised in Table 2.7. The doubling time of cells was also 

calculated using an exponential trend line and Equation 2.1. 

 

𝑦 =  𝑎𝑒𝑏𝑥           Doubling Time (x)  =  
𝑙𝑛(2)

𝑏
 

 

Equation 2.1 The doubling time of cells. Where a is a number of cells at 0 hours, b > 0 is the growth rate, 

and x is the doubling time, e is the base of the natural logarithm, e is approximately equal to 

2.718281828459. 
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Table 2.7 Human melanoma cell lines characterisation and phase-contrast microscopy images.  

 

2D growth over 48 hours captured at 10x magnification using an inverted microscope. 

Abbreviations; MM: metastatic melanoma, HET: heterozygous, HOM: homozygous, WT: wild type, DEL: deletion, AMP: amplification. 

Name 
Cell line 

description 
Pathology Cell line origin Morphology Pigmentation BRAF NRAS 

MC1R 

status 
CDKN2A PTEN PI3K MITF AKT EGFR Phenotype 

Population 

doubling 

time [h] 

A2058291 

43-year-old 
Caucasian 

male 

MM 
Metastasis, 

lymph node 
Epithelial 

Non-

pigmented 

HET 

V600E 
WT 

Low 

level 

HOM 

DEL 

L112Q, 

L186M 
    Proliferative 18-24 

A375292,293  

54-year-old 

Caucasian 
female 

MM 
Metastasis, 

lymph node 
Epithelial 

Non-

pigmented 

HOM 

V600E 
WT R151C 

HOM 

DEL 
WT WT    Invasive 6-12 

M202293,294 

81-year-old 
Caucasian 

female 

Uveal 

melanoma 
Primary, eye Epithelial Pigmented WT Q61L WT 

HOM 

DEL 
WT WT   AMP Proliferative 26 

M229293,294 

71-year-old 

Caucasian 

male 

MM 
Metastasis, 
lymph node 

Epithelial Pigmented 
HOM 
V600E 

WT R151C WT HET WT AMP AMP  Proliferative 28 

SKMEL28293,294 

51-year-old 
Caucasian 

male 

MM 
Metastasis, 

lymph node 
Polygonal Pigmented 

HOM 

V600E 
WT 

I155T 
high 

level 

HET DEL T167A WT AMP  P753S Invasive 27-35 

SKMEL5293,135 

24-year-old 

Caucasian 

female 

MM 
Metastasis, 
lymph node 

Stellate Pigmented 
HET 
V600E 

WT V92M WT WT WT AMP   Proliferative 35 

M501295 
Caucasian 

female 
MM 

Metastasis, 

lymph node 
Epithelial Pigmented V600E WT 

Low 

level 
 WT  WT   Invasive 29 

GEMM5555296 
Mouse 

C57BL/6 
MM 

Braf+/LSL-V600E & 

Tyr::CreERT2+/o 
mice cross 

Epithelial Pigmented 
HET 

V600E 
WT 

Low 

level 
      Invasive 6-12 
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2.6.1.1. Mycoplasma detection 

All cell lines were tested in-house for mycoplasma contamination. Cells were plated in 

an extra dish without Pen/Strep antibiotics, after reaching confluency, 1 ml supernatant 

was removed and place in 1.5 ml tube in allocated fridge. Then the sample was warmed 

to room temperature, spin at 1500 rpm for 5 minutes and cleared supernatant was 

transferred into a new centrifuge tube. Lonza MycoAlert Mycoplasma Detection Kit and 

Assay Control Set were used to test mycoplasma contamination. Reagent and Substrate 

MycoAlert Assay Buffer were reconstituted after 15 minutes rehydration at room 

temperature. Cleared supernatant (100 μl) was transferred into a compatible 

luminescence plate (white-wall, clear-bottom 96-well plate). Microplate luminometer 

was programmed to take a 1-second integrated reading. MycoAlert Reagent (100 μl) was 

added to each sample and incubated for 5 minutes. The plate was placed in the 

luminometer, and Reading A was initiated. MycoAlert Substrate (100 μl) was added to 

each sample and incubated for 10 minutes. The plate was placed in the luminometer, and 

Reading B was initiated. The ratio of Reading B/Reading A was calculated (measurement 

< 0.9 indicates mycoplasma free sample, 0.9–1.2 indicates uncertain result and > 1.2 

indicates likely or definite contamination). 

 

2.6.2. Western Immunoblotting 

2.6.2.1. Determination of protein concentration  

The protein concentration in the samples was determined by spectrophotometer using the 

Bicinchoninic Acid Assay (BCA) for protein quantitation.297 To avoid complicated and 

misleading nomenclature non-targeted SPIONs will be referred to as PEG-NPs, and 

targeted α-MSH-SPIONs shall be referred to as PEP-NPs. Non- and melanoma cell lines 

were seeded on 6-well plates at a seeding density of 4·105 cells per well. Treatments were 

carried out as indicated in the following chapters: i) α-MSH treatment of 0, 1, 3, 10, 50, 

100, 200 and 500 nM for 24 hours, ii) 0.1 µM dabrafenib (DBF) and 0.01 µM trametinib 

(TRA) and combination for 72 hours and iii) PEG-NPs, PEP-NPs, PEP-NPs with DBF or 

TRA and combination for 72 hours. At the treatment endpoint the cells were placed on 

ice and suspended in 100 µl RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 

0.1 % SDS, 0.5 % sodium deoxycholate, 1 % Nonidet P-40 with the addition of 

PhosSTOP Phosphatase Inhibitor and Protease Inhibitor) and harvested with cell scrapers. 

Samples were then sonicated for 20 seconds at 30 % amplitude and cleared by 

centrifugation. Protein concentrations were calculated from the protein supernatant using 
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the colourimetric BCA Protein Assay Kit (Thermo-Fisher). Standards were prepared in 

triplicates containing 0, 2, 4, 6, 8 µg/ml BSA. 5 µL of each standard and samples were 

plated into a 96-well plate. 100 µL of the BCA reagents mix was added to each well, 

mixed thoroughly and incubated at 37°C for 30 minutes. The absorbance of each sample 

was measured at 562 nm, after colour development reaction with BCA, using 

SpectraMax M3 microplate reader (Molecular Devices). Protein concentration was 

calculated against the standards using an absorbance-concentration relationship based on 

a standard curve. 

 

2.6.2.2. Electrophoresis gel preparation  

To separate proteins, sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-

PAGE) was performed using 10 % polyacrylamide gels, depending on molecular protein 

weight (see section 2.3.1 for gel composition). The 10 % resolving gel was poured first 

into the mould, leaving enough space for stacking gel. The Resolving gel was topped with 

70 % (v/v) ethanol to remove air bubbles during the gel setting. The 4 % stacking gel was 

added before ethanol removal, and a well comb was added immediately to create the 

required wells. Once set, the gels were placed in the vertical slab electrophoresis chamber 

with Running Buffer.  

 

2.6.2.3. Western blot  

In order to determine differences in protein levels, separated by SDS-PAGE, 

Western blotting was performed. The samples were diluted to the concentration of 1 μg/μl 

(total 15 µg of protein per sample) with Protein SDS Loading Buffer with the addition of 

DTT to a final concentration of 0.1 M and denatured at 95°C for 10 min, centrifuged and 

loaded into gel 10 % SDS-PAGE. Protein separation was performed on NuPAGE Bis-

Tris Mini Gels in Running Buffer in the presence of 500 µl of NuPAGE Antioxidant, 

which prevents sample reoxidation and maintains proteins in a reduced state during 

protein gel electrophoresis and protein transfer, at 120 Volt in Mini Gel Trans-Blot Cell 

System chambers with Whatman filter paper, sponges and nitrocellulose membrane, until 

the proteins had fully resolved through the gel and electrophoresis was terminated. 

Protein transfer from the polyacrylamide gel to a nitrocellulose membrane was performed 

with Transfer Buffer overnight at 12 V or for 1 hour at 100 V. To ensure protein transfer 

onto the membranes; Ponceau Red staining was performed to detect the presence of 

proteins on the membrane. After successful transfer, membranes were blocked for 1 hour 
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at room temperature in Blocking Buffer to prevent non-specific binding of primary 

antibodies to the membranes (thus avoiding high background and low signal). 

Primary antibodies were added in Blocking Buffer at the dilution indicated in section 2.1, 

Table 2.4, to the membrane and overnight incubation at 4°C. Ku80, α-Tubulin and β-

Actin were used as loading controls to ensure even protein concentration on the 

membranes in the Blocking Buffer and incubated overnight at 4°C. After incubation, 

membranes were washed in TBS-T for 10 min to remove any unbound primary antibody. 

The appropriate horseradish peroxidase-conjugated secondary antibody solutions were 

prepared in TBS-T, as stated in section 2.1, Table 2.5 and added to the membranes for 

1 hour at room temperature. The membranes were washed two times for 15 min in TBS-

T to remove any unbound secondary antibodies. The Enhanced Chemi-Luminescence 

(ECL) method was used to detect the antibodies. The membranes were incubated with 

ECL reagents in mixed ratio 1:1, fully covering the membrane for 1min, before imaging 

on the BioRad Molecular Imager ChemiDoc XRS or exposure to X–ray film in a cassette 

in the darkroom and then developed by film processor (exposure time dependents on 

antibody and experiment). After membrane development, membranes can be preserved 

for re-probing or antibody stripping.  

 

2.6.3. NP encapsulation 

2.6.3.1. Drug preparation and loading 

To investigate NP potential as a drug delivery system, anticancer drugs were selected to 

incorporate into NPs. Desired compounds were encapsulated via non-covalent 

hydrophobic interactions into the hydrophobic shell of PEG-NPs (SPIONs) and PEP-NP 

(α-MSH-SPIONs). A hydrophobic dye – Nile red (NR) – was used as proof of concept 

for the encapsulation of small hydrophobic molecules, i.e. DBF and TRA. NR is a small 

lipophilic molecule (MW 318.37, λex 552 and λem 600–700 nm) with fluorescent 

properties, which allow cellular uptake tracking using confocal microscopy. NR solution 

was made into a 1 mg/ml stock in CHCl3 and added to PEG-NPs or PEP-NPs (1012 NP/ml) 

in PBS of 0.5 % (v/v) and left overnight at room temperature for CHCl3 to evaporate 

entirely, allowing entrapment of the compound into the hydrophobic region within the 

NP coating layer. NPs were then dialysed against PBS pH 7.4, (10 mM NaCl, 0.31 osmol) 

using a dialysis membrane with molecular weight cut-off (MWCO) of 100 kDa for 

24 hours to ensure the removal of NR surplus. Successful encapsulation of NR was 

evaluated using a Horiba Yobin FluoroLog-3 spectrophotometer. The quantification and 
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release kinetics of the incorporated compounds were carried out through liquid 

chromatography-tandem mass spectrometry (HPLC–MS/MS) or spectrophotometrically.  

Hydrophobic encapsulation of paclitaxel (5 mM, PTX), dabrafenib (5 mM, DBF) and 

trametinib (5 mM, TRA) was performed similarly. The stock of 5 mM drug solution in 

CHCl3 was added to 1012 NP/ml to a final concentration of 50 μM and left overnight for 

CHCl3 to evaporate. NPs were then dialysed against PBS pH 7.4, (10 mM NaCl, 

0.31 osmol) using a dialysis membrane with MWCO of 100 kDa for 24 hours to ensure 

the removal of drug surplus. Successful encapsulation of drug was evaluated using 

a Horiba Yobin FluoroLog-3 spectrophotometer or HPLC–MS/MS. 

Compounds concentrations are determined based on the best fitting of the adopted 

Lambert-Beer equation, Equation 2.2. 

𝐴 = Ɛ 𝑙 𝑐  

Equation 2.2 The Beer-Lambert law. Where Ɛ is the molar attenuation coefficient or absorptivity of the 

attenuating species, l is the optical path length, and c is the concentration of the attenuating species. 

 

2.6.3.2. Entrapment efficacy  

Entrapment efficiency (EE) describes the amount of drug successfully entrapped into 

NPs. Drug entrapment efficacy in NPs was determined using a spectrophotometer or 

HPLC–MS/MS. Drug encapsulation efficiency was calculated using the following 

formula (Equation 2.3): 

𝐸𝑁𝑇𝑅𝐴𝑃𝑀𝐸𝑁𝑇 𝐸𝐹𝐹𝐼𝐶𝐴𝐶𝑌 =
𝐷𝐼𝑁𝑇 − 𝐷𝐹𝑟𝑒𝑒

𝐷𝐹𝑟𝑒𝑒
× 100 % 

Equation 2.3 Entrapment efficacy of SPIONs using hydrophobic loading interactions. Where DINT is 

initially added drug into NPs and DFree is free unentrapped drug. 30 % EE means that 30 % of drug is 

entrapped in the NPs. 

 

2.6.3.3. Loading capacity 

Loading capacity (LC) describes the amount of drug successfully entrapped into NPs after 

separation from the media. The loading capacity of NPs was determined using 

a spectrophotometer or HPLC–MS/MS. Drug loading capacity was calculated using the 

following formula (Equation 2.4): 

𝐿𝑂𝐴𝐷𝐼𝑁𝐺 𝐶𝐴𝑃𝐴𝐶𝐼𝑇𝑌 =
𝑀𝐸𝐷

𝑀𝑁𝑃
× 100 %  

Equation 2.4 Loading capacity of SPIONs using hydrophobic loading interactions. Where MED is the 

mass of entrapped drug in NPs and MNP is mass of nanoparticles. 30 % LC means that 30 % of the NP 

weight is composed of the drug i.e.1 mg NPs contains 0.3 mg drug. 
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2.6.3.4. Binding affinity 

The binding affinity of NPs was determined using a spectrophotometer or HPLC–

MS/MS. Drug saturation was calculated using the following formula (Equation 2.5):  

𝐵𝐼𝑁𝐷𝐼𝑁𝐺 𝐴𝐹𝐹𝐼𝑁𝐼𝑇𝑌 =
𝐵𝑚𝑎𝑥 ·  𝑥

𝐾𝐷 +  𝑥
 

Equation 2.5 Langmuir binding isotherm model. This formula describes the equilibrium binding of 

a drug to an NP as a function of increasing NP concentration. The saturation binding curve increases to 

a maximum plateau value of Bmax. Where x is the concentration of NPs, Bmax is the maximum number of 

drug concentration; KD is the equilibrium dissociation constant. When the drug concentration equals KD, 

half the binding sites are occupied at equilibrium. 

 

2.6.3.5. Drug recovery  

Kinetics of drug-release were measured by performing controlled drug-release from drug-

loaded NPs in sink conditions using the dialysis method. The drug-release study was 

carried out in a nitrocellulose membrane dialyses bag (MWCO 3.5 kDa), acting as a donor 

chamber, filled with 2.5 ml of drug-loaded NP and placed in the beaker (the receiving 

chamber) with release media (25 ml of PBS in presence or absence of BSA). NPs were 

unbaled to cross the membrane due to the MWCO, as drugs diffuse freely. This was 

earlier confirmed by release media analyses for NP content using ICP–OES. 

The membrane was placed in the beaker under gentle stirring and left at room temperature 

at different time intervals; 1 ml of the release medium was collected and replaced with 

the same volume of fresh release media. Bovine serum albumin (BSA) 2 % (w/v) was 

used in the media to maintain sink conditions throughout and improve drug solubility. 

Drug levels in the extracted samples were analysed by measuring the fluorescence 

intensity or HPLC–MS/MS. After 48 hours release, no further increase in the drug 

contraction was observed. Drug recovery (DR) concentration from NPs using 

hydrophobic loading interactions was achieved using Equation 2.6. 

𝐷𝑅𝑈𝐺 𝑅𝐸𝐶𝑂𝑉𝐸𝑅𝑌 =
𝐷𝑅

𝐷𝑰𝑵𝑻
× 100 %  

Equation 2.6 Drug recovery from SPIONs using hydrophobic loading interactions. Where DR is the 

recovered drug from NPs and DINT is initially added drug. 30 % DR means that 30 % of drug is recovered 

from the NPs. 

 

2.6.3.6. In vitro dynamic modelling of drug release from NPs 

To assess the drug release pattern from NPs, Nile red (NR) fluorescent hydrophobic dye 

was used as a proof of concept and loaded into NPs. NR solution of 1 mg/ml stock 
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in CHCl3 was added to NPs (1012 NP/ml) in PBS in of 0.5 % (v/v). 2.5 ml of NR-loaded 

NPs were placed into a dialysis bag with MWCO of 3.5 kDa, which was subsequently 

immersed in 25 ml of aqueous PBS media containing 2 % (v/v) BSA under gentle stirring 

and left at room temperature. To confirm mechanism of drug release from NP coating, 

the following releasing media and NPs were prepared: i) PBS + 2 % BSA (v/v) at pH 7.4 

+ free NR ii) PBS at pH 7.4 + free NR, iii) PBS + 2 % BSA (w/v) at pH 5.0 + NR-loaded 

NPs and iv) PBS + 2 % BSA (w/v) at pH 7.4 + NR-loaded NPs. At predetermined time 

points (1, 2, 3, 6, 8, 10, 12, 24, 36 and 48 h), 1 ml of the equilibrated solution was 

recovered and replaced with new release media, in order to maintain sink conditions 

(Figure 2.7). NR content in the release media was determined by fluorescence 

measurement at λex 535 and λem 630 nm. Then, the calibration curve was generated to 

establish total NR release. The same procedure was performed for PTX drug release 

model at λex 229 and λem 550 nm, where DBF and TRA concentrations were measured 

using HPLC–MS/MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.7 In vitro dynamic experiment of pH-dependent drug release. A) Drug-loaded NPs are 

transferred into a dialysis membrane, and then placed in the release media and dialysed against PBS pH 

7.4. B) Schematic of dynamic dialysis method representing transport pathways of drug kinetics release 

from NPs. Di
w: intravesicular drug concentration, Di

m: intravesicular membrane-bound drug concentration, 

Do
w: extravehicular drug concentration, Do

m: extravehicular membrane-bound drug concentration, 

Dm: dialysis membrane-bound drug concentration, km: rate constants for bilayer membrane, kd: constants 

for dialysis membrane, kon/koff: constants for the drug membrane binding. Figure adapted and modified 

from Modi et al. 2013.298 
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2.6.4. Mass spectrometry 

Liquid chromatography (LC) – tandem mass spectrometry (MS/MS) was used to perform 

kinetic analyses. Analysis of in vitro incubation with NPs and in vivo blood 

pharmacokinetics (PK) samples was carried out on a Micromass Quattro Micro Mass 

Spectrometer (Waters Corporation, Milford, MA). The concentrations of paclitaxel 

(PTX) were measured by HPLC–MS/MS. Chromatographic separation was performed 

on a Kinetex C18 100 Å column (2.6 mm; 5.0 x 2.1 mm) (Phenomenex, Macclesfield, 

UK) using a gradient elution in 0.01 % acetic acid and 20 mM sodium acetate in MilliQ 

water (solvent A) and 0.01 % acetic acid and 20 mM sodium acetate in 90 % acetonitrile 

(solvent B), an injection volume of 10 µl and a run time of 7 minutes. The detector used 

was a Micromass Quattro Micro Mass Spectrometer run in electrospray positive ion 

mode. The multiple reaction monitoring parameters for sodium adducts of PTX and 

docetaxel were 876.47 and 830.5 (precursor ions) and 308.15 and 549.3 (product ions), 

respectively. 

Analysis of dabrafenib (DBF), trametinib (TRA) and triazolam was performed as 

described for PTX and docetaxel except solvent A was 0.1 % formic acid in MilliQ water, 

and solvent B was acetonitrile, and run time was 8 minutes. For DBF, TRA and triazolam 

multiple reaction monitoring parameters were 520.17, 616.15 and 343.06 (precursor ion) 

and 307.2, 491.1 and 239.13 (product ion), respectively. 

Multiple reaction monitoring (MRM) data in electrospray ionisation positive mode was 

acquired and analysed in QuanLynx software (Waters Corporation, Milford, MA) relative 

to analytes standard curves. The cone voltage and collision energy were optimised for 

each compound and are listed in Table 2.8. 

 

Table 2.8 Modes of detection and HPLC–MS/MS parameters for compounds and internal standards. 

Compound MRM transition Cone Voltage [V] Collision Energy [kV] 
Electrospray 

Ionisation Mode 

Paclitaxel 876.47 > 308.15 50 33 

 
Positive Ion Mode  

Dabrafenib 520.17 > 307.2 50 35 
Trametinib 616.15 > 491.1 50 35 
Docetaxel (IS) 830.5 > 549.3 50 33 
Triazolam (IS) 343.06 > 239.13 50 35 

Abbreviations; IS -internal standard.  

 

In vitro kinetic data and PK parameters of in vivo data were analysed using a 

noncompartmental model with PK functions using Graphpad Prism and Equations 2.7. 
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𝐶 =  𝐶𝑚𝑎𝑥 × [
𝑆

𝐾𝑆1 + 𝑆
× (

1 + 𝑆

𝐾𝑆2
)] 

 

Equation 2.7 Pharmacokinetic parameters maximum plasma concentration (Cmax). Where S is the 

substrate concentration, KS1 is the dissociation constant for the productive enzyme (substrate complex), and 

KS2 is the dissociation constant for substrate bound to the inhibitory site. 

 

2.6.4.1. Sample preparation for paclitaxel extraction 

An internal standard was prepared by mixing 10 µl of docetaxel (1 mg/ml in methanol) 

with 990 µl of methanol and vortexed. Then extraction solvent was prepared by adding 

20 µl of the docetaxel to an equal mixture (1:1) of tert-butyl-methyl-ether and diethyl 

ether up to a total volume of 10 ml (under the hood). Working Solution 8 (WS8) was 

prepared by mixing 450 µl of methanol and 50 µl of paclitaxel (PTX; 1 mg/ml 

in methanol). A set of working solutions (WS) was prepared through serial dilutions of 

WS8 (2 times) in methanol. 1 ml of the extraction solvent was added to 100 µl of 

standards and NP samples which was then vortexed (5 bursts), sonicated (10 min), left 

for 1 hour to evaporate on a rotator (setting 40) and centrifuged (16.1 krcf, 10 min, 4°C). 

Then, 1 ml of the top organic phase was collected and evaporated using concentrator plus 

at room temperature for 40 min (setting V-HV). Acetonitrile solution mixture was 

prepared by mixing equal parts of 5 ml of acetonitrile and distilled H2O (1:1), 0.01 % 

acetic acid (CH3COOH) and 20 µM sodium acetate (CH3COONa) and left for at least 

15 min at room temperature, then vortexed (5 bursts). Then, acetonitrile solution (100 l) 

was added to previously concentrated samples and vortexed (5 bursts), left for 15 min at 

room temperature, vortexed (5 bursts) and centrifuged (16.1 krcf, 10 min, 4°C). 

The supernatant (85 µl) was collected and placed in a 96 well collection plate and 

analysed by HPLC–MS/MS. The linearity range of the assay is 15-1000 ng/ml PTX; 

therefore, the sample was diluted as required for the PTX concentration in the samples to 

be maintained within the linearity range. 

 

2.6.4.2. Sample preparation for dabrafenib extraction 

Extraction solvent for dabrafenib (DBF) was prepared by mixing 25 µl of trametinib 

(TRA; 1 mg/ml in methanol/DMSO (9/1)), as an internal standard with 10 ml of 

acetonitrile. Working solution 8 (WS8) was prepared by adding 20 µl of DBF (1 mg/ml 

in methanol) to 80 µl of methanol. A set of working solutions (WS) was prepared through 

serial dilutions of WS8 (2 times) in methanol. To 95 µl of buffer for NPs (PBS), 5 µl of 
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the WS was added and vortexed (5 bursts). To 10 µl of MilliQ water, 10 µl of the 

standards in PBS buffer was added, and for samples with NPs, 10 µl of the sample was 

mixed with an equal volume of MilliQ water. Then, 90 µl of the extraction solvent was 

added to the 20 µl of the prepared dilutions from standards and NP samples, then vortexed 

(5 bursts), sonicated (30 min) and centrifuged (16.1 krcf, 10 min, 4°C). Then, 20 µl of the 

supernatant was mixed with 80 µl of MilliQ water in a 96 well collection plate and 

analysed by HPLC–MS/MS. The linearity range of the assay is 78–10000 ng/ml DBF; 

therefore, samples were diluted as required, so the DBF concentration in the samples was 

within the linearity range. 

 

2.6.4.3. Sample preparation for trametinib extraction 

The internal standard was prepared by mixing 10 µl of dabrafenib (DBF; 1 mg/ml in 

methanol) with 990 µl of methanol and vortexed. Then, the extraction solvent was 

prepared by adding 5µl of the dilute DBF to 10 ml of acetonitrile. Working Solution 

8 (WS8) was prepared by mixing 980 µl of methanol and 20 µl of trametinib 

(TRA; 1 mg/ml in methanol/DMSO (9/1)). Set of working solutions (WS) was prepared 

by serial dilutions of WS8 (2 times) in methanol. To 95 µl of NP buffer (PBS), 5 µl of 

the WSs were added and vortexed (5 bursts). To 10 µl MilliQ water, 10 µl of standards 

in NP buffer was added. For samples with NPs, 10 µl of the sample with an equal volume 

of MilliQ water was mixed. 90 µl of the extraction solvent was added to the standards 

and samples, vortexed (5 bursts) and incubated at room temperature (at least 15 min), 

vortexed (5 bursts) and centrifuged (16.1 krcf, 10 min, 4°C). Then, 50 µl of the 

supernatant was mixed with an equal volume of MilliQ water in a 96 well collection plate 

and analysed by HPLC–MS/MS. The linearity range of the assay is 7–1000 ng/ml TRA; 

thus, samples were diluted if required for the TRA concentration in the samples to be 

maintained within the linearity range. 

 

2.6.5. Bioinformatics 

2.6.5.1. Multi-species comparative alignment analysis of protein sequence  

Protein sequences, obtained from GenBank NCBI database, were aligned using Clustal 

Omega via a web-based server at the EBI (http://www.ebi.ac.uk/). User-defined 

parameters were left at their default settings. Clustal Omega performs fast and accurate 

multiple sequence alignment (MSA) analysis of potentially large numbers of protein or 
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DNA/RNA sequences, using hidden Markov model (HMM) for the alignment engine, 

based on the HHalign package.299 Sequencing results of the alignments and calculation 

of sequence identities and similarities were manually edited and presented using 

GeneDoc software (http://www.nrbsc.org/).300 Protein sequence alignments were 

subjected to various phylogenetic analyses to estimate their order of relationship, 

resulting in percentage identity matrix from between species and phylogenetic tree of 

compared vertebrates, where the order of alignments is determined by a guide-tree, which 

in turn is constructed from pairwise distances amongst the sequences. 

 

2.6.5.2. The Cancer Genome Atlas (TCGA) datasets analysis 

TCGA is a comprehensive and coordinated program used to analyse the molecular basis 

of cancer, with the application of genome analysis technologies, including large-scale 

genome sequencing. TCGA provides access to over 20,000 primary cancer datasets, 

molecularly characterised and matched with normal samples from 33 different cancer 

types.301 The selected targeting receptor MC1R was analysed in melanoma patients’ 

samples comparing mRNA expression levels in microarrays of MC1R in melanoma 

samples from Gene Expression Omnibus datasets (GEO). The following datasets, from 

330 patients between 15–90 years of age, were analysed: malignant melanoma tumours 

vs normal and benign tissue (GDS1375), normal vs metastatic melanoma 

(GDS3964, GDS3965), human skin cutaneous melanoma (SKCM) different disease 

stages (GDS3966) and MC1R polymorphism variants in melanocytes vs malignant 

melanoma (GDS1314.102). MC1R expression levels were investigated in various human 

tissues, as well as polymorphism variants of MC1R associated with melanoma occurrence 

were analysed. 

 

2.6.6. Synergy score 

There are a variety of software resources available for drug combination assessment, such 

as CompuSyn, Combenefit, CalcuSyn, COMBIA, Synergyfinder, MacSynergy, 

SimBiology, TensorFlow, Torch, LibSVM or Spark.302 In this thesis, CompuSyn and 

Combenefit software were used in combination to establish synergy scores. 

 

http://www.nrbsc.org/
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2.6.6.1. Combenefit 

Combenefit software implements algorithms to calculate synergy scores for dose-

response matrix data.303 The degree of synergy is typically quantified by its deviation 

from that of one simulated according to classical theoretical models, such as 

i) Highest Single Agent (HAS) –the synergy score quantifies the excess over the highest 

single drug response304,305, ii) Loewe Additivity – the synergy score quantifies the excess 

over the expected response if the two drugs are the same compound306,307, 

iii) Bliss Independence – expected response is a multiplicative effect as if the two drugs 

act independently308,309 and iv) Zero Interaction Potency (ZIP) – the expected response 

corresponds to an additive effect as if the two drugs do not affect the potency of each 

other.310,311,312  

Combenefit implements a surface approach comparing in vitro experimental data to 

mathematical models of dose–responses for non-synergistic combinations, such as 

additivity or independent combinations. Combenefit calculates drug combination synergy 

scores as a two-dimensional or a three-dimensional synergy map based on the two single-

agent dose-response curves; a model-based combination dose-response surface is 

derived.313 The report analysis contains the graphical displays of data corresponding to 

dose-response curves and surface and metric information about synergy distribution. 

Stars indicate the level of significance and number of replicates.314  

 

2.6.6.2. CompuSyn 

Chou–Talalay equation-based calculations were analysed using CompuSyn software 

(ComboSyn, Inc.). The combined effects of different experimental designs and drug 

concentrations of were evaluated (Figure 2.8 A), and the combination index (CI) 

(Figure 2.8 B), median–effect (ME), dose–reduction index DRI (Figure 2.8 C) and 

isobolograms (Figure 2.8 D and E) values were determined using CompuSyn software 

1.0 (ComboSyn, Inc., USA). The synergistic interactions between drugs were calculated 

at a constant or non–constant ratio using the following equations: Equation 2.8 CI, 

Equation 2.9 ME and Equation 2.10 DRI. Table 2.9 compares software analysis. 

 

 

CI =
𝐷1

𝐷𝑥1
+

𝐷2

𝐷𝑥2
 

 

Equation 2.8 Combination index theorem (CIT). Dx1 and Dx2 are drugs concentrations alone required to 

inhibit 50 % of cell growth (IC50 value), where D1 and D2 are the concentrations of the drug in the 

combination treatment that also inhibit 50 % of cell growth. Synergism: CI < 1, additivity: CI = 1 and 

antagonism: CI > 1.315  
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𝑓𝑎

𝑓𝑢
= (

𝐷

𝐷𝑚
)

𝑚

                   (1) 

𝑙𝑜𝑔 (
𝑓𝑎

𝑓𝑢
) =  𝑚𝑙𝑜𝑔(D)  −  mlog (D𝑚)         (2) 

Equation 2.9 The median-effect (ME) principle and equation of the mass-action law. 1). The ratio of 

the fraction affected (fa) and the fraction unaffected (fu) is equal to the dose (D) vs the median-effect dose 

(Dm) to the mth power. 2) The logarithmic version of the median-effect equation. Dm: median effect dose 

(IC50), obtained from the X-intercept of the ME plot, m: the slope of the median-effect plot. 
 
 

(𝐷𝑅𝐼)1 =  
(D𝑥)1

𝐷1
 

 

Equation 2.10 The dose-reduction index (DRI) equations. The constant ratio combination allows 

simulation of dose-effect curves, Fa–CI effect, Fa–DRI Plot and isobologram. When combinations are at 

non-constant ratios, each data point has a ratio. The CI and DRI value can still be calculated, but simulation 

cannot be carried out; therefore, the acquired conclusions are limited. Similarly, (DRI)1 and (DRI)2 values 

at a combination data point can be determined, or at different fa value can be simulated. This is Fa–CI table 

with Fa increment of 0.05. At fa > 0.45 showed synergistic effect (CI < 1). For anti-cancer agents, synergism 

(CI < 1) at high dose (high effect) is more relevant to the therapy than the CI values at a low dose 

(low effect). 

 
 

Table 2.9 Features comparison of software for drug combination analyses. 

Features 
Software 

Combenefit CompuSyn 

Tool type Free software Free software 

Source code Yes No 

Replicates Yes No 

Hill model (Emax) 3 parameters 2 parameters 

Synergy models Loewe, Bliss, HSA Loewe 

Scores/metrics Several No 

Graphics DR, M, C, S, SM DR, I, F 

Data input File Manual 

Data Dose-response data Dose-response data 

HTS suitable Yes No 

 Description 
Advanced graphical and model-based 
quantifications of drug combinations in 
single and high-throughput settings 

CompuSyn allows for manual input of one 
drug combination at a time 

Abbreviations; DR: Dose-response curve, M: Matrix view, C: contours, S: surfaces, I: Isobolograms, SM: 

synergy mapped to dose-response surfaces, F: Fraction affected related curves.313 
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Figure 2.8 Typical examples of drug combination plots and their interpretations based on the Chou-

Talalay combination index theorem. A) Three types of experimental design; single dose: high-throughput 

screening, no analysis of dose-response, prone to false-positive interactions; dose gradient: constant drug 

ratio (angle), analysis can be attentive to dose-response function (robust assessment of interactions at the 

chosen drug ratio) and checkerboard: most insightful data analysis, reveals drug interactions at all ratios 

between drugs (non-constant drug ratio, practical for pairs only). B) Fa–CI plot, C) Fa–DRI plot, 

D) classic isobologram at ED50, ED75, and ED90 and E) normalised isobologram for combination at different 

combination ratios. All plots can be generated automatically by using CompuSyn (Chou and Martin, 2005). 

The x and y axes show the significant fraction of two drugs (D1 and D2) based on the Chou–Talalay CI 

theorem. 316 Abbreviations; CI: combination index, D and Dx are the dose and the median-effect dose of a 

drug that inhibits the response by x % respectively, DRI: dose-reduction index, ED: effective dose, 

Fa: fraction affected. Figure adapted and modified from Chou et al. 2005. 
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2.6.7. Immunofluorescence 

Drug delivery through NP into cells, endocytotic uptake and co-localisation pattern, were 

analysed with confocal microscopy. Melanoma cell lines were seeded on a 12-well plate 

at a seeding density of 3·104 cells per well. Each well was supplied with a sterile ø 13 mm 

borosilicate glass coverslip. Cells were treated with 1012 NP/ml up to 72 hours. Cells were 

stained for cell membrane with Cell Mask and nucleus with DAPI, while Nile red dye 

release was imaged through a far-red channel or reflective light. Cells were incubated at 

37oC to adhere to the glass coverslips before fixation. The media was removed, and the 

cells were washed three times with cold PBS before the addition of 3 % 

paraformaldehyde (PFA). Cells were rewashed three times with PBS to remove any 

reactive aldehydes and quenched with 50 mM NH4Cl for 10 min. Washing was repeated, 

and 0.2 % Triton X–100 was added for 5 min, followed by another PBS wash. 

Coverslips were blocked for 30 min in blocking solution and incubated with the following 

respective primary antibodies for 1 h: β-arrestin 1:150, LAMP-1 1:150, EEA-1 1:200 and 

CAV-1 1:250 or LysoTracker (red fluorescent dye for labelling acidic organelles) of final 

concentration 50 nM in 0.3 % DMSO. They were then washed three times for 5 min in 

0.05 % Triton X–100 and PBS. The secondary antibody was applied for 30 min at the 

following dilutions α-mouse 1:250 and α-rabbit 1:250. After incubation, another washing 

was performed with 0.05 % Triton X–100 and PBS. Coverslips were then mounted on 

a glass slide using Prolong Gold antifade reagent with DAPI and secured. Cells were 

imaged using a Zeiss LSM 710 confocal microscope.  

 

2.6.8. Proliferation assays  

2.6.8.1. Live-cell imaging Incucyte 

The CellTox Green cytotoxicity assay measures changes in cell membrane integrity that 

occur during cell death. CellTox Green is a nonpermeable cyanine, a non-toxic dye that 

is excluded from viable cells and preferentially binds to the DNA minor groove of dead 

cells. Once bonded with DNA, CellTox Green fluorescence enhances; thus, the green 

fluorescence signal produced by the dye is proportional to the cytotoxicity. 

CellTox Green is optimally excited at 512 nm with peak emission at 532 nm.317 

Cell death induced by NPs was determined in cell lines using the CellTox Green. Cells 

were seeded in a 96-well plate at a density of 5000 cells per well. CellTox Green reagent 

was added to the cell media at 1:1000 dilution and cells were subsequently treated with 
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different concentrations of NPs (0.001, 0.01, 0.1, 1 and 10 µg/ml), α-MSH peptide 

(0.01, 0.1, 1, 10 and 100 nM) and PBS vehicle negative control. Cell death or proliferation 

was determined after 24, 48, 72 and 96 hours of treatment by 15-minute incubation with 

50 µl of Triton X (0.5 %) to terminate all the cells, following the fluorescence intensity 

measurement with a microplate reader in IncuCyte ZOOM (Essen BioScience, USA). 

Empty wells were used as the background control and were subtracted from the 

experimental values. Phase microscopy images reflect cell confluency, whereas green 

fluorescence images mirror the dead cell confluency. The relative proliferation and cell 

death calculated using Equation 2.11.318 

 Cell Death =  
𝑂𝐷𝑆−𝑂𝐷𝑀 

𝑂𝐷𝐶−𝑂𝐷𝑀
 ∙  100 %    (1) 

 Cell Proliferation =  (𝑂𝐷𝐷 − 𝑂𝐷𝐶𝑇) ∙  100 % (2) 

Equation 2.11 Cell death and proliferation assessment formula. 1) Cell death formula Where ODS is 

the optical density of the sample, ODM is the optical density of the cell culture media and ODC is the optical 

density of the control wells. 2) Cell proliferation formula, where ODD is the optical density of the all dead 

cells and ODCT is the optical density all the cells stained with CellTox Green. 

 

2.6.8.2. MTT cytotoxicity assays 

MTT assay quantifies cell viability using mitochondrial enzyme succinate-

dehydrogenase reduction in viable cells, from the yellow tetrazolium salt (MTT, 3-(4,5-

imethylthiazol-2-yl)-2,5-diphenyl) to a blue formazan product. The formazan is insoluble 

and accumulates in cells, and its level is directly related to the number of living cells. 

Non- and melanoma cell lines were seeded in 96-well plates at a seeding density of 

3·103 cells per well, in triplicates for each condition and incubated with increasing 

concentration of NPs over a time course or treated with appropriate drug regimes. Stimuli 

were removed accordingly, and cells were washed with PBS, following the addition of 

2 mg/ml MTT to cells media and incubated for 4 hours. Then the medium was aspirated, 

and blue formazan was suspended in Sorensen’s glycine buffer, and absorbance was 

measured at 570 nm using Spectrophotometer. Data was evaluated from dose-response 

curves and analysed as a percentage of the control values using Equation 2.12: 

 

Cell viability = [100 − (
𝐴0 − 𝐴𝑡

𝐴0
)] ·  100 %  

Equation 2.12 Cell viability assessment formula. Cellular conversion of MTT into a formazan was 

assessed by measuring the absorbance at 570 nm, followed by the calculation of percentage cell viability. 

Where, A0 = absorbance of cells treated with 0.1 % DMSO medium, At = absorbance of cells treated with 

various concentrations of the samples. 
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2.6.8.3. MTS cytotoxicity assays 

MTS cell viability assay allows faster cell viability quantification, as MTT reduction 

produces crystalline precipitate, which requires dissolving, whereas MTS produces media 

soluble colourimetric product. Both assay methods were used and subsequently 

compared. MTS was used to determine the number of viable cells in proliferation or 

cytotoxicity assays. MTS reagent is a tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 h) paired with an electron coupling reagent 

(phenazine ethosulfate, PES). MTS is reduced by NADPH or NADH produced by 

dehydrogenase enzymes in metabolically active cells, into blue formazan product that is 

soluble in aqueous solutions. To assess the dose-response of different drugs on different 

cell lines, cells were seeded in 96-well plates at a seeding density of 3·103 cells per well, 

in triplicates for each condition. Subsequently, cells were left untreated, treated with 

DMSO (vehicle control) or treated with 0.00001, 0.0001, 0.001, 0.005, 0.01, 0.03, 0.05, 

0.1, 0.25, 0.3, 0.5, 0.75, 1 and 10 µM of PTX, DBF or TRA in a total volume of 100 μl 

per well. After 72 hours of exposure to the drug, 10 μl of CellTiter 96 Aqueous MTS 

reagent was added and the absorbance measured after 4 hours incubation at 490 nm using 

the 96-well plate reader. The quantity of formazan product is directly proportional to the 

number of living cells in culture. Cell viability was calculated using Equation 2.12. 

 

2.6.8.4. SRB cell viability assay 

Sulforhodamine B (SRB) is a colourimetric assay for cell viability determination, based 

on the measurement of cellular protein content. Non- and melanoma cell lines were 

seeded in 96-well plates at a seeding density of 3·103 cells per well, in triplicates for each 

condition and incubated with increasing concentration of NPs over a time course or 

treated with appropriate drug regimes. Stimuli were removed accordingly, and the cell 

monolayer was washed two times with cold PBS. Cells were fixed with cold 40 % (w/v) 

trichloroacetic acid and incubated for 1 hour at 4°C, following four washes with tap water 

and air-dried at room temperature. Cells were then stained with SRB Solution 0.4 % (w/v) 

dissolved in 1 % acetic acid and incubated for 30 min at room temperature. The stain was 

removed by four washes of 1 % (v/v) acetic acid and air-dried at room temperature. 

Protein-bound SRB dye was solubilised using 10 mM unbuffered Tris base pH 10.5 and 

dissolved on a plate shaker for 5 minutes. The optical density of the SRB dye was 

measured at 564 nm. Cell viability was calculated using Equation 2.12. 
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2.7. In vivo 

2.7.1. Mouse models 

All animal work has been carried out in accordance with the British Home Office Animal 

(Scientific Procedures) Act 1986, as amended by European Directive 2010/63/EU. 

All procedures were approved by following ethical review at Dundee University and 

conducted under a Home Office Project licence (PPL) held by Professor Colin 

Henderson. All animal procedures were performed by Professor Colin Henderson, 

Dr Yury Kapelyukh and Ms Aileen McLaren, who held Home Office Personal Licences 

(PIL) and were trained and assessed competent in the techniques used. 

Mice were housed in open-top or individually ventilated cages (IVCs) under standard 

animal house conditions, including a 12 hours light/dark cycle and access to water and 

standard RM1 animal diet (SDS, Essex, UK). All animals were humanely culled using 

Schedule 1 techniques as provided in project licence, and all animal handling was in 

accordance with the 3Rs principle of replacement, reduction and refinement 

(www.nc3rs.org.uk). All animals were ear clipped at weaning and samples genotyped 

using PCR. All mouse models used were based on a C57BL/6N genetic background, bred 

and genotyped in-house, and wild-type mice were obtained from colonies bred in-house. 

Animal numbers for experimental design were guided by power calculations G*Power 

(software version 3.1.9.4, www.gpower.hhu.de).319 

Genotyping was performed using ear biopsies of 4–8 weeks old mice. PCR reactions were 

carried out as follows: primers were selected for the desired region of DNA, and the 

melting temperature (Tm) of the primers was calculated using Equation 2.13:  

 

𝑇𝑚  =  2𝑥 ∙ ( 𝐴 + 𝑇) +  4𝑥 ∙ ( 𝐶 + 𝐺) 
 

Equation 2.13 PCR melting temperature formula. Where A + T = the number of adenine (A) and 

thymine (T) bases and C + G = the number of cytosine (C) and guanine (G) bases in the primer sequence. 

The annealing temperature was used at 4ºC or lower. 

 

PCR was catalysed using Taq polymerase, deoxynucleotide triphosphate bases (dNTPs) 

and reactions were carried out in a geneAmp PCR system 9700 (Applied Biosystems). 

All animals were culled by rising CO2, weighed and blood collected by cardiac puncture 

into heparinised tubes, spun for serum and stored at -70ºC. The following tissues were 

harvested and fixed in Gurr fixative (4 % paraformaldehyde, PFA) or snap-frozen: liver 

large left lobe, spleen, kidneys, skin (depilate portion of dorsal skin), brain (cut sagittally). 
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The small and large intestines were flushed with ice-cold PBS, (small amount of ice-cold 

PBS containing protease inhibitors) and snap-frozen in 2 ml tube in liquid nitrogen. 

Tumours were excised, measured and photographed – one half fixed in Gurr fixative 

(4 % paraformaldehyde, PFA) and the second half snapped frozen. The skin was kept 

attached if the tumour was fragile. Approximately 1g of liver tissue was placed on ice in 

a tube containing buffer for immediate preparation of microsomes. 

 

2.7.1.1. Oxidative stress reporter mouse model (HMOX–1)  

The oxidative stress reporter Hmox–1 can be used in vivo as mechanistic biomarker of 

toxicity. The HMOX–1 mouse model was constructed as previously described by 

McMahon et al., 2018, using a DNA cassette encoding an open reading frame for T2A-

LacZ-T2A-hCG-T2A-Fluc (T2A - 2A peptide sequence from Thoseaasigna virus; 

LacZ - β-galactosidase; hCG - human chorionic gonadotropin; FLuc - firefly luciferase, 

codon-optimized for expression in mammalian cells), which was inserted between the 

penultimate and STOP codons in exon 5 of Hmox–1. Puromycin resistance (PuroR) was 

used as a positive selection marker and flanked by FRT sites enabling removal after the 

successful generation of transgenic mice. The gene encoding Flp was removed by 

breeding to Flp partners after successful verification of PuroR removal.320 

Expression schematic diagram of the engineering strategy used to create the Hmox–1 

multi reporter allele is shown in Figure 2.9.  

 

 

 

 

Figure 2.9 The HMOX–1 toxicity reporter mouse model construct. The targeting construct is inserted 

into embryonic stem cells using homologous recombination mechanism. Use of T2A peptide sequences 

allows i) expression of multiple proteins from a single promoter, i.e. β-galactosidase (LacZ), luciferase 

(Fluc) and human chorionic gonadotropin (hCG) from the endogenous Hmox–1promoter, 

ii) maintains expression of the protein that is typically expressed from promoter and iii) multiple reporters 

allow the use of multiple techniques.321 PuroR: Puromycin selective agent, TK: Thymidine kinase negative 

selection marker, T2A: self-cleaving peptide. Figure adapted and modified from McMahon et al. 2018. 



Chapter 2 

97 

2.7.1.2. Humanised mouse model (8HUM) 

The 8HUM mouse model was generated as previously described by 

Henderson et al., 2019, by crossing in-house generated and well-characterised multiple 

humanised model.322 Murine gene clusters Cyp2c (except Cyp2c44), Cyp2d and Cyp3a 

and transcription factors Car and Pxr were deleted and replaced with the corresponding 

human-counter genes (CYP2C9, CYP2D6, CYP3A4, CYP3A7, CAR and PXR) and 

crossed with a line in which Cyp1a1 and Cyp1a2 were deleted and replaced with 

CYP1A1 and CYP1A2. A total of 35 murine genes were replaced with eight human 

genes. Expression of human P450 genes was from the human promotor, except for 

CYP2C9, which was driven by the albumin promotor, and CYP1A1 and CYP1A2, which 

were driven by the murine Cyp1a1 and Cyp1a2 promotors, respectively. CAR and PXR 

were expressed from the corresponding murine promotors.323 Figure 2.10 represents 

8HUM mouse model construct concept. 

 

 
 

Figure 2.10 The 8HUM mouse model construct. 8HUM mouse model reflects more closely human 

pathways of drug disposition, where 33 murine P450s were substituted from the primary gene families 

involved in drug disposition, together with Car and Pxr, for human CAR, PXR, CYP1A1, CYP1A2, 

CYP2C9, CYP2D6, CYP3A4, and CYP3A7 counterparts. Self-generated figure. 
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2.7.2. Toxicity assessment with immune checkpoint inhibitors and small drug 

molecules (RED083) 

Twenty-four heterozygous HMOX–1 reporter male mice 14–21 weeks old, (C57BL/6-

Hmox1rep/+/N) were used to detect any potential toxicity induced by monoclonal 

antibody immune checkpoint inhibitors (ICIs; PD-1 and CTLA-4) and small targeted drug 

compounds (dabrafenib; DBF and trametinib; TRA). The study investigated whether 

dabrafenib exposure changes upon concomitant ICIs treatment. To assess toxicity 

induced by ICIs (either as monotherapy or in combination), with or without targeted drug 

compounds, DBF and TRA, 8–arm investigation, including a control arm in which the 

mice received only the vehicles used for drug/antibody administration and Isotype IgG 

controls at the same scheduling, was designed as follows:  

GRP 1: Isotype IgG controls (IgG2a + IgG2b) 

GRP 2: Mouse α-PD-1 alone 

GRP 3: Mouse α-CTLA-4 alone 

GRP 4: Mouse α-PD-1 + mouse α-CTLA-4  

GRP 5: DBF + TRA and Isotype IgG controls (IgG2a + IgG2b) 

GRP 6: DBF + TRA and mouse α-PD-1 

GRP 7: DBF + TRA and mouse α-CTLA-4  

GRP 8: DBF + TRA and mouse α-PD-1 + mouse α-CTLA-4 

 

Drug preparation: 

1. IgG2a and IgG2b isotype control antibody: 7.8 mg/ml to 4 mg/ml in saline and 

5.91 mg/ml to 4 mg/ml in saline then equal volumes of each diluted antibody were 

combined 

2. Mouse α-PD1: 7.12 mg/ml to 2 mg/ml in saline 

3. Mouse α-CTLA4: 6.45 mg/ml to 2 mg/ml in saline 

4. Mouse α-PD1 and α-CTLA4: 7.12 mg/ml to 4 mg/ml in saline and 6.45 mg/ml to 

4 mg/ml in saline then equal volumes of each diluted antibody were combined 

5. DBF + TRA: DBF and TRA were weighed out in aliquots of 9.5 to 12.8 and 1.8 to 

5.1 mg, respectively. DBF is in mesylate salt form, so 9.5 mg of this corresponds to 

8 mg of dabrafenib (weight of DBF mesylate was multiplied by 0.84 to get the weight 

of DBF) 
 

DBF and TRA were dosed at 20 and 0.3 mg/kg at 5 µl/g requiring final concentrations of 

4 and 0.06 mg/ml, respectively. A vehicle (0.5 % (v/v) hydroxypropylmethyl cellulose, 

0.2 % (v/v) Tween 80 in saline) was added to DBF to give a suspension of 8 mg/ml 

(i.e. 1 ml added to 9.5 mg of DBF mesylate). The powder was manually broken up by 

grinding it between the pipette tip and the inside wall of the tube and vortexed. 

Vehicle was added to TRA to give a suspension of 6 mg/ml. It was manually disrupted 
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and vortexed. Both compounds were sonicated in a water bath at 37°C for 10 mins. 

TRA suspension (100 µl) was diluted using 900 µl of the vehicle in a fresh 1.5 ml tube to 

give a suspension of 0.6 mg/ml. The following compounds were added to a fresh 2 ml 

tube: 1 ml of the DBF suspension, 200 µl of the diluted TRA suspension and 800 µl of 

vehicle. Suspensions were vortexed before every step to maintain as even a distribution 

of drug as possible. Both biologics (ICIs) and drugs (DBF and TRA) in the vehicle were 

administered at 5 µl/g body weight via intraperitoneal injection and oral gavage, 

respectively. Blood was sampled by tail venipuncture before and after treatment with anti-

PD1 and ant-CTLA4 antibodies, for cytokine analysis. The following endpoints were 

investigated: 

1. Toxicity reporter: In situ LacZ staining of tissues  

2. Histopathology: H&E stain of paraffin-embedded tissues 

3. Biochemistry: Plasma levels of pro-inflammatory cytokines 

4. Blood chemistries: ALT, Creatinine, Bilirubin 

5. Dabrafenib PK: DBF levels in plasma to be assessed by mass-spectrometry 
 

 

2.7.3. Pharmacokinetics of BRAF inhibitor dabrafenib in 8HUM mouse 

model (BRI1007) 

To establish the pharmacokinetic (PK) profile of dabrafenib (DBF) loaded NPs and 

determine plasma DBF levels, nine homozygous 8HUM male mice 16-25 weeks old, 

were divided into three groups. Group B and C were pre-treated for three days with DBF 

via oral gavage (PO), to induce DBF metabolism via induction of CYP3A4, at a dose of 

26.43 mg/kg (6.26 mg/ml solution of DBF methanesulfonate in 0.5 % 

hydroxypropylmethyl cellulose, 0.2 % Tween 80). Group A received only the vehicle 

each day. DBF solution was prepared in DMSO (50 µl; 50 mg/ml base) and mixed with 

450 µl of melted Kolliphor HS15 followed by addition of 4.5 ml of 0.9 % NaCl. DBF was 

administered to mice in groups A and B at a volume of 5 ml/kg by intravenous injection. 

The blood samples were collected at the following time points after dosing with DBF: 

0.16, 0.3, 0.5, 0.75, 1, 1.5, 2 and 3 hours (terminal). Blood (10 µl) was collected at each 

time point by venepuncture (tail vein) and added to a tube containing an equal volume of 

water/heparin solution. For group C blood (10 µl) was collected by venepuncture 

(tail vein) and added to a tube containing an equal volume of heparin solution (15 U/ml). 

A group was sacrificed for tissue and plasma analysis on day four of the experiment for 

control purposes. 
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2.7.4. Safety assessment of empty NPs (BRI1031) 

Nine heterozygous 8HUM male mice 10–14 weeks old, were divided into three groups 

and treated with NPs for 24, 48 and 72 hours. In each group, one control animal was 

treated only with PBS. Empty, unloaded, NPs were administered intravenously by tail 

vein injection on day 0 and control mice received PBS. The dose of NPs was equal to 

15 µg/ml of iron in a volume of 50 µl per injection. Mice were closely monitored 

following treatment.  

 

2.7.5. Pharmacokinetics of BRAF inhibitor dabrafenib-loaded in NPs 

(BRI1035) 

To establish the pharmacokinetic (PK) profile of dabrafenib (DBF) loaded NPs and 

determine plasma DBF levels, six homozygous 8HUM male mice 13–23 weeks old, were 

divided into two groups. Group B was pre-treated for three days with DBF via oral gavage 

(PO), to induce DBF own metabolism via induction of CYP3A4, at a dose of 26.43 mg/kg 

(6.26 mg/ml solution of DBF methanesulfonate in 0.5 % hydroxypropylmethylcellulose, 

0.2 % Tween 80) and then dosed intravenously with DBF-loaded NPs, given at the 

following volumes respective to mouse weight: 20 g (100 µl), 25 g (125 µl) and 

30 g (150 µl). Control group A received only the vehicle during the induction phase each 

day, before the PK profiling with DBF-loaded NPs. The NP dose was equal to 15 µg/ml 

of iron in a volume of 50 µl per injection. NPs were loaded with a final concentration 

equivalent to 1 mM DBF. Animals were treated with a single dose of 2.5 mg/kg DBF 

(5 ml/kg). DBF-loaded NPs were delivered by intravenous tail vein injection; 50 µl on 

day 4, followed by PK profiling. To obtain a PK profile for DBF after intravenous dosing 

compared to PK profile of DBF delivered orally, blood samples for groups A and B were 

collected at the following time points after dosing with DBF-loaded NPs: 0.3, 0.6, 1, 2, 

3, 4, 6 and 24 hours (terminal). Blood (10 µl) was collected at each time point by 

venepuncture (tail) and added to a tube containing an equal volume of water/heparin 

solution.  
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2.7.6. Murine melanoma syngeneic study with dabrafenib and dabrafenib-

loaded NPs (BRI1036) 

To compare treatment efficacy of NPs, twelve homozygous 8HUM female mice 12–

20 weeks old, were inoculated with murine melanoma syngeneic tumours 

(GEMM5555 cell line) and treated with free dabrafenib (DBF) and DBF-loaded NPs. 

Murine melanoma cell line GEMM5555 was grown in tissue culture in JWCC and tested 

negatively for mouse pathogens, and Mycoplasma.324 Cells were prepared in IVC 

changing station hood and injected subcutaneously to the right flanks of adult female 

8HUM mice (the following shaving) with 4–5∙106 GEMM5555 cells and monitored for 

tumour growth. Mice were anaesthetised with isoflurane, which was maintained by nose 

cone for the duration of the cell injection (1–2 minutes), returned to their home cages and 

allowed to recover. Mouse weights were monitored, and tumours were measured at least 

3 times weekly to monitor potential distress. Once palpable, tumour dimensions were 

measured, and a geometric mean diameter (GMD) calculated using Equation 2.14: 

√(𝑎1 ∙ 𝑎2 ∙ . . .∙ 𝑎𝑛)
𝑛

 

Equation 2.14 Geometrical mean diameter formula. The geometric mean is an average of a set of 

numbers, which indicates the central tendency by using the product of their values. The geometric mean is 

defined as the nth root of the product of n numbers. 

 

Then, mice were treated once daily (PO) with vehicle (group A) or DBF (group B) at 

a dose equivalent to that used in the treatment of patients (31.5 mg/kg; 5 ml/kg, PO), 

Group C was treated every 2nd day with DBF-NPs (2.5 mg/kg, 5 ml/kg, IV). 

Tumour growth was monitored. Tumours were allowed to grow until statistically 

significant tumour growth delay was achieved, unless welfare issues occurred. Mice were 

euthanized once GMD ≥ 15 mm or if the mouse showed signs of distress or other 

pathology, such as tumour ulceration.  

DBF methanesulfonate (Group B) was prepared as a 6.3 mg/ml suspension in a vehicle 

(0.5 % hydroxypropyl methylcellulose, 0.2 % Tween 80), which underwent 10 min 

sonication in a water bath. This was administered daily (PO) at a volume of 5 ml/kg, 

i.e. 31.5 mg/kg. DBF-loaded NPs (Group A) were prepared by diluting the NP stock in 

PBS to the final concentration of 1∙1012 NP/ml, (50 µl; 15 µg/ml of iron oxide). NPs were 

loaded with a final concentration of DBF equal to 1 mM and administered every second 

day (IV) at a volume of 5 ml/kg, i.e. a dose of 2.5 mg/kg and followed by PK profiling. 
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2.7.7. Pharmacokinetics of BRAF inhibitor dabrafenib in wild type mouse 

model (BRI1038) 

To test the effect of the CYP3A4 inducer dabrafenib (DBF) on DBF pharmacokinetics 

(PK) in the wild type C57BL/6J mouse line, ten female C57BL/6J mice 17 weeks old, 

were divided into three groups. Group B and C were pre-treated for three days with DBF 

via oral gavage (PO), to induce DBF metabolism via induction of CYP3A4, at a dose of 

26.43 mg/kg (6.26 mg/ml solution of DBF methanesulfonate in 0.5 % 

hydroxypropylmethyl cellulose, 0.2 % Tween 80). Group A received only the vehicle 

each day. DBF solution was prepared in DMSO (50 µl; 50 mg/ml base) and mixed with 

450 µl of melted Kolliphor HS15 followed by addition of 4.5 ml of 0.9 % NaCl. DBF was 

administered to mice in groups A and B at a dose of 26.43 mg/kg at a volume of 5 ml/kg 

by intravenous injection. Blood sample for groups A and B were collected at the 

following time points after dosing with DBF: 0.16, 0.3, 0.5, 0.75, 1, 1.5, 2 and 3 hours 

(terminal). Blood (10 µl) was collected at each time point by venepuncture (tail vein) and 

added to a tube containing an equal volume of water/heparin solution. For group C blood 

(10 µl) was collected by venepuncture (tail vein) and added to a tube containing an equal 

volume of heparin solution (15 U/ml).  

 

2.7.8. Blood chemistry and pro-inflammatory cytokines analysis 

Blood samples were sent to The Clinical Pathology Service Laboratory, MRC Harwell 

(UK) for analysis of a panel of blood biochemistry markers such as creatinine (µmol/l), 

alanine transaminase (ALT; U/l) and total bilirubin (µmol/l). Results were analysed for 

changes with respect to saline (PBS) control and empty NPs. The biochemistry of pro-

inflammatory cytokines was analysed by in-house services, using MSD Cytokine Assays 

Proinflammatory Panel 1 (mouse) Kit. Following cytokines levels were analysed; IFN-γ, 

IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10, IL-12p70, TNF-α. 

 

2.7.9. Histology tissue staining preparation 

Dissected organs were placed in 30 % (w/v) sucrose overnight at 4°C. Cryosection 

samples were placed in cryo-moulds with OCT solution and frozen using Shandon M-1 

embedding matrix in dry ice–isopentane bath, under the fume hood. Cryostat OFT5000 

(Bright Instruments Ltd, UK) was chilled to -20°C before use. A fresh cutting blade was 

installed and cooled down to the desired temperature. Samples were attached to the cryo-
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block and placed on the cooling shelf in the chamber to equilibrate to the cryostat 

temperature. The samples were orientated in the correct position for cutting at 10 μm, 

collected onto Superfrost Plus Slides and stored at -80°C. Before staining protocol, 

sections were defrosted and air-dried for 10 minutes. Cryosections were stained with β-

galactosidase for potential toxicity. 

For paraffin-embedded samples, tissues were washed in PBS and fixed with Gurr fixative 

(4 % paraformaldehyde, PFA) or Mirsky’s fixative (Saponin/Glyoxylate fixative) for 

24 hours, at 4ºC before transfer into 70 % (v/v) ethanol. Tissue samples were processed 

overnight in a Shandon Citadel 1000 (Thermo-Fisher), then the fixed samples were 

paraffin-embedded and processed for histopathology using a Shandon Histocentre 3 

embedding centre (Thermo-Fisher). Wax blocks with embedded tissues were cooled on 

ice for at least 1 hour before cutting and sectioned using a Shandon Finesse 

325 microtome (Thermo-Fisher). Sections were taken at a thickness of 10 µm and stained 

with haematoxylin and eosin (H&E) and Perl stain for iron residue detection. 

 

2.7.9.1. Haematoxylin and eosin staining (H&E) 

Paraffin-embedded tissue sections were firstly deparaffinised in two 5-minute washes in 

xylene and then rehydrated through 2-minute washes in the following decreasing 

concentrations of ethanol: 100 % (x2), 95 % (x2), 75 % (1x) and 50 % (1x). Sections were 

then incubated for 2 minutes in deionised water, following 2-minute staining in Gills 

Haematoxylin and immediately placed under running tap water for 10 minutes. Sections 

were then incubated for 2 minutes in 80 % ethanol before being stained briefly in eosin Y 

solution (10–20 seconds). Upon that, sections were dehydrated through 2-minute washes 

in the following increasing concentrations of ethanol: 95 % (x2), 100 % (x2) and 

incubated twice for 5 minutes in xylene solution and left to dry under the fume hood. 

Slides were sealed using DPX mounting medium and left overnight to set. 

 

2.7.9.2. In situ β-galactosidase staining (X–gal) 

Cryosections were equilibrated at room temperature and fixed for 10 minutes with X–gal 

Fixative Buffer. Fixed slides were rehydrated in X–gal Washing Buffer for 5 minutes and 

placed in a humidified slide chamber for overnight incubation at 37°C with X–gal 

Staining Solution. The staining solution was removed, and slides were washed twice for 

5 minutes with X–gal Washing Buffer and counterstained with Nuclear fast red dye for 

5 minutes. Subsequently, slides were subjected to a 4-minute wash in distilled water, 4-
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minute dehydration in 70 % ethanol and 1-minute dehydration in 95 % ethanol followed 

by 3-minute incubation in Histoclear and air-dried for 5 minutes before mounting with 

DPX mounting media. Slides were scanned with Aperio ScanScope XT Digital Slide 

Scanner System (Leica Biosystems) using an Aperio digital ImageScope software. 

 

2.7.9.3. Perls’ Prussian Blue staining 

Paraffin-embedded tissue sections were deparaffinised in two 5-minute washes in xylene 

and then rehydrated through 2-minute washes in the following decreasing concentrations 

of ethanol: 100 % (x2), 95 % (x2), 75 % (1x) and 50 % (1x). Sections were then incubated 

for 2-minutes in deionised water, following 30-minute staining in freshly prepared Perl’s 

Prussian Blue staining solution at room temperature, and rinsed twice in deionised water 

before being transferred to Nuclear Fast Red for 4-minute incubation. Slides were placed 

under running tap water for 1 minute. Upon that, sections were dehydrated through 2-

minute washes in the following increasing concentrations of ethanol: 95 % (x2), 

100 % (x2) and cleared with two changes of xylene solution for 5 minutes before being 

air-dried under the fume hood. Slides were mounted using DPX mounting medium and 

left overnight to set. 

 

2.7.10. Imaging 

Tissue sections were analysed and visualised using a Zeiss AxioCam Scope A1 

microscope (Carl Zeiss Ltd, UK) at 2.5x (brain), 5x (liver, kidney, spleen and brain), 

10x (skin and kidney) and 20x (liver and kidney). Images were collected using Zeiss 

Axiovision (software version 4.8.2, Carl Zeiss Ltd, UK).  
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Chapter 3                                       

Synthesis and physicochemical 

characterisation of α-MSH-SPIONs 

 

3.1. Stability and optimisation analyses of anti-melanoma SPIONs 
 

Magnetic nano-materials have provided enhanced applicability of biomedical techniques, 

such as magnetic resonance imaging and magnetic hyperthermia. Super-paramagnetic 

(SPM) properties of NPs are highly dependent on the synthesis methods, hence their size 

and structure. To produce optimal SPM NPs for drug delivery, several factors such as 

size, surface, and charge characteristics must be considered to determine the effective 

NP-based drug delivery and to resolve issues related to melanoma pharmacotherapies. 

The ideal NP should deliver anticancer agents directly to the tumour tissue while not 

affect healthy tissues. NP-based carriers must be biocompatible with the internal 

environment to avoid triggering unwanted immune responses. 

In this section, organometallic synthesis method with enhanced control over size, shape 

and structure, will be introduced, for developing magnetic, targeted SPIONs for anti-

melanoma treatment. To avoid complicated and misleading nomenclature iron oxide 

cores (Fe3O4) shall be referred to as NPs, and fully functionalised iron cores with coating 

layers and targeting peptide shall be referred to as α-MSH-SPIONs.  

The synthesis of iron oxide core NPs and stabilisation in organic solvent through the use 

of alkyl ligands, aqueous phase transfer of hydrophobic NPs and functionalisation with 

targeting ligands will be described in detail. Rigorous physicochemical characterisation 

of NPs is crucial to understand, evaluate and predict their behaviour in an in vivo 

environment. By understanding these properties of -MSH-SPIONs, bioavailability, 

uptake, retention time can be optimised to design efficient nano-platforms for melanoma 

treatment. Whilst working on optimising the surface functionalisation of the anti-

melanoma SPIONs, the physicochemical characterisation of nano-formulations will be 
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characterised in physiological buffers by following techniques; Dynamic Light Scattering 

(DLS), Transmission Electron Microscope (TEM) and Scanning Transmission Electron 

Microscope (STEM), Sucrose Gradient Ultracentrifugation (UC), Zeta-Potential, 

Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP–OES), 

Fourier Transform Infrared Spectroscopy (FT–IR) Thermogravimetric analysis (TGA) 

and Superconducting Quantum Interference Device (SQUID) to test NP physical stability 

and fully understand the potential of anti-melanoma SPIONs.  

 

 

3.2. Results  

3.2.1. In-house synthesised iron oxide cores  

For the purpose of this work, SPIONs were synthesised in-house by thermal 

decomposition of iron precursors in the presence of organic surfactants, providing 

a highly monodispersed NP population, with high crystallinity and narrow NP size range.  

Thermal decomposition is the most comprehensive synthesis in non-aqueous solvents 

used in nanocrystal formation.325 The high-temperature phase synthesis of monodispersed 

magnetic iron oxide (Fe3O4) NPs cores was carried out based on a previously described 

methodology (further details Chapter 2, section 2.4.2).255,326 The reaction protocol is 

based on gradual heating during thermal decomposition of an organometallic precursor – 

iron salts (iron (III) acetylacetonate, Fe(acac)3) and 1,2-hexadecanediol with oleic acid 

and oleylamine, in the presence of an organic (non-polar) boiling solvent and a capping 

agent at the solvent boiling point (Figure 3.1 A).  

Fundamental understanding of nanocrystal formation mechanisms allows control over 

NP size, shape and composition, resulting in the opportunity to optimise NPs’ properties 

during synthesis.327 Various nucleation and growth mechanisms can occur during 

nanocrystal formation such as classical nucleation theory (homogeneous nucleation), 

LaMer (burst nucleation of metal NPs), Finke-Watzky (two-step slow continuous 

nucleation), Ostwald ripening (NP maturing), digestive ripening (inverse of Ostwald 

ripening), coalescence, oriented attachment and intra-particle growth.259,328,329 

Thermal decomposition of iron oxide cores synthesis occurs by the LaMer burst 

nucleation, followed by Ostwald ripening to form monodispersed NPs.259 

The LaMer nucleation model is a closed system with a fixed amount of precursor, 

whereby the nucleation rate initially increases as nutrient concentration increases and 

critical nuclei are formed. When the maximum is reached, the rate falls off 
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(supersaturation), and the nucleation driving force is exhausted. During aggregative 

nucleation, the viable, growing particles are assembled from critically sized primary 

nanocrystallites and aggregates. Nanocrystallites can remain as aggregates or coalesce to 

single or polycrystalline supercritical nanoparticles (coalescent growth accounts for both 

the bimodal size distribution and the polycrystalline particles). Growth is subsequently 

accomplished when all primary nanocrystallites are consumed, and active growth ceases.  

In the beginning, during thermal decomposition of iron oxide cores, low stability of the 

crystal nuclei leads to slow, gradual nucleation, followed by rapid growth resulting in 

iron-oleate and intermediates nanocrystals formation, which marks the Ostwald ripening 

occurrence. The primary particles tend to assemble to the less bound agglomerates, 

polyvalent or very firmly bound aggregates.259,260 

To achieve this, the organometallic precursor was heated up to the boiling point of the 

boiling solvent by gradual temperature increase. The first step in the formation of the new 

structure – the nucleation process – occurs between 200C and 230C, with the growth 

phase occurring between 260C and 290C.330 Iron oxide core size and colloidal stability 

were adjusted by coating with capping surfactant (oleic acid). This provides improved 

control over the size and distribution of small monodispersed iron oxide NPs, resulting 

in hydrophobic NPs in an organic solvent. Figure 3.1 B describes the synthesis apparatus 

used to conduct this reaction. Morphology of iron oxide cores depends on the heating rate 

and precursor/boiling solvent volumetric ratio.331 The temperature modifications are 

shown in Figure 3.1 C, allows adjustment of final desired NP diameter.263  

The in-house synthesis regime was developed to produce NPs of an average size of 7 nm 

at the reflux temperature of 300C using benzyl ether, as previously described by 

Webster et al., 2016 and dispersed in toluene, the organic solvent.332 This reaction 

produces a black mixture of iron oxide cores dispersed in toluene (Figure 3.1 D).  

In-house synthesised iron oxide cores had been used in previous work by the group to 

investigate SPION toxicity in vivo (Webster et al., 2016); however commercially 

manufactured iron oxide cores of a similar size are now being produced, so the 

physicochemical properties of these iron oxide cores were compared to those which are 

commercially available. This protocol adapted from Webster et al., 2016, enabled the 

consistent production of magnetite (Fe3O4) iron oxide cores to develop an anti-melanoma 

further, drug-carrying targeted nano-formulation.332 
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Figure 3.1 Iron oxide core synthesis. A) The schematic reaction of iron core synthesis: iron (III) 

acetylacetonate, 1,2 hexadecanediol, oleic acid, oleyamine and benzyl ether were thermally decomposed 

and gradually heated to 300C, resulting in monodispersed hydrophobic iron oxide NPs. B) Synthesis 

apparatus: double-neck, the round bottom flask was placed on a heating plate and riser to control the 

temperature. The temperature was monitored via a thermal probe connected to magnetic stirrer software 

(Hei-PC-Control & MR Hei-End) and placed in the second neck of the flask through the septum (rubber 

stopper which seals flask, preventing the ingress of the atmosphere, but can be pierced by sharp needle). 

For reflux, Allihn condenser was connected to a 0°C vacuum pump, attached to -2°C trap with acetone and 

dry ice. The top of the condenser was attached to the Schlenk line, and the reaction occurred under 

a constant flow of N2. C) Software with a selected temperate ramp for size-controlled synthesis. D) In-

house synthesised iron oxide cores black mixture in toluene organic dispersion just after synthesis (sample 

KF1). 
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3.2.2. Physicochemical characterisation of iron oxide cores 

3.2.2.1. Hydrodynamic size analyses of iron oxide cores 

Commercially available iron oxide cores were purchased in a range of sizes between 

5 and 10 nm and compared to in-house NPs (Figure 3.1 D) to determine the same 

physicochemical properties. Dynamic Light Scattering (DLS) was used to characterise 

NPs sizes and distributions. DLS, also known as Photon Correlation Spectroscopy, is one 

of the most popular light scattering techniques allowing particle sizing down to 1 nm 

diameter (further details Chapter 2, section 2.5.1).279 Scattering techniques are based on 

the interaction between incident radiations and particles, providing quantitative 

information about size, shape and distribution in colloidal suspensions.275 DLS obtains 

this information by illuminating the sample with a monochrome coherent light laser beam 

and detecting the fluctuations of scattered light passing through a particle suspension at 

a known scattering angle – the Bragg angle θ.276 Bragg’s diffraction law describes 

a relationship between the angles at which a light beam of wavelength λ falls on the 

parallel planes of atoms in a crystal structure. The maximum intensity of the reflected 

wavelength occurs as described by Equation 3.1. 

sin θ =
nλ

2d
 

Equation 3.1 The Bragg’s law, coherent and incoherent scattering. Bragg’s law states the angle of 

incidence for allowed scattering from the crystal lattice. Constructive interference occurs when the path 

difference is equal to a number of wavelengths. θ is the complement of the angle of incidence, λ [m] is the 

beam wavelength, n is a whole number, and d [m] is the distance between layers of atoms.333  

 

Since particles are always in Brownian motion, their relative position changes, as does 

the scattered light intensity.220 Consequently, constructive and destructive interference 

occurs, informing the time-dependent scattering fluctuations of the particle dynamics.277 

In a monodispersed system of perfectly spherical particles in Brownian motion, the time-

dependence autocorrelation function (𝑔2), decays exponentially with the relaxation time 

(τc) and represents a single exponential described by Equation 3.2.334 

𝑔2(𝜏) = 𝐴𝑒
 
−𝑡
𝜏𝑐 + 𝐵 

Equation 3.2 Autocorrelation function of the scattered intensity. The analysis of the autocorrelation 

function, at each angle, provides a decay rate Γ [s−1] from experimental data curve fit, where A is the 

amplitude, B is the baseline constants and τc [s] is the relaxation time. The slope of the decay rates curve 

versus scattering vectors corresponds to the translation diffusion coefficient Dt (decay constant is 

proportional to Dt). Faster decay rates relate to the smaller particle sizes in Brownian systems.220 



Chapter 3 

110 

Relaxation time is directly related to the hydrodynamic diameter (the diameter of 

a hypothetical hard sphere that diffuses at the same rate as a measured molecule) of the 

particle population.333 Knowing the diffusion coefficient of the solvent solution, we can 

transform Equation 3.3 and measure the hydrodynamic particle diameter (DH). Thus, the 

hydrodynamic radius of the spherical particles can be determined through the Stokes–

Einstein relationship Equation 3.4.335  

Γ =𝐷𝑡 𝑞
2 

Equation 3.3 The constant decay relation to diffusion of spherical. The diffusion coefficient obtained 

from this equation, combined with the Stokes–Einstein equation below, will provide the final particle size. 

For particles in Brownian motions, the relaxation time depends on q2, where q is the scattering vector, given 

by 𝑞 =
4𝜋𝑛

𝜆
𝑠𝑖𝑛(θ/2), where n is the refractive index of the liquid, λ [m] is the wavelength of the laser light, 

θ is the scattering angle, and Dt is the diffusion coefficient.334,335 

 

DH=
kB T

3πη Dt
 

Equation 3.4 The Stokes–Einstein relation for the diffusion of spherical particles. The Stokes–Einstein 

equation models random thermal motions of small particles in suspension (Brownian motion). The equation 

is given in the form for particle size analysis, where η is the solvent viscosity, kB is the Boltzmann constant 

(1.38x10-23 J/K), T is the absolute temperature [K], DH is the hydrodynamic diameter or Stokes diameter 

and Dt is the translational diffusion (diffusion coefficient). This formula is only valid for spherical 

particles.275,335 

 

In-house and commercial iron core sizes, hydrodynamic diameters and distribution were 

compared by multiangle DLS and Transmission Electron Microscopy (TEM), the latter 

of which forms an image created by a beam of electrons transmitted through a specimen, 

performing imaging at a significantly higher resolution than light microscopes 

(further details Chapter 2, section 2.5.3).336 Hydrodynamic diameter is calculated from 

the NP diffusional properties and indicates the dynamic hydrated/solvated NP size. 

Stokes diameter of spherical NPs has the same translational diffusion coefficient as 

measured NP, considering the hydration layer surrounding the NP. Using DLS and 

Stokes–Einstein equation (Equation 3.4), we can calculate the iron oxide core size and 

dispersity, which are derived from deconvolution of the DLS measured intensity 

autocorrelation function, which contains information of NP diffusion within the measured 

sample.337 To obtain NP size information from the correlation function, we used several 

algorithms.279  

There are two most common statistical approaches; the CUMULANT analysis 

(monomodal distribution), which fits a single exponential to the correlation function to 

obtain the mean size and an estimate of the width of the assumed Gaussian distribution 

https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Optical_resolution
https://en.wikipedia.org/wiki/Optical_microscope
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(polydisperse distribution) or CONTIN constrained regularisation method for inverting 

data algorithm (non-monomodal distribution) which fits a multiple exponential to the 

correlation function to obtain the distribution of particle sizes.335,338 Monodisperse NP 

population is represented by a smooth, single exponential decay correlation function and 

polydisperse NP population curve represents a sum of exponential decays.338 

The CUMULANT method is widely popular due to its ease and reliability and is 

a standard technique used to analyse dynamic light-scattering data measured for 

polydisperse samples.335 The representative autocorrelation function and intensity-

weighed size distribution of hydrophobic and aqueous NPs are presented in Figure 3.2, 

and the results of the cumulant analysis of the autocorrelation function are displayed 

in Table 3.1. 
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Figure 3.2 Common statistical algorithms used for non- and monomodal size and distribution 

analysis. A) Representative correlation function obtained by DLS using CUMULANT algorithm by fitting 

a single exponential to the correlation function to obtain the mean size and distributions (monomodal 

distributions). CUMULANT method is only suitable for Gaussian-like distributions around the mean 

values.339 B) Representative intensity-weighed size distribution obtained by CONTIN algorithm using 

inverse Laplace transform (polydispersed systems). Graphs represent polydispersed hydrophobic NPs in 

toluene (black line) and monodispersed aqueous NPs in PBS (red line). C) Cumulant fit and linear trend of 

the autocorrelation function decay rates plotted as a q2 function. The slope of the linear trend is equal to the 

diffusion coefficient and allows determination of the hydrodynamic radius of the spherical particle using 

the Stokes–Einstein equation.339 D) Multiangle DLS dispersion analysis showing angle dependency and 

respective autocorrelation functions. E) Angle dependent DLS intensity-weighed relative size distribution 

and the inlaid table with measured angles and hydrodynamic radius derived by fitting the scattered intensity 

autocorrelation function at that precise angle. F) The polydispersity index (PD.I), obtained from the 

correlation function, is a dimensionless measure of the broadness of the size distribution, calculated from 

the cumulants analysis.  
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Table 3.1 Structural parameters of SPION components commercial and in-house synthesised. 

Nanoparticle 
 

TEM [nm] 
± SD 

DLS** 
Zeta-

potential 
[mV]** 

Fe3O4 

Density 
[g/m3] 

Volume 
sphere [cm3] 

 
Weight [g] 

Surface 
area [nm2] 

Fe 
Concertation 

[mg/l] 

NP 
Concentration 
[NP/ml]**** DH [nm] ± SD PD.I. 

5 nm commercial Fe3O4 cores 
in toluene 

4.22 ± 0.91 15.61 ± 0.97 0.31 n/a 5.20 6.54⸱10-20 3.40⸱10-19 78.50 3619.00 1.06⸱1016 

7 nm in-house Fe3O4 cores in 
toluene 

7.71 ± 1.92 22.45 ± 1.10 0.35 n/a 5.20 1.24⸱10-18 1.24⸱10-18 186.17 506.24 1.26⸱1014 

10 nm commercial Fe3O4 cores 
in toluene 

9.54 ± 2.74 33.12 ± 1.15 0.33 n/a 5.20 2.72⸱10-18 2.72⸱10-18 314.00 3619.00 1.32⸱1015 

PMAO-SPIONs in PBS*** 6.39 ± 2.83 33.57 ± 0.24 0.28 - 19.10 5.20 6.54⸱10-20 3.4⸱10-19 78.50 292.51 8.59⸱1014 

PEG-PMAO-SPIONs in PBS*** 9.41 ± 2.89 48.25 ± 0.26 0.26 - 9.20 5.20 6.54⸱10-20 3.4⸱10-19 78.50 117.78 3.46⸱1014 

α-MSH-PEG-PMAO-SPIONs in 
PBS*** 

13.28 ± 
3.91 

84.13 ± 0.28 0.25 - 6.12 5.20 6.54⸱10-20 3.4⸱10-19 78.50 22.27 6.54⸱1013 

 

* TEM imaging analyses and DLS hydrodynamic size of all coatings. PD.I. Polydispersity index decreases while subsequent coating layers stabilise, and NPs become more 

monodisperse. Size distribution was obtained by analysing images of 150 NPs using ImageJ software, frequency and standard deviation were derived using Graphpad Prism 6 software.  

** Hydrodynamic diameter, polydispersity index and Zeta-potential are derived from the Stokes–Einstein equation on cumulant results. 

*** Values include only 5 nm iron oxide core measurements.  

**** Iron oxide cores were analysed by Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES), providing exact sample concentration.  
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Polydispersity Index (PD.I.) is a dimensionless measure of the broadness of the size 

distribution. Dispersity values range from 0.0 to 1.0, where for a perfectly uniform 

sample, the PD.I would be 0.0 and is calculated from the ratio Mw/Mn, where Mw is the 

weight-average molar mass, and Mn is the number of average molar mass (PD.I < 0.05 is 

rarely observed in biological systems).279,224 The PD.I value of 0.1 to 0.3 represents 

a practically monodispersed sample population, whereas PD.I > 0.3 suggests a broadly 

macromolecular size distribution in the system; thus, the non-monomodal distribution 

method would be a more accurate consideration for this data analysis. In case of iron 

oxide NPs synthesised through thermal decomposition, monodispersed distribution type 

ranges from 0.07 to 0.2.277 Furthermore, solvent and iron oxide cores parameters were 

considered during DLS measurements and normalised. Selected solvent, an isotonic 

buffer solution phosphate-buffered saline (PBS), has ideal parameters for its similar 

osmolarity and ion concentrations of the plasma and human body fluids with constant 

pH.340 These conditions will allow to control and maintain the hydrodynamic size of NPs 

during treatment in a biological environment and allow to predict particle behaviour in 

aqueous systems, i.e. aggregation, sedimentation, coprecipitating etc.224 

The beforementioned iron oxide core samples were analysed and measured by DLS using 

the autocorrelation function deconvoluted results are shown in Figure 3.3 and listed in 

Table 3.2. The following core hydrodynamic diameters were obtained: commercial 5 nm 

SPIONs ø = 15.61 ± 0.97 nm, in-house synthesised, 7 nm SPIONs ø = 22.45 ± 1.10 nm 

and commercial 10 nm SPIONs ø = 33.12 ± 1.15 nm, with PD.I. > 0.2, which can indicate 

partial aggregation or agglomeration of iron oxide cores in an organic solvent before 

aqueous transfer (Table 3.2). TEM imaging demonstrates the size and shapes distribution 

of analysed in-house and commercial particles (Figure 3.4 A). The quantitative analysis 

consists of 150 individual NP counts and confirms all sample sizes as expected; 

commercial 5 nm SPIONs size distribution ø = 4.22 ± 0.91 nm, in-house synthesised 7 nm 

SPIONs size distribution ø = 7.71 ± 1.92 nm and commercial 10 nm SPIONs size 

distribution ø = 9.54 ± 2.74 nm (Figure 3.4 B). To specify, the hydrodynamic size of 

DLS measured NPs, vary from TEM results, since the presence of solvation shell 

(a chemical structure surrounding a solute in a solution), is constituted in the 

DLS analysis. In contrast, TEM imaging of the metal cores, benefits from electron 

contrast, resulting in a much more precise size measurement (Table 3.2).341,283  
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Figure 3.3 Dynamic light scattering analysis of iron oxide cores hydrodynamic size and distribution. 

A) 5 nm commercial cores, B) 10 nm commercial cores, C) 7 nm in-house synthesised cores and D) overlay 

comparison of all hydrodynamic diameters. Data represent mean from three biologically independent 

experiments using technical triplicates per data-point.  

 

 

 

 

 

 
 

 

Figure 3.4 TEM analysis of iron oxide cores in toluene. A) Representative images of high contrast TEM 

of commercial 5 and 10 nm and in-house synthesised 7 nm SPIONs, scale bars indicated B) and respective 

histograms. Size distribution was obtained by analysing images of 150 NPs using ImageJ software, 

frequency and standard deviation were derived using Graphpad Prism 6 software.  

 

Table 3.2 DLS and TEM average iron oxide core size comparison.  

NP core 
DLS 

TEM [nm] + SD 
DH [nm] + SD PD.I. 

5 nm 15.61 ± 0.97 0.31 4.22 ± 0.91 

7 nm 22.45 ± 1.10 0.35 7.71 ± 1.92 

10 nm  33.12 ± 1.15 0.33 9.54 ± 2.74 

Commercial NPs 5 and 10 nm were compared to in-house synthesised 7 nm NPs. DH: hydrodynamic 

diameter, PD.I.: polydispersity index, SD: standard deviation. 
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3.2.2.2. Selected electron diffraction (SAED) analysis of iron oxide cores 

To further ensure correct iron oxide cores synthesis, the magnetite purity was analysed 

using selected area electron diffraction (SAED) – a crystallographic technique that can 

be performed alongside TEM analyses. SAED creates a diffraction pattern, formed under 

the broad and parallel electron beam, which is a projection of the reciprocal lattice, with 

lattice reflections (sharp diffraction spots).326 SAED patterns can be used to identify 

crystal structures, measure lattice parameters and examine crystal defects, i.e. amorphous 

(diffuse rings), crystalline (bright spots), poly-nanocrystalline (small spots with rings).342 

Each ring corresponds to atomic planes of different orientation and interplanar spacing 

(d-spacing).343 Hundreds of NPs in random orientation create a single crystal spot 

diffraction pattern, that combination produces a ring pattern containing all allowable d-

spacings (further details Chapter 2, section 2.5.3.3).  

For each iron oxide core sample, we can estimate the number of unit cells, which 

constitutes one cubic iron oxide crystal structure. This can be achieved by using 

Equation 3.5, resulting in following number of unit cells for: 5 nm NP = 6 crystals, 7 nm 

NP = 8 crystals and 10 nm NP = 12 crystals. The final shape of NP is not completely 

predetermined by unit cell structure, and it depends on surface effects, which tend to 

equilibrium, neutral charge on the crystal surface. Iron oxide represents part of the spinel 

class of minerals, thereby has a very flexible crystal structure, i.e. oxygen atoms can 

expand, thus precise spinel’s size and structure is unpredictable.  

Number of cell units =
Cell unit length

𝑎
 

Equation 3.5 Formula defining cell unit number in the crystal structure. Cell unit number within iron 

oxide crystal can be estimated by using cell unit length, i.e. 5, 7 and 10 nm and unit cell parameter a = 

0.83941 nm (lattice constant for magnetite). 

 

It is worth mentioning that Bragg’s law applies mainly to large or infinite crystals. Small, 

limited iron oxide cores create blurry SAED patterns, where the maximum peaks breadth 

intensity is increased (), due to small NP size and potential overexposure of images 

(Figure 3.5). This is well described by the Scherrer equation, but for this thesis, it was 

neglected (Equation 3.6) 
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 =


t cosθ
 

Equation 3.6 Scherrer equation formula. In diffraction and crystallography, this formula relates the size 

of nanocrystals of small particles to the broadening of the intensity peak in a diffraction pattern. Where: β is 

the line is broadening at half the maximum of diffraction peaks intensity, λ is the electron wavelength, t is 

the thickness of the crystal (diameter), and θ is the Bragg’s angle. 

 

SAED was performed on in-house synthesised and commercially available iron oxide 

NPs, which confirmed iron core magnetite purity, with no presence of oxidation, showing 

a characteristic ringed pattern of magnetite poly-nanocrystalline structure (Figure 3.5), 

consisting of concentric rings, centred on a bright central spot (undiffracted electrons).344 

Bragg’s diffraction law was used to calculate d-spacing of iron oxide NP SAED ringed 

pattern, which was later compared with known concentric ring patterns for Fe3O4 

(magnetite).341 Intraplanar d-spacing in the cubic lattice is defined by Equation 3.7 

and 3.8.  

dhkl = =
a

√ℎ2 +  𝑘2 + 𝑙2
 

Equation 3.7 Intraplanar spacing (d-spacing) in a cubic lattice. dhkl is the distance between two adjacent 

parallel planes of an atom with the same Miller Indices, where a is the lattice parameter (constant for 

magnetite) and (hkl) represent Miller Indices of the adjacent planes.  

Rhkl =
L

dhkl
 

Equation 3.8 Relation of the real space to the electron diffraction pattern. The distance Rhkl between 

the spot (hkl) and the spot 000 is related to the interplanar spacing (dhkl) between the (hkl) planes of atoms. 

Where λ is an electron wavelength, and L is the cameral length. 

 

Table 3.3 presents the identification of iron oxide crystal interplanar distances in iron 

oxide cores. Taken together, the data show that both the commercial and in-house 

methods for iron oxide core synthesis produced unoxidised, pure Fe3O4 NPs of the 

expected monodispersed size distribution. 
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Figure 3.5 SAED pattern of iron oxide cores. A) The natural oxidation of Fe3O4 is difficult to control; 

nevertheless, SAED ringed pattern confirmed presence of pure magnetite poly-nanocrystalline structure 

(concentric spotty rings, centred on a bright central spot). Rings correspond to atomic planes of different 

orientation and interplanar spacing. Ring diffraction patterns are indexed, and arrows indicate diffraction 

ring radii. Miller indices (hkl) form a notation system in crystallography for planes in crystal lattices, 

i.e. [111], [220], [113], [222], [400], [224], [333] and [440].345 B) SAED patterns comparison of 

commercial 5 nm and C) 10 nm SPIONs and in-house synthesised D) 7 nm SPIONs (overlay of expected 

coloured rings is shown). E) The powder diffraction patterns and systematic absences of three versions of 

a cubic cell. Comparison of the observed pattern with patterns like these enables the unit cell to be 

identified. Recognition of these systematic absences in a powder spectrum indicates a face-centred cubic 

lattice. Representative images of high contrast TEM. 

 

Table 3.3 SAED identification of iron oxide crystal structure. 

Contributi
ng crystal 
planes 

h k l θ [°] Rhkl [nm] R/R1 R/R2 d [nm] d [Å] 

Literature d-
spacing 

values for 
Fe3O4 [Å] 

111 1 1 1 0.0026 0.0052 1 0.6124 0.4846 4.8463 4.8520 

220 2 2 0 0.0042 0.0085 1.6330 1 0.2968 2.9678 2.9670 

113 1 1 3 0.0050 0.0099 1.9149 1.1726 0.2531 2.5309 2.5432 

222 2 2 2 0.0052 0.0104 2 1.2247 0.2423 2.4232 2.4240 

400 4 0 0 0.0060 0.0120 2.3094 1.4142 0.2099 2.0985 2.0990 

224 2 2 4 0.0073 0.0146 2.8284 1.7321 0.1713 1.7134 1.7146 

333 3 3 3 0.0078 0.0155 3 1.8371 0.1615 1.6154 1.6158 

440 4 4 0 0.0085 0.0169 3.2660 2 0.1484 1.4839 1.4845 

Abbreviations; θ: Braggs angle, Rhkl: distance between the spot (hkl) and the spot 000, d-spacing: 

interplanar distances, hkl: Miller indices. Corresponding d-spacing and hkl (the orientation of the planes 

relative to the x, y, and z crystal axes) were calculated with the unit cell parameters: a = 0.83941 nm 

(lattice constant for magnetite), λ = 0.00251 nm (TEM for 200 kV) and L = 1 m (1 nm = 10 Å).346 The radius 

ratio rule (R/R1) is a ratio of the ionic radius in a cation-anion compound and describes the relationship 

between the radius, coordination number and the structural arrangement (knowing the relative size of ions, 

crystal packing can be predicted). 
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3.2.2.3. Scanning transmission electron microscopy (STEM) analysis of iron 

oxide cores 

To further investigate atomic-resolution images of iron oxide crystalline specimens 

surface structure STEM was performed. A remarkable feature of STEM is the high spatial 

resolution that provides elemental or fine-structure analysis down to the atomic level, 

achieved at 0.01 nm.282 As a result, a detailed interpretation of atomic-resolution lattice 

images can be obtained, revealing the crystal plain atomic alignment of individual atoms 

of uncoated iron oxide cores (Figure 3.6 A and B).347 STEM analysis allowed detection 

of the atomic alignment of individual atoms within the crystal plain in all iron oxide core 

samples (Figure 3.6 C). This study of the structure of the NP surfaces with the single-

atom resolution provides an understanding of the cross-section of the iron oxide core. 

The results show that commercial and in-house synthesised iron oxide cores have 

a similar, highly regular atomic alignment of atoms (Figure 3.6). 
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Figure 3.6 S/TEM analysis of iron oxide cores in toluene. The FEI Titan Themis TEM/STEM 

microscope allowed the observation of atomic alignment of individual atoms of iron oxide cores of 

commercial 5 and 10 nm and in-house synthesised 7 nm NPs. A) Representative images of high contrast 

TEM and B) STEM imaging. C) Representative zoomed STEM images of individual cores provide 

a detailed interpretation of atomic-resolution lattice orientation. D-spacing distances where measured and 

matched with following Miller indices: [111] = 0.464 nm, [220] = 0.297 nm and [400] = 0.210 nm in crystal 

lattice. Representative images of high contrast TEM, scale bars indicated. 
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3.2.2.4. Magnetic relaxometry analysis of iron oxide cores 

Iron oxide NPs consist of maghemite (γ–Fe2O3) and magnetite (Fe3O4) minerals and range 

in diameter size from 1 to 100 nm. Magnetic NPs, with sizes between 2 and 20 nm display 

and preserve super-paramagnetic (SPM) properties (critical diameter for the single 

magnetic domain in magnetic materials).348 In other words, the magnetisation of a single 

particle in the absence of an external magnetic field is equal to 0, but once the external 

magnetic field is applied, they can be magnetised. Thus, this unique SPM property can 

evoke hyperthermia in the presence of the applied external alternating magnetic field, and 

be used in a clinical setup.349 SPM not only creates another platform for treatment 

possibilities but also provides additional stability for magnetic nanoparticles in 

solutions.350 

Once the SPM properties of SPIONs are proven, the in vivo magnetic hyperthermia 

therapy (MHT) induction studies may be performed with the oscillating magnetic field 

(100–500 kHz). MHT allows localised treatment, depending on the favourable 

biodistribution of the targeted SPIONs in tumour tissue. Cancer cells are more susceptible 

to heat; sustained temperatures (42–45°C) destruct internal cellular structures, leading to 

cell death. Ultimately, the system will be optimised to achieve MHT with a relatively low 

concentration of tissular iron ions (SPIONs) and the delivery of active anti-cancer 

agents.351,352 

To ensure the preservation of SPM behaviour, the iron oxide cores were analysed by 

superconducting quantum interference device (SQUID). SQUID is an extremely sensitive 

magnetometer used to measure subtle magnetic fields in materials, using superconducting 

loops and the most precise instrument for alternating current (AC) and direct current (DC) 

electricity measurements.286 DC and AC measurements of material magnetic properties 

are represented as a function of magnetic field and temperature.286,353 SPM behaviour 

depends on the physical and chemical properties of the NPs, such as particle volume, 

magnetic anisotropy and orientation. Magnetic properties of small finite NPs crystals are 

dictated by their anisotropy energy, which constrains the NP magnetic spin to align along 

the specific direction (easy and hard axis). Easy axis direction requires a low applied 

magnetic field to reach magnetic saturation, whereas hard axis requires much higher field 

strength.354 In most magnetic materials, state of magnetic saturation (MS) is reached upon 

the increase of the applied external magnetic field, and further magnetisation of the 

material is unlikely, in fact, MS continues to increase gradually, due to the vacuum 

permeability (permeability being a degree of material magnetisation, obtained through 
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an applied magnetic field).355 NP maximum anisotropy energy depends mainly on 

crystalline magnetic anisotropy constant (K), NP volume and size.356 In the absence of 

applied magnetic field, particle domain intrinsic energy barrier is controlled by anisotropy 

energy, above so-called blocking temperature (TB), the thermal energy is sufficient to 

overcome the anisotropy energy barrier, and the NP magnetisation freely aligns in 

arbitrary directions.351 According to the Néel relaxation theory, the uniaxial and 

noninteracting single domain SPM materials exhibit intrinsic anisotropy energy barrier 

distribution, according to the particle size distribution. This unique equity is vital for 

clinical applications such as bioimaging (MRI agents), magnetic bio-separations, 

hyperthermia treatment, biological labelling and entities detection (cell, protein, nucleic 

acids), targeted drug delivery, clinical diagnosis and therapy (theranostic approach).357  

To ensure that SMP properties are preserved in the nano-formulation with the applied 

magnetic field at room temperature (RT), magnetic relaxation measurements were 

collected by SQUID magnetometer. By applying an alternating magnetic field to 

a magnetic sample, the magnetisation (M) changes with the magnetic field (H), 

generating M–H magnetisation curve – the hysteresis loops.358 Relation between M and 

H is precisely described by the Langevin function M(H), derived initially from the 

Brillouin function, describing the an-hysteretic reversible magnetisation of the M(H) 

curves.359 In other words, Langevin profile can be interpreted as a randomly oriented 

assembly of non-interacting magnetic NPs aligned in magnetic field H. Accurate 

Langevin function produces excellent match along with the complete magnetic 

polarisation range, which is essential to static and dynamic magnetic hysteresis 

modelling, hence physical parameters identification process.360 The entire analytical 

expression for the Langevin function is defined by Equation 3.9: 

 

𝐿(𝑥) ≡ 𝑐𝑜𝑡ℎ(𝑥) −
1

𝑥
 where 𝑥 =

µ 𝐻

𝑘B 𝑇
 

Equation 3.9 The Langevin function. Langevin function is frequently used in the mathematical physics 

of electromagnetism, and it is fundamental to the paramagnetism and dielectric properties of insulators 

theory. The function assumes finite extensibility and identical magnetic moment for all particles (mean 

particle moment). The approach uses Langevin simplified model while accounting for omitted degrees of 

freedom using stochastic differential equations. Where 𝐿: Langevin function [dimensionless], 𝑥: magnetic 

susceptibility [susceptibility per unit volume (k), mass (𝑥) or mole (𝑥m)], kB: Boltzmann’s constant [J/K], 

T: temperature [K] µ: net magnetic moment of the particle [A/m2], H: magnetic field strength [A/m]. 

Langevin function has the limiting value of 0 at 𝑥 = 0 and tends to unity as 𝑥 becomes large.221 
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Magnetic hysteresis curves were obtained by cooling iron oxide cores to the desired 

temperature 300 K (room temperature; RT), collecting measurements of the NP moment 

as a function of a magnetic field. Figure 3.7 represents all iron oxide cores magnetisation 

hysteresis loops measured at 300 K. As predicted, Figure 3.7 A illustrates field-

dependent magnetisation curve for the smallest 5 nm cores, confirming preservation of 

size-dependent SPM state at RT with negligible remanence (MR) and coercivity (Hc). 

MR is a residual magnetisation, left behind in magnetic material, after removal of an 

external magnetic field. In contrast, coercivity is an intensity of the applied magnetic 

field, required to reduce material magnetisation to zero (namely, to coerce the material to 

surrender its magnetism).361 Obtained magnetisation hysteresis S-shape curve for 5 nm 

cores, reveals characteristic behaviour for single domain SPM NPs, concluding that the 

thermal excitation overcame the energy barrier, resulting in SPM behaviour preserved in 

5 nm cores.362 Temperature influence on the magnetic saturation can relate to 

intercoupling effects caused by enhanced anisotropy at the higher field in 

SPM materials.363 Along these lines, these findings conform with the previous work, 

demonstrating that the smaller the NP diameter, the higher the super-paramagneticity.364 

However, magnetisation hysteresis curves for larger 7 and 10 nm cores revealed 

noticeable differences in comparison to 5 nm cores with field increasing and decreasing 

loop (Figure 3.7 B and C). Both samples manifest SPM properties (S-shape curve), 

although slightly weaker than 5 nm cores, hence the minor MR and Hc within the magnetic 

hysteresis loop, indicating magnetic dipole-dipole interactions among the SPM NPs. 

This could occur as a result of magnetic moment increase per particle, due to larger NP 

diameter, hence greater mass. This also enhances the magnetic attraction between the 

particles, causing so-called weak interactions.365 Defects on the NPs surface can as well 

influence the magnetic properties of the material. The reduction of SPM depends strongly 

on the anisotropy energy constant (K) and finite NPs size effects, such as surface spin 

disorder, spin canting, as well as, magnetically dead layer on the NP surface.363,366 

These particular effects could have been induced by harsh conditions, such as, 

the addition of alkaline solution, i.e. TMAH base during coating hydrolysis, which 

favours rapid nucleation of magnetite on the seed surface, decreasing the distance 

between the NP layers and increasing NP polydispersity.362 Finally, both samples 7 and 

10 nm cores exhibit increased hysteresis (with an increased coercivity) indicating the 

presence of intrinsic ferromagnetic couplings, thus minor reduction of SPM properties.367 

Taken together, all analysed iron oxide core samples behave as predicted within the range 

of SPM behaviour, and SQUID magnetic relaxometry analysis fully confirms that all the 



Chapter 3 

124 

iron oxide cores possess SPM properties, which is a desirable characteristic of a nano-

material in biomedical applications. The final comparison of magnetic hysteresis loops 

can be found in Figure 3.7 D.  

 

 

 

Figure 3.7 SQUID magnetisation measurements of iron oxide cores. Room temperature hysteresis 

magnetisation of dried powdered samples obtained by SQUID with an externally applied magnetic field H. 

All samples exhibited SPM behaviour, demonstrating that the thermal energy overcomes the anisotropy 

energy barrier of a single particle. A) Magnetisation curve for 5 nm commercial iron oxide cores, H = 

4 kOe. B) Magnetisation curve for 7 nm in-house synthesised iron oxide cores, H = 1 kOe. C) Magnetisation 

curve for 10 nm commercial iron oxide cores, H = 2 kOe. D) Comparison of magnetic hysteresis loops for 

5, 10 and 7 nm iron oxide cores. Data from SQUID magnetic measurements was normalised to iron mass. 

The magnetisation units are given in emu/g (electromagnetic unit per gram of mass of the iron in the 

sample). Data represent mean from two biologically independent experiments. 

 

Furthermore, to investigate in greater detail NP magnetic parameters, characteristic for 

SPM state and obtain more detailed information about the interparticle couplings, SQUID 

magnetometry specific zero-field cooled (ZFC) and field cooled (FC) measurements were 

performed. An example of predicted ZFC–FC magnetisation curves for non- and SPM 

materials is shown in Chapter 2, Figure 2.6. NP magnetisation changes were recorded 

as a function of temperature (T) change and applied magnetic field (H). 
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The M–T magnetisation curves allowed efficient extrapolation of desirable NP magnetic 

parameters.368 Magnetic moments or dipole moments originate from electron spins and 

angular momentum. Temperature influences structures of intrinsic magnetic moments, 

thus determining magnetic force. The critical temperature for magnetic materials is 

known as Curie point or Curie temperature (TC), at which a material's intrinsic magnetic 

moments change direction and above which certain materials lose their permanent 

magnetic properties and are replaced by induced magnetism. Following that, magnetic 

susceptibility (χ) of magnetic materials can be calculated by Curie–Weiss law, which 

describes the magnetic susceptibility of a ferromagnet in the paramagnetic region above 

the Curie point (Equation 3.10). 

𝑥 =
𝐶

𝑇 − 𝑇C 
 

Equation 3.10 Curie–Weiss formula. Curie–Wiess law describes the dependence of magnetic 

susceptibility on temperature. Curie – Weiss law predicts a singularity in the susceptibility at T = Tc and 

below this temperature ferromagnetic material reveals spontaneous magnetisation. The maximum value of 

the spontaneous magnetisation (at T = 0) is directly related to the average magnetic moment per atom. 

Where 𝑥 is magnetic susceptibility [susceptibility per unit volume (k), mass (𝑥) or mole (𝑥m)], C is a 

material-specific Curie constant, T is absolute temperature [K], and Tc is the Curie temperature [K]. 
 

 

The ZFC curves were collected in zero-field by cooling down non-magnetised samples 

to 2 K and applying a required magnetic field and subsequently measuring magnetisation 

with increasing temperature to 305 K. Whilst, the sister FC curves were reached upon, 

only by measuring the magnetisation of the samples after having reached RT, samples 

were cooled to the 2 K while being exposed to the applied non-zero external magnetic 

field of 1 kOe and again magnetisation was recorded. Figure 3.8 illustrates temperature-

dependent magnetisation changes curves of iron oxide cores, obtained in ZFC and FC 

modes. Conventionally, magnetic materials under ZFC conditions are expected to exhibit 

magnetisation and temperature increase until reaching the maximum, which corresponds 

to the blocking temperature (TB), which is an accurate mean transition temperature from 

blocked to SPM state.369 Above TB magnetisation decreases as the temperature increases, 

whereas the FC magnetisation curve increases endlessly as the temperature decreases.370 

SPM behaviour depends mainly on TB, hence the NP size. Therefore, low values of TB 

indicate small monodisperse single domain NP systems and presence of SPM regime.371 

Magnetisation curves of ZFC and FC in Figure 3.8 A for 5 nm iron oxide cores, 

demonstrate characteristic blocking of a single domain NPs.372 This indicates that the 

magnetic moment of each core is blocked along with its magnetisation easy axis at TB. 

https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Magnetic_susceptibility
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Furthermore, ZFC and FC curves are essentially overlying above TB, indicating non- to 

low particle interactions and suggesting that magnetic aggregation is relatively not 

present.373 Absence of perfectly overlying ZFC and FC curves, suggests that the largest 

iron oxide cores or aggregates/agglomerates were blocked at much higher temperatures. 

Differences between ZFC and FC magnetisation curves below TB are caused by the 

energy barrier of the magnetic anisotropy.367,371 Peak at ZFC curves indicates a transition 

from a magnetically blocked state at TB to an SPM state.374 Noticeably very low TB value 

for 5 nm cores suggests that the magnetic NPs may flip their spins along easy axis, at the 

same time reversing magnetisation at RT and above (Néel relaxation time describes the 

time between two spin flips). This might be worth noting, as fundamentally heat 

generation in magnetic hyperthermia therapy (MHT) occurs based on Néel relaxation 

theory principles. Subsequently, FC curve shows a magnetic moment of 5 nm single 

domain NPs, which starts to freeze in the direction of the applied magnetic field. Presence 

of the fine split (bifurcation) between the ZFC and FC curves occurs above TB and merges 

later at irreversible temperature (TIR). The bifurcation of the ZFC–FC curves at a high 

temperature can indicate the presence of interparticle interactions. 5 nm cores remain 

blocked in a collective frozen state below TIR ≈ 165 K (characteristic behaviour for SPM 

systems). This “splitting temperature” (TIR) is dependent mainly on the magnitude of the 

externally applied magnetic field and correlates with gradual Néel relaxation of random 

dipole-dipole NP couplings.  

On the other hand, 7 and 10 nm iron oxide cores (Figure 3.8 B and C) ZFC curves reveal 

much stronger dipole couplings observed through the luck of overlay of the ZFC and FC 

curves. Furthermore, the increased width of the broaden peak of the ZFC curve in both 

cases indicates wide NP size distribution and dipolar couplings effects, resulting in 

reduced SPM quality. In both samples, blocking temperature was not reached upon 

heating to RT, presumably due to less ordered or more aggregated/agglomerated NPs, 

resulting in increased thermal relaxation (as particle’s Brownian motions increases), 

in comparison to smaller 5 nm cores. In conclusion, smaller, unaggregated, single domain 

NPs align their magnetic spins in the presence of external alternating magnetic field with 

increasing temperature, whereas larger or aggregated particles are unable to change their 

alignment and require much higher field, thus less suitable for hyperthermia treatment. 

Finally, Table 3.4 summarises SQUID magnetometry analysis of commercial and in-

house synthesised iron oxide core NPs parameters, reflecting mostly preserved SPM 

behaviour. Blocking temperature (TB), irreversible temperature (TIR), coercive field (HC) 
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and saturation magnetisation (MS) values were extrapolated from the ZFC–FC curves and 

are shown in Table 3.4.371 Magnetic saturation in nano-materials is usually smaller than 

in corresponding bulk materials. Measured MS in iron oxide NPs have been reported to 

range from 10 to 50 emu/g, arising from much smaller and finer NPs. Reduction in NP 

MS in comparison to the bulk material, most likely occurs due to the noncollinear spins 

at the NP surface (where the spins are not parallel and maybe disordered) and other 

mechanisms, such as the existence of a magnetically dead layer on the particle’s surface, 

the existence of canted spins, or the existence of a spin-glass-like behaviour of the surface 

spins. 

 

 

Figure 3.8 SQUID magnetisation measurements of iron oxide cores. Temperature-dependent FC (top 

line) and ZFC (bottom line) demagnetisation curves for iron oxide cores. A) ZFC–FC curve for 5 nm 

commercial iron oxide cores, B) ZFC–FC curve for 7 nm in-house synthesised iron oxide cores, C) ZFC–

FC curve for 10 nm commercial iron oxide cores. D) A final comparison of ZFC–FC M-T magnetisation 

curves for 5, 10 and 7 nm iron oxide cores. Data from SQUID magnetic measurements was normalised to 

iron mass; magnetisation units are given in emu/g (electromagnetic unit per gram of mass of the iron in the 

sample) and temperature in Kelvins. Data represent mean from two biologically independent experiments.  
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Table 3.4 Analyses of magnetic properties of commercial and in-house synthesised iron oxide cores 

NPs. 

Iron oxide 
core sample 

Filed [kOe], 
Temperature [K] 

MS 
[emu/g] 

MR 
[emu/g] 

HC [Oe] TB [K] TIR [K] 

5 nm 4 kOe, 300 K 18.59 0.44 25 5 165 

7 nm 1 kOe, 300 K 13.54 1.87 50 n/a 255 

10 nm 2 kOe, 300 K 19.89 3.47 100 n/a 160 

Following parameters were analysed based on obtained SQUID results from powdered iron oxide cores: 

blocking temperature (TB), irreversible temperature (TIR), coercive field (HC) and saturation magnetisation 

(MS).375  

 

All above results demonstrate that all analysed commercial and in-house synthesised iron 

oxide cores exhibit negligible remanence (MR) and coercivity (Hc), displaying SPM 

behaviour at room temperature; however, the smallest 5 nm iron oxide cores displayed 

superior SPM properties, which was demonstrated by ZFC–FC curves and magnetisation 

hysteresis loops. These findings suggest that all samples of iron oxide cores tested show 

satisfactory magnetic quality, which makes them suitable for potential biological and 

medical applications. Henceforth, further functionalisation and analysis will be 

performed using commercial 5 nm iron oxide cores, to increase the likelihood of most 

robust SPM preservation and to achieve the most effective and efficient nano-formulation 

for treating melanoma.  

 

3.2.3. Polymaleic anhydride-alt-1-octadecene (PMAO) coating of iron oxide 

cores  

3.2.3.1. PMAO coating synthesis of iron oxide cores 

The iron oxide core NPs (as described in Chapter 2, section 2.4.2) represent 

a hydrophobic particle colloid in an organic solvent; to enable the use of these NPs in 

biological applications they need to undergo a coating procedure to stabilise them in 

aqueous conditions. A class of amphiphilic coating polymers enables aqueous phase 

transfer of hydrophobic iron oxide cores. These polymers contain hydrophobic carbon 

sidechains, which are compatible with the nanocrystals surface of the NPs and 

a hydrophilic foundation, which provides water solubility through negatively charged 

groups (-COO-) and acts as an anchor for the further functionalisation. 

PMAO amphiphilic polymer was selected as an intercalating agent to allow iron oxide 

core surface functionalisation. PMAO was shown previously to be an effective 

NP coating agent.215,263,264  
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PMAO shell application has been proven to produce stable NPs in aqueous solution and 

provide new functional groups (-COOH) on the surface of the NPs for further 

functionalisation via covalent bonds. The main limitation of this method is the low 

efficiency of the process, due to the complexed purification process of coated NPs from 

unpaired PMAO micelles, resulting in low final product concentration. The selected 

polymer is not only well characterised and allows phase transfer, but also stabilises NPs, 

reduces surface charge (less toxicity) and creates hydrophobic pocket/region on the NP 

surface (suitable for drug embedding).376 Commercial 5 nm cores were chosen for further 

coating functionalisation due to their superior SPM properties (Figure 3.7, Figure 3.8 

and Table 3.4). To plan the coupling procedure and PMAO ratio, iron oxide cores were 

analysed by Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP–OES). 

ICP–OES provided exact sample concentration of iron content in the iron oxide core 

samples (concentration of metal in ppm).377  

Firstly, to remove the organic solvent, NPs were precipitated in ethanol and dissolved in 

chloroform (CHCl3), which provides better conditions for solvent rotary evaporation as 

toluene (C7H8) requires much lower vacuum (48 mbar at 30C), where CHCl3 evaporates 

quickly at 306 mbar at 30C (Figure 3.9 A).378 Secondly, coating with PMAO 

amphiphilic polymer allowed iron oxide core surface functionalisation through 

hydrophobic interactions (stepwise procedure can be found in the Figure 3.9 A–G).  
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Figure 3.9 Stepwise PMAO coating synthesis process. A) Chloroform evaporation under controlled 

pressure using a rotary evaporator (components of the rotary evaporator are labelled). B) Film of dried NPs 

in the base of the flask (dark brown material). C) Nitrogen stream, D) TMAH hydrolysis. E) Sample 

concentration through centrifugation using Amicon filter units MWCO 50 kDa. F) Dialyses in PBS, 

removal of excess PMAO and TMAH. G) Final product, the 5 nm iron oxide cores coated with PMAO 

polymer, brown NP mixture in PBS (sample KF6).  

 

Oleic acid is chemisorbed onto iron oxide core surface via interactions between the 

carboxylate head of oleic acid and metal atoms (chelating bonding). There are few 

possible chelating complex structures between oleic acid and iron oxide core: i) bridging 

bidentate, where two metal ions are binding with two carboxylate oxygens, ii) bidentate, 

where one metal ion is binding with two carboxylate oxygens and iii) unidentate 

(monodentate), where one metal ion is binding with one carboxylic oxygen atom 

(Figure 3.10 A). These binding types can be distinguished by the type of interaction 

between carboxylate and metal atom using wavelength separation, i.e. Δʋ0 ˂ 110 cm-1 

chelating bidentate, Δʋ0 ˂ 140–190 cm-1 bridging bidentate and Δʋ0 ˂ 200–320 cm-1 

unidentate/monodentate structure, using infrared spectroscopy techniques. 

The octatedecene hydrophobic chain of PMAO polymer (18 carbon alkyl chain) 

intercalated and interacted hydrophobically with the oleate surfactant (oleic acid chains) 

and tetradecanethiol on the Fe3O4 core surface (Figure 3.10 B).280 This reaction occurs 

through hydrophobic interactions, at the same time functionalising the NP surface and 

forming a stable coating.379 A strong base of tetramethylammonium hydroxide 
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pentahydrate (TMAH) provided an alkaline environment and was used to solubilise 

coated Fe3O4. This procedure produced coated NPs with a polymeric shell and exposure 

of the outer hydrophilic part of PMAO (maleic anhydride group) at the interface with 

water molecules, which allows solubility of the Fe3O4 NPs in an aqueous solution due to 

hydrolysis in the presence of alkaline agent (Figure 3.10 C).380 This opens the maleic 

anhydride ring producing two free negatively charged carboxylic groups each (-COOH), 

resulting in increased NP solubility, generation of an anchor for the convenient 

attachment of other molecules and stable dispersion assured by electrostatic repulsion.381 

Furthermore, part of free anhydride ring provides linker for further covalent 

modifications with functional ligands, such as fluorescent dyes, sugars or polyethers. 

Therefore, it can be later cross-linked and functionalised with molecules terminated with 

an amine group (organic molecules carrying amino groups -NH2), through a carbodiimide 

functional group, provided by catalyst carboxyl activating agent N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC), used for coupling 

primary amines to yield amide bonds.265. 
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Figure 3.10 Schematic representation of iron oxide core organic phase transfer into aqueous solution. Firstly, oleic acid is chemisorbed onto iron oxide core surface via 

interactions between the carboxylate head of oleic acid and metal atoms (chelating bonding), to create a hydrophobic region for the incoming polymer. A) Chelating complex structures 

between oleic acid and iron oxide core: i) bridging bidentate, ii) bidentate and iii) unidentate (monodentate). B) Iron oxide core (dark brown solution), in chloroform, was mixed with 

an excess of amphiphilic polymer PMAO and slowly evaporated under controlled pressure (example of sedimented NP pale solution with low aqueous solubility). The surfactant 

addition uses the hydrophobic interaction of the incoming long-chain hydrocarbon to form a double-layer structure. C) Dry evaporated NP film was then dissolved in an alkaline 

aqueous solution of TMAH, to undergo hydrolysis reaction of PMAO anhydride ring (light brown sample solution). 
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3.2.3.2. Purification of PMAO coated iron oxide cores 

After successful NP phase transfer, to purify the PMAO coated iron oxide cores and 

remove larger aggregates, excess of PMAO micelles and TMAH, sucrose gradient 

ultracentrifugation (UC) was used to separate NPs from an excess of unreacted reagents 

to obtain a population of monodispersed stable SPIONs. A sucrose gradient, with 

a continuously variable concentration of sucrose from 6.6 % to 66 %, with the addition 

of 0.05 % sodium azide (NaN3) preventing potential bacterial growth, was prepared to 

separate NPs of the desired size from residue (further details, Chapter 2, 

section 2.4.4).382,264 Within this gradient, NPs sediment until they reach a comparable 

density with the sucrose fraction, resulting in separation of NPs and PMAO polymer by 

size (Figure 3.11 A–D).  

Differential UC purification uses the concept of components migration, through the 

sucrose gradient at different rates, lighter molecules, such as PMAO, move more slowly 

than more dense particles, such as NPs + PMAO complex. Each separated component 

will form a discrete band at its isopycnic point (the surface of a constant density that 

equals the sucrose gradient fraction density).383 Following fractions (A–J) were collected 

directly using a needle and syringe to assess and separate most purified fractions, through 

dialysis against PBS to remove sucrose residues (Figure 3.11 E). Samples of PMAO 

coated cores were then compared by DLS analyses before and after purification using the 

density gradient method to determine ultimate fractions suitable for further 

functionalisation steps (Figure 3.11 F). Data in Figure 3.11 F clearly illustrates the 

successful recovery and size separation of the PMAO coated iron oxide cores 

(fractions H–G), using the UC approach. DLS size distribution of coated iron oxide cores 

before purification, (indicated in red in Figure 3.11 F), shows multimodal, heterogenous 

mixed population (two broad, unseparated peaks of E–G factions), highlighting the 

presence of, e.g. PMAO micelles, aggregates and sucrose residues. Whereas, the black 

dotted line representing coated NPs after complete purification process (one distinct 

peak), confirms the presence of highly homogenous size distribution of clean, purified 

NPs. 
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Figure 3.11 Differential UC for purification of PMAO coated iron oxide NPs. A) Sucrose gradient 

concertation preparation and layering from 6.6 % to 66 %. NP sample was loaded on the top last sucrose 

gradient layer and centrifuge for 4 hours at 36000 rpm in RT. B) Loaded columns with SPION samples 

(dark brown solution), sat above the sucrose gradient (clear solution). C) Columns following UC, 

displaying separated fractions: clear and yellow containing PMAO/sucrose unbound molecules (light 

fraction) and the desired dark brown pure NP fraction on the bottom of the centrifuge tube (heavy fraction). 

D) All collected and separated SPION fractions from A to J. E) Dialysis in PBS to remove excess sucrose 

and sodium azide (preventive antibacterial growth method). F) Representative DLS size distribution 

measurements of selected fractions of PMAO coated NPs before (red line) and after (black dotted line) 

sucrose density gradient UC. 

 

3.2.3.3. Physicochemical characterisation of PMAO coated iron oxide NPs 

To confirm successful coating synthesis, PMAO coated NPs were analysed once again 

by DLS, TEM and SQUID as described in previous section 3.2.2. As expected, DLS 

measurements displayed a shift in the hydrodynamic size of NPs from ø = 15.61 ± 0.97 

nm to ø = 33.52 ± 2.77 nm after application of the subsequent coating layer 

(Figure 3.12 A–C). A shift in NP size was also observed from ø = 4.22 ± 0.91 nm to ø = 
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6.39 ± 2.83 nm in diameter after PMAO coating (Figure 3.12 D and E) by TEM imaging. 

This change most likely occurred since within PMAO coated NP layer could be more 

than one iron oxide core; thus, STEM imaging could in future answer the question how 

many iron oxide cores are likely to be incorporated in PMAO shell. Above that, it is 

unlikely to observe the PMAO outer coating layer by TEM imaging, as the low electron 

density of PMAO, disables efficient polymer shell imaging.284  

Additionally, NP size enlargement can also occur due to ongoing Ostwald ripening 

nucleation mechanism, potentially caused by harsh conditions (TMAH) or aggregate 

growth of NPs (coalescence) and constant crystal growing.384 It is worth noting that NPs 

are a dynamic system, kinetically trapped, due to interplay of different size and 

composition (non-equilibrium processes), thus the unstable post-growth.385 

Thus, nanocrystal maturing process is highly likely. Ostwald ripening is 

a thermodynamically induced phenomenon observed in small crystals, which describes 

the development of inhomogeneous crystal structure over time and the later deposition of 

dissolved smaller crystals and ions transfer onto surfaces of larger NPs.386 A spontaneous 

enlargement process occurs since larger particles are energetically favoured over smaller 

ones (NP surface is less energetically stable than the core). Smaller NPs are more easily 

oxidised than larger ones, leading to the formation of the later at the expense of minor 

NPs.387 However, SAED ring pattern confirmed the presence of unoxidized pure 

magnetite cores following the PMAO coating reaction (Figure 3.12 F).  

Furthermore, SQUID magnetisation measurements not only confirmed coated iron cores 

to maintain SPM properties (Figure 3.12 G and H) but also shown that the SPM 

properties were improved (Figure 3.13 and Table 3.5). This is likely due to the limited 

interaction between the NPs afforded by the PMAO coating.368 Magnetic saturation in 

SPM is influenced by size and distance between NPs as well as NP concentration in the 

solution. The distance between NPs varies depending on coating selection, which 

influences magnetic dipole-dipole interaction within the NP.388 It has been reported that 

nonmagnetic polymer coatings decrease magnetic saturation of magnetic NPs.270 

Magnetic dipole-dipole interactions derived from the dipolar effects between the 

magnetic core and the shell, have a significant impact on NP magnetic properties.389 

Therefore, as physics would correctly predict, the magnetic energy of the dipole decreases 

when the average magnetic moment decrease and particle dipole distance increases, 

which is clarified by Equation 3.11.390 

 

https://en.wikipedia.org/wiki/Thermodynamics
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ED ≈ 
 0 2

4π d3
 

Equation 3.11 Magnetic dipole moment. Average magnetic moment and dipole distance greatly influence 

magnetic energy; however, these parameters can be altered. Dipole distance can be adjusted through the 

addition of specific coating modifications. ED is the energy of the dipole [emu, electromagnetic unit], 0 is 

the permeability constant of the vacuum [H/m],  is the average magnetic moment [A/m2] and d is the 

distance between dipoles [m].365,390 

 

All things considered, these data show that PMAO polymer provided necessary and 

sufficient aqueous phase transfer by coating 5 nm Fe3O4 iron oxide cores. This resulted 

in an increase in NP diameter (crystal maturing) and hydrodynamic size (effective 

hydrated diameter in solution), as expected. Coating improved stability of NPs, at the 

same time preserving the purity of unoxidized iron oxide cores. Moreover, PMAO 

polymer coating reduced magnetic dipole-dipole interactions between NPs, which led to 

improved SPM quality of 5 nm Fe3O4 iron oxide cores. From the SPM perspective, this 

is illustrated by data shown in Table 3.5, where the decrease of TB is the natural 

consequence of decreased particle interaction intensity due to their new composition 

(PMAO coating polymer).391 
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Figure 3.12 Physicochemical characterisation of PMAO coated iron oxide cores. A) DLS 

hydrodynamic size of 5 nm iron oxide cores. B) PMAO coated 5 nm iron oxide cores hydrodynamic size 

distribution. C) DLS hydrodynamic size overlay of A and B. D) Size distribution histogram obtained from 

TEM analyses. Data represent mean from three biologically independent experiments using technical 

triplicates per data-point. E) Representative images of a high contrast TEM image of PMAO coated 5 nm 

iron oxide cores. F) SAED ring pattern of PMAO coated 5 nm iron oxide cores, overlay of expected 

coloured rings is shown. Scale bars indicated. G) SQUID magnetisation evaluation of PMAO coated iron 

oxide cores, illustrated by M-H curve and H) ZFC–FC curves reflecting M-T behaviour of PMAO coated 

NPs. Data represent mean from two biologically independent experiments.  
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Figure 3.13 SQUID magnetisation measurements of iron oxide cores and PMAO coating. A) Magnetic 

hysteresis loops comparison of 5 and 10 nm commercial iron oxide cores and in-house synthesised 7 nm 

iron oxide cores with 5 nm PMAO coated iron oxide cores. B) Temperature-dependent ZFC–FC 

demagnetisation comparison of 5 and 10 nm commercial iron oxide cores and in-house synthesised 7 nm 

iron oxide cores with 5 nm PMAO coated iron oxide cores. No hysteresis or remanence can be observed 

for all materials, while saturation is not ultimately reached. The decrease in maximal magnetisation can be 

explained by the adsorbed mass of the polymer coating. C) Lyophilised sample of 5 nm iron oxide cores 

before and after loading into gelatine SQUID capsule. Data represent mean from two biologically 

independent experiments.  

 

Table 3.5 Analyses of magnetic properties of powdered iron oxide cores before and after PMAO 

coating synthesis. 

Iron oxide NP sample 
Applied filed and 

temperature 
MS 

[emu/g] 
MR 

[emu/g] 
HC 

[Oe] 
TB [K] 

(1 KOe, 2-305 K) 
TIR [K] 

(1 KOe, 2-305 K) 

5 nm core 4 kOe, 300 K 18.59 0.44 25 2 165 

5 nm PMAO coated 4 kOe, 300 K 17.24 1.2 15 2 175 

Following parameters were analysed based on obtained SQUID results: blocking temperature (TB), 

irreversible temperature (TIR), coercive field (HC) and saturation magnetisation (MS).372,392 
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3.2.4. Functionalisation of PMAO coated SPIONs with PEG polymer  

Following SPION solubilisation in an aqueous environment facilitated by PMAO coating, 

the NPs were then stabilised for use in physiological conditions. PMAO coated iron oxide 

cores are limited in biomedical applications due to their reactivity with physiological 

blood, leading to aggregation/agglomeration.393 Therefore, organic (dextran,polyethylene 

glycol, polyvinyl alcohol, chitosan) or inorganic (gold, silver, silica, apatite) outer coating 

layer is usually applied to avoid spontaneous aggregation of NPs.394 

SPM properties can be altered by improving NP monodispersity, reducing NP size and 

modifying NP surface. The latter can be achieved by surface coating functionalisation 

using several biocompatible and biodegradable high molecular weight polymers. 

Coating modification will not only increase NP hydrodynamic size but also improve 

biodistribution and retention properties, as well as NP colloidal stability by preventing 

the aggregation or agglomeration events or even primary gravitational settling by 

reducing interparticle interactions. Currently, the most commonly used organic coatings 

are dextran, chitosan, polyvinyl alcohol (PVA), Polyvinylpyrrolidone (PVP), 

Polyacrylic acid (PAA), Polyethylene glycol (PEG) and silica. Stability of coated NPs 

depends mainly on the bond strength between NP core and coating. The PEG coating 

minimizes dipolar interactions and makes them more biocompatible. Size and 

temperature-dependent magnetic properties are essential components of magnetism of 

NPs. NP size and temperature-dependent magnetic properties are fundamental to further 

enhancement in ultrahigh density magnetic storage devices, medical applications, such as 

magnetic resonance imaging (MRI) and local magnetic hyperthermia.394,395  

NP surface charge and ligands choice contribute to the stability and solubility of NPs. 

Firstly, PMAO was selected as intercalating agent. Its octadecene chains intercalate with 

oleic and dodecane chains stabilising the NP surface and ultimately creating a stable 

coating.396,397 To achieve the required surface modification, methoxy-PEG-amine, 

HCL salt, MW 2000 (NH2-terminated polyethylene glycol) was selected, which could be 

attached to the maleic anhydride ring on the NP surface via stable linkages, including 

amide bonds (further details in Chapter 2, section 2.4.5). The HCl salt on the amine end 

provides stability for the solid form of M-PEG-NH2. PEG is not only a well characterised, 

flexible, uncharged and highly hydrophilic polymer but, also provides stability, prevents 

NP aggregation/agglomeration, blocks immune system uptake, reduces surface charge 

(less toxicity), creates a hydrophobic pocket (suitable for drug embedding) and also 

importantly creates a bridge/linker for further functionalisation.267,268,269,270  
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Due to TMAH hydrolysis providing the alkaline environment, the anhydride ring on 

PMAO coated iron cores opens, exposing carboxyl functional groups (Figure 3.14), 

which will allow for PEG coupling. PMAO iron cores were coupled with linear amine 

PEG by using an excess of PEG in the presence of the catalyst N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC). EDAC is a water-

soluble condensing reagent, generally used as a carboxyl activating agent for amide 

bonding with primary amines.268 Additionally, it reacts with phosphate groups. 

EDAC has been widely applied in peptide synthesis, crosslinking proteins to nucleic acids 

as well as in the preparation of immunoconjugates.271 For this reason, EDAC was used as 

a coupling reagent for pegylation of the SPION surface (Figure 3.14). 

PEG coupling through the amide covalent bond resulted in more stable NPs with lower 

PD.I., indicating a highly monodispersed population by preventing 

aggregation/agglomeration of SPIONs. TEM analysis showed an increase in the size of 

iron oxide cores (multiple iron oxide cores in PMAO layer and iron oxide cores swelling 

in PBS) from ø = 6.39 ± 2.83 nm to 9.41 ± 2.81 nm, it was not possible to observe the 

PEG shell (due to low electron density; Figure 3.15 A and B). SAED again ensured the 

purity of magnetite cores (Figure 3.15 C). DLS hydrodynamic size comparison 

confirmed a size shift from PMAO-NPs polymer monolayer ø = 33.5 ± 0.24 nm to PEG-

NPs outer shell ø = 48.2 ± 0.26 nm (Figure 3.15 D). Overall, these findings suggest the 

successful pegylation of PMAO coated Fe3O4 iron oxide cores. 
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Figure 3.14 Schematic representation of the pegylation and functionalisation of PMAO coated iron oxide cores. A) Pegylation with hydrophilic PEG polymer. PMAO coated 

iron oxide cores soluble in aqueous solution (left) were conjugated with PEG polymer in the presence of coupling agent EDAC via amide (peptide) covalent bond (right). B) These 

pegylated SPIONs can be further functionalised with peptide via another amide covalent bond (as demonstrated in red using the α-melanocyte-stimulating hormone, -MSH, as an 

example. 
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Figure 3.15 Iron oxide cores pegylation characterisation. A) Representative images of high contrast 

TEM and B) TEM size and distribution histogram. C) SAED ring pattern of PEG-coated 5 nm iron oxide 

cores,(overlay of expected coloured rings is shown). Scale bars indicated. D) DLS hydrodynamic size shift. 

Data represent mean from three biologically independent experiments using technical triplicates per data-

point.  

 

3.2.5. Selection of melanoma cell targeting peptide  

Due to functionalisation with PMAO and PEG polymers, NPs bear an organic pocket, 

where anti-melanoma drugs can be encapsulated or covalently bound, allowing the NPs 

to function as theragnostic drug-loaded nano-carriers providing a drug delivery platform 

for anti-cancer treatment, without the systemic toxicity commonly associated with 

conventional chemotherapies. Pegylated, stable and biocompatible NPs can be further 

functionalised with surface ligands, such as labelling atoms and targeting moieties.398 

The overall aim is to develop tumour targeted iron oxide core NPs, surface functionalised 

with targeting peptide that binds the melanocortin 1 receptor (MC1R) receptor 

overexpressed in tumours from melanoma patients (Figure 3.16 A–B). The most 

prevalent low-risk genetic factors for melanoma are polymorphisms in MC1R genes (the 

G protein-coupled receptor signals via cAMP and protein kinase A).399 There are 
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numerous MC1R polymorphisms, which are associated with skin pigmentation, hair 

colour and ability to tan. In order to target melanoma cells, a moiety that specifically 

binds to the surface of melanoma cells was selected. The targeting candidate -

melanocyte stimulating hormone (α-MSH) is a native ligand for MC1R, which is 

expressed on melanocytes and overexpressed on the melanoma cell surface equally 

during all stages of the disease, allowing targeting at any of the melanoma stages 

(Figure 3.16 C–D).272 α-MSH and MC1R signalling is responsible for pigmentation 

processes including melanocyte development, differentiation proliferation and survival.26 

Consequently, MC1R is an optimal target for melanoma as it is only present on pigmented 

cells unlike other, more conventional receptors for targeting cancer cells, which are often 

ubiquitous in their expression patterns (Figure 3.16 E). Patients with MC1R 

polymorphisms have increased melanoma susceptibility. The risk of developing 

melanoma differs depending on the MC1R variant and increases when multiple 

inactivating variants co-occur. Recent studies have demonstrated that MC1R variants 

increase melanoma risk independently of UV exposure (Figure 3.16 F).400 It has also 

been demonstrated using α-MSH radiopeptides that they have strong specificity for 

targeting metastatic melanoma lesions in vivo.401  
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Figure 3.16 mRNA expression of MC1R in melanoma. A) Microarray showing overexpression of MC1R 

in malignant melanoma tumours vs to normal and benign tissue from Gene Expression Omnibus (GEO) 

dataset GDS1375. B) Overexpression of MC1R mRNA levels in normal vs metastatic melanoma from 

GEO dataset 3964, 3965 and 3966 (student’s t-test values: p-Value < 0.05*, < 0.01**, 0.001***). 

C) Overexpression of MC1R mRNA levels in human skin cutaneous melanoma tumours in different 

disease stages. D) Patient survival rates with low and high expression of MC1R receptor. Data set from 330 

patients between 15 - 90 years of age, TCGA clinical data BioPortal Analysis, The Cancer Genome Atlas 

Human Skin Cutaneous Melanoma (SKCM). E) MC1R receptor normal expression levels in various human 

tissues GEO dataset 3964, 3965 and 3966. F) MC1R polymorphism variants levels on the cell surface in 

normal melanocytes (HEMA) vs malignant melanoma cell lines GEO dataset 1314.402 
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α-MSH-SPION formation is synthesised using commercial human peptide sequence α-

MSH (GenBank accession number AF326275), yet some of our future in vivo studies will 

be conducted in mice, using human melanoma xenograft model, patient-derived 

xenograft model (PDX) in NSG mouse line and reporter mice models (C57BL/6J mouse 

line). It is crucial to know if biodistribution, clearance, retention, circulation and toxicity 

of NPs will be similar in human and mouse models. Therefore, amino acid sequences of 

MC1R and α-MSH variants were compared in Human, Mouse, Frog and Zebrafish, using 

ClustalOmega30 and GeneDoc31 software. Figure 3.17 A represents an amino acid 

sequence alignment of MC1R showing its chemical properties (colours) and conserved 

regions (greyscale)403, where a substantial similarity can be observed between species. 

Figure 3.18 A represents the same data for α-MSH. Identity differs from 52.29–76.51 % 

in MC1R alignment whereas in α-MSH there is 84.62–92.31 % of similarity between 

species. Phylogenetic trees show the shared origins of species. All analysed data shows 

a high similarity of analysed sequences between selected species – most importantly 

showing strong compatibility in human and mouse sequences in MC1R 76.51 % and α-

MSH 92.31 % (α-MSH occurred in an early phase of evolution due to preservation of its 

sequence in many different species with only minor differences).404  

This suggests that testing targeted α-MSH-SPIONs in mouse models will provide 

relevance to tumour targeting in humans – however, recent epidemiological studies have 

shown that the human MC1R is highly polymorphic.32 Despite this, α-MSH-SPIONs 

should still have high affinity through active targeting. 
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Figure 3.17 Amino acid sequence alignment of MC1R variants. A) Comparison of vertebrate amino acid sequence alignment of MC1R variants in Human, Mouse, Frog and 
Zebrafish. Hyphens indicate gaps and colours reflect chemical properties (see legend Figure 3.18 G). Numbers of nucleotide and amino acid sequences are indicated at the right side, 
generated using GeneDoc. The sequence obtained from the NCBI database. B) MC1R sequence alignment showing conservative substitutions, red brackets highlight MC1R 
polymorphisms. C) Two-dimensional model of human MC1 receptor (Accession number Q01726). The RHC associated mutations are indicated. TM: transmembrane domains, 
ECL: extracellular loop, ICL: intracellular loop. D) Percentage identity matrix from Clustal Omega between the species. E) Phylogenetic tree of compared vertebrates from Clustal 
Omega. F) 3D model of MC1R and -MSH binding site. 
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Figure 3.18 Alignment of predicted amino acid sequences and phylogenetic tree of vertebrates α-MSH. A) Comparison of vertebrate amino acid sequence alignment of α-MSH 

variants in Human, Mouse, Frog and Fish. Hyphen shows gaps. Numbers of nucleotide and amino acid sequences are indicated at the right side, generated using GeneDoc. The sequence 

was obtained from the NCBI database. B) MC1R sequence alignment showing conservative substitutions. C) Percentage identity matrix from Clustal Omega between the species. 

D) Phylogenetic tree of compared vertebrates from Clustal Omega. E) The two-dimensional structure of the α-MSH protein and F) 3D model of -MSH protein structure. G) Legend 

decrypting chemical properties and conservative substitutions.  
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3.2.6. Functionalisation of coated iron oxide cores with α-MSH peptide 

3.2.6.1. α-MSH-PEG peptide conjugation 

α-MSH was identified as a suitable targeting moiety for melanoma cells (Baldelli-

Bombelli et al., 2017). The α-MSH (H-Ser-Tyr-Ser-Nle-Glu-His-dPhe-Arg-Trp-Gly-

Lys(Dde)-Pro-Val-NH2) was conjugated onto the SPIONs. To achieve efficient peptide 

coupling to NPs, PEG and targeting moieties were firstly pre-conjugated.35 T-BOC-PEG-

NHS (T-Boc Amine PEG Succinimidyl Carboxymethyl Ester, MW 2000) was used to 

protect the amine group on PEG while coupling with the peptide. T-BOC (tert-butyl 

group) is commonly used for protection of various functional groups such as amino acids, 

peptides and proteins. T-BOC allowed reaction on maleimide active group on carboxy 

end of the PEG, creating stable amide (peptide) covalent bond between α-MSH and PEG 

surface (further details Chapter 2, section 2.4.6). The amine -NH2 terminal site of PEG-

peptide conjugate was then deprotected using 4 M HCl/dioxane, to allow reaction with 

the activated -COOH group of the PMAO polymer coating using EDAC (Figure 3.19), 

allowing for later functionalisation with the NPs.274  
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Figure 3.19 Schematic representation of PEG and -MSH peptide pre-conjugation. A) Schematic reaction of PEG and peptide conjugation. EDAC crosslinking reaction involves 

the -NH2 terminal peptide chain, which reacts with the NHS ester on the PEG chain to create amide bond at physiologic pH. B) The -MSH peptide is attached via amide covalent 

bond to PEG moiety, and subsequently, the T-BOC protective group is removed, allowing for further functionalisation with PMAO coated NPs.  
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3.2.6.2. Functionalisation, purification and physicochemical analysis of -MSH-

SPIONs 

Fully functionalised SPIONs (consisting of both coating layers, PMAO and PEG, and the 

-MSH targeting peptide on the outer shell) were analysed by DLS, TEM and Zeta–

potential. All components and subsequent layers of SPIONs showed hydrodynamic size 

and distribution as expected (Webster et al., 2016). DLS displayed an increase from PEG-

NPs size ø = 48.2 ± 0.26 nm to 84.1 ± 0.28 nm to peptide layer and TEM, 

ø = 9.41 ± 2.81 nm to 13.28 ± 3.91 nm, respectively (Figure 3.20 and Table 3.6). 

Final peptide conjugated SPION hydrodynamic size was significantly increased due to 

the creation of solvation shell around peptide conjugates on the SPION surface (10 % of 

the peptide to 90 % PEG), which is included in the measurement.341,283 The same was 

observed in TEM imaging for SPION core sizes, due to core swelling and multiple iron 

oxide cores with NP.189 SAED pattern indicates compelling purity of peptide conjugated 

SPION iron oxide cores (Figure 3.20 C).  

Taken together, the hydrodynamic diameter of successfully fully functionalised SPIONs 

increases, due to the addition of inner and outer shells, which create a hydrophobic pocket 

for embedding hydrophobic molecules (drug treatments). Peptide conjugation also affects 

diameter increase by producing solvation shell, which could be regulated by optimising 

the ratio of peptide and PEG, which could change the SPION hydrodynamic size but also 

reduce undesired peptide corona formation in a biological environment, which can mask 

targeting moieties on SPION surface and prevent interaction with a target receptor.405  
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Figure 3.20 Fully functionalised iron oxide NPs characterisation. A) Representative images of high 

contrast TEM and B) TEM size and distribution histogram. C) SAED ring pattern of peptide conjugate 

(overlay of expected coloured rings is shown). Scale bara indicated. D) DLS hydrodynamic size shift of 

NPs after conjugation with targeting peptide -MSH. Data represent mean from three biologically 

independent experiments using technical triplicates per data-point.  

 

Table 3.6 DLS, TEM and Zeta-potential 5 nm iron oxide functionalisation comparison.  

5 nm NP core 
DLS 

TEM [nm] + SD 
Zeta-potential 

[mV] DH [nm] + SD PD.I. 

PMAO-NPs 33.57 ± 0.24 0.28 6.39 ± 2.83 - 19.10 

PEG-NPs 48.25 ± 0.26 0.26 9.41 ± 2.89 - 9.20 

PEP-NPs 84.13 ± 0.28 0.25 13.28 ± 3.91 - 6.12 

5 nm iron oxide cores were functionalised with PMAO and PEG coating and α-MSH peptide moiety (PEP). 

DH: hydrodynamic diameter, PD.I.: polydispersity index, SD: standard deviation. 

 

3.2.7. Infrared absorption and emission spectra of the -MSH-SPIONs 

The successful functionalisation of all coatings layers and targeting moiety was 

confirmed by Fourier-transform infrared spectroscopy (FT–IR) analysis. 

Absorption spectroscopy technique, like FT–IR, provides an infrared spectrum of 

absorption or emission of an investigated sample, which can determine material 

composition at the molecular level. Characteristic absorption frequencies are assigned to 
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identify particular chemical bonds, providing precise analyses of the sample chemical 

composition (further details Chapter 2, section 2.5.5).289 

FT–IR spectra were collected from iron oxide cores in toluene, PMAO coated iron oxide 

cores in PBS, PEG-PMAO coated iron oxide cores in PBS and fully functionalised -

MSH-SPIONs in PBS (Figure 3.21). Toluene and PBS solvents were normalised. 

An efficient and compelling synthesis of iron oxide cores was determined by recognising 

oleic acid chains on the NP surface – peaks at 2924 and 2853 cm-1 characteristic for oleic 

acid bonds (asymmetric –CH2 stretch vibration). The 630 cm-1 arises from the symmetric 

stretch of the O atoms along with Fe–O bonds, and absorption at 583 cm-1 is attributed to 

the asymmetric stretching of the Fe and O atoms, and the 306 comes from the symmetric 

bonds between Fe and O atoms. Fe–O–Fe stretching mode of the spinel structure of 

magnetite refers to the cubic isometric crystal system.406 Coating with PMAO led to 

decrease in oleic acid chains peaks 2919 and 2851 cm-1 by masking carbon chains with 

a polymer layer. Broadband at 3369 cm-1 indicates the presence of the water on the 

NP surface, contributed from the –OH bending mode and confirming successful aqueous 

phase transfer. A peak at 535 cm-1 is indicative of the Fe–O–Fe bond from the iron oxide 

core.407 Conjugation with PEG resulted in complete disappearance of oleic acid carbon 

chains and raise of the new peaks at 1650 cm-1 (–C=C– stretching), 1356 cm-1 (–C–H 

bending) and most importantly the fingerprints of PEG at 1065 cm-1 (–C–O–C– stretch 

bond), 974 cm- 1 (–C=C– bending) and 848 cm-1 (=C–H bending), which confirm the 

successful NP pegylation. A peak at 527 cm-1 indicates Fe–O–Fe stretch bond from the 

NP core.408 To identify peptide conjugation, primary and secondary amine and amide 

bonds were investigated. Peaks at 3251 cm-1 from –N–H stretch mode (1° amide bond) 

and 1398, 1309 and 1073 cm-1 from –C–N– stretch mode (2° amide bond), as well as the 

peak at 1640 cm- 1 (amide bond) from –N–H bending vibration, all confirmed the presence 

of peptide on the surface of the NP (Figure 3.21). A peak at 526 cm-1 displays Fe–O–Fe 

bond from NP core.409 Table 3.7 shows reported absorption frequencies from the 

representative FT–IR measurements, revised according to literature chemical bonds 

vibrational frequencies.289 Presence of all investigated bonds indicates successful 

functionalisation of all NP components to ultimately generate -MSH-SPIONs.  
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Figure 3.21 Fourier-transform infrared spectroscopy analysis of final α-MSH-SPION chemical 

composition. A) Representative FT-IR spectra panel of each structural component of fully functionalised 

SPIONs. Characteristic peaks for each structure are indicated in the figure and listed in Table 3.7. 

The wavelengths of respective peaks of oleic acid chains on iron core surface are λ=2924 and 2853 cm-1. 

The peak at 583 cm-1 is indicative of the Fe-O (iron oxide). PMAO partially masks oleic acid carbon chains, 

and PEG peaks are present at 1065, 974 and 848 cm-1. Peaks at 3251 cm-1 (1° amine), 1398, 1309 and 1073 

cm-1 (2° amine) and 1640 cm-1 (amide) confirm the presence of peptide on NP surface.265 Lines in graphs 

indicate; black: SPION, purple: SPION-PMAO, green: SPION-PMAO-PEG, red: SPION-PMAO-PEG-

PEP. B) Overlay of FT-IR spectra of all functionalisation steps.  

 



 

 
 

C
h

a
p

ter 3
 

1
5

4
 

Table 3.7 Characteristic infrared absorption frequencies of functional groups. 

Functional group Type of bond 
Type of 

vibration 
Literature characteristic 

absorptions [cm-1]410 
Intensity IRON OXIDE CORE PMAO PEG PEPTIDE 

-O-H Hydroxyl stretch 3100-3700 strong    3369 3191   

=C-H Aryl stretch 3000-3100 medium 3063, 3029       

H-C-H Alkane stretch 2850-3000 strong 2924, 2853 2919, 2851    2921 

-O=C=O- Carbonyl stretch 2349 strong     2386   

-C=O- Carbonyl stretch 1670-1820 strong 1737       

 -C=C- Alkene stretch 1620-1680 variable   1696     

-C=C- Aryl stretch 1400-1600 medium  1496  1566 1650   

H-C-H Alkane bending 1350-1480 variable 1453, 1360 1467, 1408 1356   

-C-O-C-  Ether stretch 1050-1250 strong 1207, 1092, 1070  1085 1217, 1065 1073 

=C-H Alkene bending 675-1000 strong 732 987 848 858 

-C=C- Alkene bending 905-995 strong 906   974 979 

-C-H Alkene bending 600-850 strong 803, 694, 630, 605 720     

-N-H Amide I bending 1550-1640 strong       1640, 1560 

-N-H Amine stretch 3250-3500 medium       3251 

-C-N- Amine stretch 1080-1360 medium       1398, 1309, 1073 

-N-H Ammonium ions  stretch 2400-3200 medium       2418 

-Fe-O-Fe- Oxide stretch 520-720 strong 583 535 527 526 

Collected vibrational frequencies of each SPION components with a designated functional group, type bond and vibration. 
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3.2.8. Stability analysis of -MSH-SPIONs 

After successful development and functionalisation of -MSH-SPIONs, as confirmed by 

FT–IR (Figure 3.21 and Table 3.7), the stability of the NPs was tested. The stability of 

fully functionalised SPIONs was tested in a colloidal dispersion over time using Zeta–

potential (ζ) analysis. Zeta–potential describes the electrokinetic potential in colloidal 

dispersions.171 It evaluates the stability of colloidal suspensions by measuring NP net 

surface charge (potential difference between the dispersion medium and the stationary 

fluid layer attached to the dispersed particle).408 NPs with a net charge on their surface 

will be affected by ion distribution in the solution at the interface, causing an increase in 

the counter-ion concentration close to the NP’s surface. This causes the formation of 

a tightly bound inner electrical Stern layer around the NP surface and a second outer 

diffuse layer containing weakly bound counter ions and co-ions (the potential is created 

at the interface between the Stern and the diffuse).280 NPs with significant positive or 

negative values are considered stable, due to the repulsion between particles. 

Furthermore, NP surface charge strongly depends on the solution pH (further details 

Chapter 2, section 2.5.2).408,139  

NPs can use stimuli in the tumour microenvironment, such as pH or enzyme, to increase 

the concentration of drugs or facilitate cellular uptake. Stimuli-responsive NP and drug 

release mechanisms consist of: i) drug release by disruption of NP by electrical repulsion 

of polymers in an acid environment, ii) drug release by enzyme degradation/hydrolysis 

of linker on NP, iii) cell internalisation enhancement by surface charge change caused by 

protonation of polymers in an acid environment and iv) deprotection of NP by enzyme 

degradation/hydrolysis of the linker between liposome and PEG polymer.189 

Stability over time of NPs in PBS solution was measured by DLS and demonstrated that 

coating stabilizes the SPIONs. Iron cores appeared to be highly aggregating over the time, 

whereas coated NPs remained stable, proving that outer shell prevents 

aggregation/agglomeration, shown by an expected increase in size after functionalisation 

(Figure 3.22 A). Subsequent coating layers of the -MSH-SPIONs reduce Zeta–potential 

and stabilise the NPs in the solution by reducing the surface charge. Figure 3.22 B–D 

compares in-house and commercial SPIONs surface charge. Iron oxide cores in toluene 

due to solubility in an organic solvent were not measured. SPIONs were tested in pH-

raging conditions to ensure stability of the coating design (Figure 3.22 C).  

 



Chapter 3 

156 

Figure 3.22 D compares DLS hydrodynamic size and surface charge simultaneously 

(preformed only for fully functionalised SPIONs). Due to the protonation of abundant 

carboxylic groups on the NP surface (in the acidic pH), NP coating degraded resulting in 

drug release from NPs. 

TGA analysis was carried out to confirm the functionalisation of the SPIONs and estimate 

the relative composition of the NPs (further details Chapter 2, section 2.5.6). 

Figure 3.22 E shows TGA thermal curves of SPIONs: differential thermal analysis 

(DTA) curve in blue provides data on the transformations that have occurred, such as, 

crystallisation, melting and sublimation. Derivative thermogravimetry (DTG) curve in 

red indicates the mass loss during sample heating. Each compound has specific thermal 

stability, above which decomposes. Due to the fact, that SPIONs are a highly 

sophisticated nano-system, it is not possible to characterise the surface of your iron oxide 

core, unless TGA is performed after each functionalisation step. In the scenario, that all 

ligands decompose at a different temperature, a plateau phase should be observed 

between each decomposition. The organic compounds burned and formed various gases 

(CO, CO2, H2O, NOX), leaving behind the inorganic stable iron oxide.411 TGA analysis 

confirmed the inorganic/organic component ratio to be 1:8. The initial total mass of the 

sample submitted to TGA analysis, including oleic acid, PMAO, PEG and targeting 

peptide, was 8.01 mg. The final mass of inorganic iron oxide core was determined to be 

0.84 mg, where the mass of organic ligands was 7.17 mg. Assuming, sample purity to be 

100 % (no residues from the buffers or unreacted material), the sample contained 10 % 

of iron oxide. Additionally, Nuclear Magnetic Resonance (NMR) spectroscopy 

measurement could ensure the purity of future samples.  

The initial weight loss at the temperature from 10–60°C and 100°C is attributed to 

moisture removal embedded in the sample. Another slight weight loss in the sample is 

attributed to the evaporation of residual water and possible TMAH loss after 300°C, 

where α-MSH peptide weight loss could be observed in the temperature range from 200–

600°C.412 The first distinctive peak at about 200°C possibly indicates the removal of free 

oleic acid chains on the iron oxide core surface. The second peak at about 350°C confirms 

the removal of strong binding between the oleic acid and Fe3O4 molecules. 

PMAO polymer was removed in two steps, at about 300°C and 440°C demonstrating its 

excellent temperature resistance. PEG coating mass loss occurred between 340°C and 

415°C, possibly due to chemisorption of PEG on the SPION surface, requiring higher 

temperature for the vaporisation of bound PEG. Peaks at 680°C at 750°C are attributed 



Chapter 3 

157 

to the phase transition from Fe3O4 to FeO (above 570°C FeO is thermodynamically stable, 

see Fe–O phase diagram, see Chapter 1, Figure 1.17 A) and deoxidation of Fe, 

respectively.344,413  

Figure 3.22 F summarises hydrodynamic size changes of all the subsequent coating 

layers and functionalisation steps of SPIONs. Overlay of hydrodynamic diameters obtain 

from DLS measurements, displays shift in the hydrodynamic size from 5 nm iron oxide 

cores to final functionalisation step of α-MSH-SPIONs, confirming efficient 

functionalisation of all compounds. Figure 3.22 G shows captured iron oxide cores and 

the outer coating of fully functionalised α-MSH-SPIONs on high contrast TEM images. 

TEM analysis displays a monodispersed α-MSH-SPIONs population with distinguished 

metal core (black) and the surrounding outer layer (white). The outer shell consists of the 

PMAO and PEG polymers, α-MSH peptide conjugates are not visible at this resolution. 

Imaging was performed by Dr Desire di Silvio at “Giulio Natta”, Politecnico di Milano, 

(Milan, Italy). 
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Figure 3.22 Physicochemical characterisation of fully functionalised α-MSH-SPIONs. A) DLS 

analysis of NP’s hydrodynamic diameter over time. B) Zeta-potential comparison of commercial and in-

house synthesised NPs C) Zeta-potential change over the pH range. D) Evaluation of NP physicochemical 

stability over pH change vs size over time. E) TGA characterisation of NP thermal stability, purity and 

determination of humidity. F) DLS comparison of subsequent coating layers and -MSH peptide. Data 

represent mean from three biologically independent experiments using technical triplicates per data-point. 

G) Representative images of high contrast TEM analysis of final α-MSH-SPIONs, scale bar indicated. 

Imaging performed by Dr Desire di Silvio at “Giulio Natta”, Politecnico di Milano, (Milan, Italy). 
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3.3. Summary and discussion  

The successful synthesis of iron oxide cores with a biocompatible polymeric shell of pure 

crystal structure for active drug delivery was possible; atomic alignment and 

physicochemical properties were the same for in-house synthesised and commercial 

cores. Hydrothermal decomposition of iron precursor salts was proven to be an efficient 

SPION synthesis method, producing controlled size distribution.  

Monodispersed SPIONs, within the desired range of 2–20 nm (SPM properties),414 were 

functionalised to achieve aqueous and stable phase, desired in a biological environment 

for intravenous (IV) administration. All cores (commercial and in-house synthesised) 

have the expected size confirmed both by DLS and TEM analyses. The crystalline phase 

of iron oxide could correspond to magnetite, maghemite or hematite, but the 

characterisation by SAED determined the crystalline phase which corresponds to 

magnetite (Fe3O4).  

Magnetic studies showed that the particles are super-paramagnetic, with negligible 

coercivity. All cores have super-paramagnetic properties; however, 5 nm cores are the 

strongest superparamagnets due to their smallest diameter.415,416 Currently, there are few 

studies where SPIONs are being developed as drug delivery systems for a range of 

cancers. SPIONs are useful in cancer diagnostics in non-invasive sentinel lymph node 

(SLN) biopsy and MRI imaging as contrast agents.179 Moreover, SPION SPM properties 

are used in thermal ablation treatment and hyperthermia therapy (MHT).213  

Unfortunately, subsequent studies with magnetic hyperthermia therapy (MHT) exploiting 

the potential in vivo localised anti-melanoma treatment, was not feasible at the time. 

However, the completed SPM studies provided insight for further development of anti-

melanoma drug-loaded α-MSH-SPIONs.  

In addition, successful coating synthesis of iron oxide cores with PMAO enabled stability 

in an aqueous phase, allowing NP biocompatibility with biological systems.411 

PMAO intercalated with oleate chains, stabilising the SPION surface.417 PMAO shows 

a stable monodispersed population and expected size confirmed by DLS and TEM 

analyses. During all procedures, iron oxide cores remained pure and stable, which was 

confirmed by SAED diffraction. PMAO coating improved the SPM properties of SPIONs 

reducing aggregation/agglomeration of NP and interaction between domains within 

NP.391 Moreover, PMAO amphiphilic coating provided additional functionalisation 

opportunities and accommodation for insoluble or poorly water-soluble molecules in the 

hydrophobic shell.417  
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Pre-conjugation of targeting moiety PEG-peptide (α-MSH peptide with PEG) enabled 

stable conjugation of SPIONs via covalent amide bonding onto the NP surface with PEG 

linker. FT–IR analysis confirmed attachment of α-MSH-PEG pre-conjugate on the 

SPIONs surface. FT–IR confirmed the presence of the key chemical bonds in the nano-

composition, namely: SPION core (583 cm-1), PEG coating (1217 cm-1) and targeting 

moiety α-MSH peptide (1640 and 1560 cm-1).408  

Pegylation improves pharmacokinetics (PK) of drugs, by reducing enzymatic 

degradation, kidney clearance and immunogenicity. Furthermore, PEG decreases NP 

toxicity by reducing non-specific interactions and surface oxidation.  

Highly hydrophilic PEG polymer provided stability and prevented further NP 

aggregation/agglomeration, reduced surface charge and together with PMAO amphiphilic 

polymer created a hydrophobic pocket for drug embedding.265,418 Functionalisation of 

SPIONs with PEG polymer coating as a stabilising agent, blocks immune system uptake 

preventing the reticuloendothelial (RES) system clearance, improves long term stability 

and prolongs circulation time of NPs in the blood stream.139  

SPIONs drug release from the hydrophobic, polymeric shell (PEG-PMAO) in principal 

relies on the following coating degradation mechanisms: i) NPs surface charge changes, 

due to the protonation of polymers in an acid environment or ii) NP deprotection by 

enzyme degradation/hydrolysis of the PEG polymer.189,194  

Zeta–potential study confirmed SPIONs stability in high pH environment. However, in 

principal after cell internalisation under low pH, due to the protonation and collapse of 

the polymeric layers, nano-carrier content should be released.416–419 

Quantitative thermogravimetric analysis of the polymeric content obtained by TGA 

analysis confirmed the modification of SPIONs with PMAO, PEG and targeting peptide. 

However, the presence of targeting moiety α-MSH peptide on SPIONs surface, still 

requires quantification as the exact amount of peptide successfully attached to NPs is 

theoretical. Accurate concentration of α-MSH on SPIONs surface could be quantitatively 

measured by HPLC–MS/MS or protein quantitation kit, as targeting moieties have direct 

impacts on cellular uptake and NP specificity.  

In summary, efficient and compelling synthesis, functionalisation and physical-chemical 

characterisation of targeted α-MSH-SPIONs for drug embedding, targeted delivery and 

hyperthermia thermotherapy for anti-melanoma treatment was successfully achieved. 
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However, further, detailed characterisation of SPION stability is needed to establish this 

behaviour in various biological conditions (blood and digestive fluids).  

Moreover, the SPION nano-system can potentially become precision medicine and 

adapted for treatments of other diseases or cancers, by, e.g. selection of embedded 

therapeutics and modifications of targeting moieties. 
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Chapter 4                                                

In vitro efficacy of anti-melanoma 

drug-loaded α-MSH-SPIONs  

 

4.1. Biological consequences of anti-melanoma α-MSH-SPIONs 

4.1.1. α-MSH-SPION intracellular fate determination 

A series of studies will be performed to determine the plasma membrane entry mechanism 

and intracellular trafficking of NPs. To confirm that the uptake mechanism is MC1R-

mediated at the molecular level, co-localisation of α-MSH-SPIONs with β-arrestin 

(a protein that desensitises G-protein-coupled receptors such as MC1R) will be 

performed. Intracellular localisation and trafficking of targeted NPs will be monitored 

with antibody staining against LAMP-1, EEA-1 and caveolin-1, to determine intracellular 

trafficking of the NPs. This will enable the determination of NPs accumulations in late 

endosomes/lysosomes or caveolin-containing vesicles after anticipated endocytic 

mechanisms of entry.  

 

4.1.2. In vitro efficacy studies of drug-loaded anti-melanoma α-MSH-SPION 

Followed the rigorous stability studies, drug encapsulation to determine drug loading rate, 

encapsulation efficiency and drug release will be performed. A protocol to successfully 

encapsulated chemotherapeutic agents in the organic pocket of the SPION coating will 

be developed. Additionally, drug release studies at different pHs of 7.4 and 5.5 

(blood plasma and intracellular vesicle pHs, respectively) will also be performed.423 

Moreover, spectroscopic characterisation by UV–Vis and high-performance liquid 

chromatography tandem mass spectrometry (HLPC–MS/MS) to verify drug 

encapsulation and quantitatively evaluate the amount of released drug will be performed. 
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These studies will enable optimisation of the drug encapsulation protocols to produce the 

most highly stable SPION formulations for biological use. 

Additionally, the synergistic ratio of anti-melanoma drugs (dabrafenib and trametinib) 

will be established using synergy method assessment. Intrinsic or acquired melanoma 

resistance to conventional, targeted and antibody-based therapies represents a significant 

obstacle for durable clinical response hindering the efficacy of both new and older 

generation therapies, however synergistic drug combination can minimise adverse effects 

while maximising therapeutic effects of these therapies. Chou–Talalay method 

comparing Loewe additivity and Bliss independence methods of non- and constant drug 

ratio will be performed. Using a panel of melanoma cell lines characterised at the 

genotypic level and selected to represent the heterogeneity observed in patients, the 

efficacy of drug-loaded α-MSH-SPIONs will be tested by assessing cell viability 

compared to free drug treatment and drug-loaded NPs. Protein extractions will be 

assessed for phosphorylated ERK (directly downstream of active MEK signalling) 

compared to total ERK by Western blot, to assess drugs activity in cells.  

 
 

4.2. Results 

4.2.1. α-MSH-SPIONs effects on melanogenesis and nano-toxicity  

Melanocyte-specific markers, such as tyrosinase, pre-melanosome protein 17 (Pmel-17), 

melan-A and microphthalmia-associated transcription factor (MITF) protein levels were 

analysed. Both Pmel-17 and tyrosinase are regulated by the master transcription factor 

MITF and have been demonstrated to be a sensitive diagnostic marker for 

melanoma.424,425 Different levels of MITF expression can be explained through the wide 

range of its activity levels, which determine the fate of melanoma cells. Melanoma cells 

expressing MITF at a high level can either differentiate or proliferate.426 MITF expression 

and activity in melanoma cells are determined by genetic alterations (various mutations 

and amplification of MITF are found in melanoma cells), epigenetics, changes in 

signalling pathways and microenvironment.427 Combinations of those factors determine 

the activity of MITF, which contributes to different cellular potential. This may explain 

variable MITF expression levels across melanoma lines, but also between different areas 

of individual tumour samples (heterogeneity and diversity of melanoma tumours).428  

A higher expression of MITF defines a proliferative phenotype, whereas higher 

expression of TCF4 (Transcription Factor 4) and Wnt5a (Wnt Family Member 5A) is 
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associated with an invasive phenotype.429 Western immunoblotting was used to analyse 

the expression of various melanoma markers. All samples expressed diverse levels of 

tested markers. A proliferative cell line SKMEL-24 expressed exceptionally low levels 

of MITF, yet relatively high levels of melan-A associated with invasion. The invasive 

cell line SKMEL-28 expressed very high levels of MITF, but low levels of melan-A 

(Figure 4.1).  

Expression levels of MC1R mRNA have previously been analysed using the microarray 

dataset GDS1375 from the NCBI Gene Expression Omnibus database; this showed that 

MC1R mRNA expression levels significantly increased in melanoma compared to normal 

and benign tissues.430 MC1R protein mRNA levels were tested in melanoma and 

melanocyte cell lines. Human melanoma cell lines (A375, SKMEL-28, SKMEL-24, 

A2058 and M202) and a human melanocyte cell line (HEMA) all demonstrated MC1R 

protein expression (Figure 4.1). MC1R protein expression in normal melanocytes was 

reduced compared to melanoma cells (as previously established, microarray dataset 

GDS1375).  

MC1R is a highly polymorphic G protein-coupled receptor, which modulates 

pigmentation and inflammation processes. There are several common point mutations in 

the human MC1R that are associated with red-heads and pale-skinned individuals 

(Table 4.1).431 All variants of the human MC1R demonstrate some level of potency to 

bind α-MSH peptides and regulate intracellular cAMP (all receptor variants show 

decreased basal cAMP activity levels).432 MC1R variants modulate MITF transcription 

factor signalling, affecting tumour cell proliferation, apoptosis and DNA repair. Studies 

have shown a potential survival benefit for MC1R variants in melanoma patients.433 

In the selected panel, MC1R levels varied across melanoma cell lines.434 Western blot 

analysis showed A375 and SKMEL-24 cell lines to have unusually high levels of MC1R 

protein expression. For the use of humanised mouse and PDX models in in vivo studies, 

it is of note that mouse Mc1r expression is ~10–fold higher on the cell surface compared 

to human (e.g. murine cell line GEMMM5555).435 Murine Mc1r promoter has five 

binding sites for Mitf, whereas the human MC1R promoter has only a single site435; this 

could explain potential differences in targeting studies. Studies have also shown, that 

human MC1R has a higher affinity to α-MSH and shows more potent signalling response 

to the hormone; however, in melanoma cells, melanotropic peptides inhibit cells through 

the cytostatic mechanism.436 Overall, MC1R could represent a suitable targeting receptor 

for mediating α-MSH targeted SPIONs uptake in human and murine melanoma cell lines. 
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Table 4.1 Characterisation and polymorphism frequencies of MC1R variants in melanoma, associated with hair and skin type. 

MC1R 
RHC 

variant 
Mutation 

Base 
change 

Nucleic 

mutation 
Exon 

Position 
in 

protein 

Allele freq. 
red hair 

Caucasian 

Allele freq. 
non-red 

hair 
Caucasian 

Phenotype Remarks 

R151C437,438 R Arg151Cys CGC→TGC 451 C>T 1 2nd ICL 0.417 0.066 RHC 

Strong RHC allele, most frequent MC1R mutation, 
reduced cell surface presentation and cAMP 

production, standard G-protein coupling and α-MSH 
binding, efficient cAMP activation 

V92M439,438 r Val92Met GTG→ATG 274 G>A 1 2nd TM 0 0.119 
Polymorphism 

NMSC 
Normal cell surface presentation, efficient cAMP 

activation, reduced α-MSH binding 

V60L440 r Val60Leu GTG→TTG 178 G>T 1 1st TM 0.028 0.129 
Albinism, 

NMSC, BCC 

Close to cAMP recognition site, less reduced cAMP 
production, medium reduced cell surface 

presentation, regular α-MSH binding 

R163Q441,442 r Arg163Gln CGA→CAA 488 G>A 1 3rd TM 0 0.042 
Vitiligo, NMSC, 

BCC 
Slightly reduced cell surface presentation and α-MSH 

binding, efficient cAMP activation, cAMP induction 

I155T443 R Ile155Thr ATC→ACC 464 T>C 1 2nd ICL 0.009 0.014 
RHC, NMSC, 

BCC 

Strong RHC allele, strongly reduced cell surface 
presentation 

and cAMP induction 

 

Some inherited variants in the MC1R gene are associated with red hair and have been classified into strong ‘R’ and weak ‘r’ red hair alleles. Red hair is predominantly seen in the R/R 

and R/r groups. Variant ‘R’ is an indel (insertion or deletion of bases), variant ‘r’ has a benign substitution, does not change biochemical properties of the amino acid, synonyms change 

is considered as wild type.444  

Abbreviations; Arg, R: Arginine, Cys, C: Cysteine, Gln, Q: Glutamine, Ile, I: Isoleucine, Leu, L: Leucine, Met, M: Methionine, Thr, T: Threonine, Val, V: Valine, ICL: intracellular 

loop, TM: transmembrane domain, freq.: frequency, NMSC: non-melanoma skin cancer, BCC: basal cell carcinoma, MC1R: melanocortin 1 receptor, α-MSH: α-melanocyte-

stimulating hormone, cAMP: cyclic adenosine monophosphate. 
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Figure 4.1 Melanogenesis biosynthetic pathway in melanoma and melanocyte cell lines. 

Representative Western blots of A375, SKMEL-28, SKMEL-24 A2058, M202 and HEMA cell lysates 

were tested for expression levels of melanocyte-specific markers: tyrosinase, Pmel-17, melan-A and MITF. 

Expression levels of the MC1R targeting receptor of interest were tested across the whole panel. α-Tubulin 

was used as a loading control.  

 

As a potential chemotherapeutic delivery system, α-MSH targeted SPIONs ideally should 

not promote cell proliferation; therefore, the effects of α-MSH peptide on the 

melanogenesis signalling pathway in melanoma were investigated. In a panel of 

melanoma cell lines (A375, A2058, M202 and M229) that express MC1R – the native 

receptor for α-MSH ligand - activation of the pigmentation signalling pathway was tested 

(Figure 4.2). Western immunoblotting was performed on cell lysates after treatment with 

different concentrations of the free α-MSH peptide after 24- and 72-hours incubation 

periods.  

Gene expression of melan-A, a melanocytic differentiation and diagnostic marker, 

is limited to melanocytes in the skin, retina, melanocytic nevi and malignant 

melanoma.445 Expression levels of melan-A can be linked to the differential diagnosis of 

melanocytic tumours, especially metastatic tumours and invasive or proliferative profile 

of the investigated cell lines (Figure 4.2 B).  

Pmel-17, a melanocyte differentiation antigen, is naturally expressed at low levels in 

normal cell lines and tissues but is upregulated in normal melanocytes and melanoma 

cells.446 Differential levels of Pmel-17 were observed in all the cell lines, indicating 

variability in expression levels of the melanogenesis signalling pathway and 

morphogenesis of melanosome precursor (Figure 4.2 B). 

Tyrosinase determines the colour of mammalian skin and hair and its accumulation results 

in dermatological disorders, such as melasma, age spots and actinic damage. 



Chapter 4 

167 

The regulation of tyrosinase expression and melanogenesis can be found in 

Chapter 1, Figure 1.4. During melanogenesis, the expression of tyrosinase is 

upregulated, and its activity is stimulated by α-MSH through the cAMP (cyclic adenosine 

monophosphate) pathway.447 α-MSH peptide binds to MC1R receptor on the cell surface 

and activates adenylate cyclase, which elevates intracellular cAMP levels. cAMP induces 

expression of tyrosinase and TYRP1/2 enzymes, which results in the phosphorylation of 

CREB (cAMP response element-binding protein). MITF binds the M-box sequence 

(AGTCATGTGCT, MITF-binding sites) located in the TDEs (tyrosinase distal elements) 

of TYRP1/2 and regulates their expression. The MITF gene promoter itself contains the 

CRE sequence (cAMP response element), thus its expression is likely upregulated by α-

MSH induced expression of MITF through a cAMP-dependent pathway.426,31 An increase 

in tyrosinase levels in human melanocytes is a modest response to α-MSH stimulation. 

Intracellular cAMP elevating agents, such as forskolin have been shown to upregulate 

MITF levels without the induction of tyrosinase.448 This suggests post-transcriptional 

regulatory mechanisms of MITF protein induction and confirms that α-MSH not only 

triggers the transcription of tyrosinase but also stimulates post-translational increases of 

its activity which can be observed in the melanoma cell line panel (Figure 4.2). α-MSH 

stimulates the MITF signalling pathway in cell lines A375 and M202, whereas its 

inhibitory results were observed in A2058 and M229 cell lines (Figure 4.2 A and B). 

Taken together, A375, M202, A2058 and M229 cells appear to be the most promising 

reporter cell lines for studies with α-MSH conjugated SPIONs. Both A375 and M202 

responded in a proliferative manner to the treatment and represent unpigmented and 

pigmented cell lines, respectively, whereas A2058 and M229 cell lines demonstrated 

inhibitory responses after hormonal treatment and represented unpigmented and 

pigmented cell lines, respectively. 
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Figure 4.2 α-MSH effects on melanogenesis biosynthetic pathway in melanoma. A) Representative 

Western blots of A375, A2058 and M202 melanoma cell lysates were treated with free α-MSH peptide 

broad concentrations range for 24 hours to tested induction of MITF, Pmel-17 and tyrosinase. α-Tubulin 

was used as a loading control. B) Western blots of A375, A2028, M202 and M229 melanoma cell lysates 

were treated with free α-MSH peptide small concentrations range for 72 hours to tested induction of MITF, 

Pmel-17, melan-A and tyrosinase. α-Tubulin was used as a loading control.  

 

Consequently, a proliferation study was performed on a cell line with low expression of 

both MITF and MC1R (A549; human epithelial lung carcinoma), α-MSH sensitive 

(A375; melanoma cell line) and normal human melanocytes (HEMA) cells, as described 

in Chapter 2, section 2.6.8. Cell lines were treated with a range of concentrations (0.01–

100 µM) of free α-MSH peptide for 24 to 120 hours (Figure 4.3). All tested cells tolerated 

α-MSH peptide to some extent (up to 10 µM), confirming α-MSH targeted SPIONs have 

no-to-low proliferative or toxic effects in vitro. Finally, a panel of selected cell lines was 

used to assess α-MSH-conjugated SPIONs effects on the pigmentation signalling 

pathway (Figure 4.4). A panel of HEMA, A375, M202 and A2058 cell lines were treated 
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with 100 µM free α-MSH peptide, non-targeted pegylated SPIONs and α-MSH targeted 

SPIONs. Western immunoblotting revealed non-significant changes in the pigmentation 

signalling pathway caused by non- and targeted SPIONs in all treated cell lines, as 

expected. Targeted α-MSH-SPIONs are unable to increase the proliferation of melanoma 

cells in vitro (Professor Francesca Baldelli-Bombelli group, unpublished data). 

 

 

Figure 4.3 Induction of MC1R mediated melanogenesis biosynthetic pathway in melanoma. The panel 

of cell lines; A375, A549 and HEMA was tested against a range of concentrations of the free α-MSH 

peptide, pegylated and targeted α-MSH conjugated NPs. Panel A) represents cell proliferation effects, and 

panel B) apoptotic effects on cells. Data represent mean ± SD from three biologically independent 

experiments using technical triplicates per data point, (fold change relative to control). 
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Figure 4.4 SPIONs effects on melanogenesis biosynthetic pathway in melanoma. Representative 

Western blot results of HEMA, A375, M202 and A2058 cell lysates treated with 100 µM free α-MSH 

peptide, pegylated non-targeted NPs (PEG-NPs) and targeted α-MSH conjugated NPs (PEP-NPs) for 

24 hours. α-Tubulin was used as a loading control. 

 

4.2.2. Pharmacodynamic studies of MAPK and PI3K/AKT pathway  

In pharmacodynamic studies, on MAPK and PI3K/AKT pathway activation, the effects 

of BRAF and MEK inhibitor were investigated. Western blot analysis was performed on 

melanoma cell lines A2058, A375, M202 and GEMM5555, to assess the effects of 

dabrafenib (DBF; BRAFi), trametinib (TRA; MEKi), α-MSH-SPIONs and the 

combination treatments.  

Acquired resistance to combination BRAFi/MEKi and BRAFi monotherapy occurs in 

most metastatic melanoma patients with BRAFV600E/K mutation.449 Melanoma acquired 

resistance includes resistance effectors such as BRAF copy number gains, MEK1/2 and 

NRAS mutations, a gain of function mutation of NRAS and KRAS, overexpression of 

receptor tyrosine kinases, oncogenic AKT1/3 mutations and loss of function PTEN 

mutations.450,451,452 However, BRAFV600E mutant melanomas can display an early 

adaptive response to BRAFi, resulting in increased PI3K/AKT activity, the majority of 

resistant tumours display MAPK signalling reactivation.452 Several studies have 

demonstrated that co-targeting of the PI3K/AKT/mTOR signalling pathways can 

effectively reverse acquired resistance to the growth-suppressive effects of BRAFi.453 

Western blot results in Figure 4.5 show the effects of single agents; DBF (0.1 µM) and 

TRA (0.01 µM), the combination of both and both agents loaded into α-MSH-SPIONs 

for 72 hours, on melanoma cell lines. 

Both single agents, DBF and TRA, were less active than their combination with or 

without α-MSH-SPIONs at inhibiting the MAPK pathway; this suggests that 

a combination of both agents enhanced the apoptosis process and Cyclin D1 reduction 

more effectively than single treatments. However, administration of TRA almost 
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completely suppressed ERK1/2 phosphorylation. Interestingly, the baseline expression of 

phosphorylated AKT in the GEMM5555 cell line was reduced (a downstream marker of 

PI3K signalling). Moreover, in the M202 cell line (PTENWT; a negative PI3K/AKT 

regulator), the AKT phosphorylation in the presence of BRAFi/MEKi was suppressed, as 

would be expected in PI3K/AKT resistance response to BRAFi/MEKi in melanoma 

cells.453 

DBF with TRA in combination with α-MSH-SPIONs showed similar effects, being 

especially effective in A375 cell line (BRAFV600E/+ homozygous). Notably, most resistant 

to single treatments was the wild type BRAF cell line M202, which showed significant 

inhibition of the MAPK pathway when treated with drug-loaded α-MSH-SPIONs. 

In almost all the cell lines, exposure to the BRAFi for 72 hours resulted in the dose-

dependent phosphorylation of MEK and ERK, revealing a paradoxical MAPK activation 

in following treatment groups; A2058 (TRA, DBF/TRA and DBF/TRA + NPs), 

GEMM5555 (DBF and TRA) and M202 (DBF/TRA + NPs). Paradoxical activation of 

MEK/ERK pathway has been primarily accredited to the formation of BRAF 

heterodimers that stimulate ERK signalling, due to selective BRAF inhibition.101 

Interesting, the MAPK pathway activation response was more variable in the MEKi 

treated groups; which was observed in the GEMM5555 cell line, but only when treated 

with DBF/TRA and DBF/TRA + NPs combination (p-MEK band completely gone). 

Single-agent and combination treatment with the MEKi efficiently inhibited ERK 

phosphorylation in the A375 cell line (reduced BRAF inhibition-induced ERK 

phosphorylation).  
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Figure 4.5 Effects of BRAF and MEK inhibitors with NP combination on MAPK and PI3K/AKT 

pathway. Representative Western blot results of M202, A375, A2058 and GEMM5555 cell lysates were 

treated with targeted α-MSH conjugated NPs, dabrafenib (0.1 µM DBF), trametinib (0.01 µM TRA), 

combination (DBF/TRA) and NP loaded with combination (NP + 0.1 µM DBF/ 0.01 µM TRA) for 

72 hours. α-Tubulin was used as a loading control.  

 

4.2.3. Intracellular fate and mapping of α-MSH-SPIONs  

The melanogenesis is a biosynthetic pathway for the formation of the melanin pigment, where 

α-MSH, MC1R, MITF and Tyrosinase play a key role in triggering melanoma development. 

As a targeting moiety, α-MSH conjugated to SPIONs is believed to target and accumulate 

in melanoma tissue.32 MC1R is a significant regulator of pigmentation of the skin and thus 

determining the skin phototype, and sensitivity.26 Overexpression of the MC1R on melanoma 

cells is an attractive target for the development of α-MSH-based imaging and therapeutic 

agents. Current studies proved α-MSH to be a successful targeting moiety, demonstrating 

high-affinity receptor binding in in vitro B16F10 murine melanoma cell line, as well as in 

in vivo α-MSH targeting melanoma-bearing C57BL/6 mice.454,455 The accumulation of α-
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MSH conjugated particles in melanoma tumours was confirmed after 24 hours of intracardiac 

injection.456,457,458  

MC1R is overexpressed at the surface of human melanocytes (700–1000 receptors per 

cell)459, human melanoma cells (a few thousand per cell)401 and mouse melanocytes 

(approx. 10,000 per cell)460. MC1R has been suggested to be expressed in other cell types 

such as keratinocytes, fibroblasts, endothelial cells, sebocytes, Langerhans cells, 

monocytes, dendritic cells, neutrophils, granulocytes, natural killer cells, osteoclasts and 

many others (skin and pigmented retinal epithelium (PRE) of the eye).461 These tissues 

will be of particular focus to test if α-MSH-SPIONs accumulate in these sites. Despite this 

fact, MC1R mRNA levels were shown to be much lower in non-melanocytic cells, which 

suggests that MC1R expression is not sufficient enough to facilitate α-MSH binding in 

cell types other than melanocytes.462 This suggests that despite low MC1R expression 

throughout the body, the relevant expression is only found in melanocytes or melanoma 

cells. 

To determine the intracellular fate of α-MSH-SPIONs in melanoma, immunofluorescent 

in vitro staining was performed. Intracellular trafficking of α-MSH-SPIONs was firstly 

assessed. The intracellular distribution of SPIONs was assessed using confocal imaging 

with an antibody stain against LAMP-1 (Lysosomal-associated membrane protein-1, 

lysosomal marker), EEA-1 (early endosome autoantigen-1, early endosomes marker) and 

CAV-1 (Caveolin-1, Caveolae marker). Cells were incubated with 1012 α-MSH-SPIONs 

per ml up to 48 hours. As previously expected, α-MSH-SPIONs entered melanoma cells 

through the endocytic mechanism and were entirely removed from cells after 24 hours. 

Co-localisation of LAMP-1 with α-MSH-SPIONs, indicates accumulation of particles in 

late endosomes, lysosomes and/or caveolar endocytic vesicles (Figure 4.6 A).  

The plasma membrane entry mechanism was assessed by confocal microscopy to confirm 

MC1R-mediated endocytotic uptake mechanism. The study was performed using the β-

arrestin a G protein-coupled receptor protein (GPCR), which desensitises MC1R. GPCRs 

are heterotrimeric G-proteins associated with seven-transmembrane-helix MC1R. 

Bonding of the agonist receptor triggers G-protein dissociation into Gα and Gβγ, resulting 

in downstream signalling via adenylate cyclase (AC). G protein-coupled receptor kinases 

(GRKs) phosphorylate the receptor and recruit β-arrestin, resulting in desensitisation. 

After receptor internalisation via β-arrestin/clathrin binding, the receptor follows cell 

surface recycling or degradation following the ubiquitination of β-arrestin. 

This internalisation concept will be used to deliver drug-loaded α-MSH-SPIONs into 
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melanoma cells. Ideally, α-MSH conjugated SPIONs should take over the agonist binding 

receptor and internalise avoiding the ABC transporters.463–465 

Melanoma cell lines were treated with 1012 α-MSH-SPIONs per ml up to 48 hours. 

Cells were stained with Cell Mask and DAPI, while α-MSH-SPIONs were imaged 

through reflective light (yellow). The co-localisation study with β-arrestin (red) confirms 

MC1R mediated endocytosis as a mechanism of entry of α-MSH-SPIONs. 

The accumulation of α-MSH-SPIONs (yellow) imaged through reflective light, mirrored 

β-arrestin stain (red) (Figure 4.6 B). 

 

 

Figure 4.6 Intracellular fate of α-MSH-SPIONs. A) Representative images of intracellular uptake of 1012 

NP/ml of α-MSH-SPIONs in A2058 melanoma cell line at 1, 6, 12, 24 and 48 hours incubated with α-

MSH-SPION. Untreated control, blue: nuclei, green: cellular matrix, red: α-MSH-SPIONs (reflective light 

microscopy). White arrows indicate α-MSH-SPIONs localised in lysosomes (LAMP-1, antibody). 

B) A2058 cell line has been challenged with 1012 NP/ml of α-MSHS-SPIONs for 24 hours. Cells were 

stained for cell membrane (green; cell mask), nuclei (blue, DAPI) and α-MSH-SPION (yellow, reflection). 

Overlay of β-arrestin (red, antibody) and α-MSH-SPION (yellow, reflection). White arrows indicate α-

MSHS-SPIONs localised in a perinuclear region of the cell. Scale bars indicated.  
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Consequently, α-MSH-SPIONs were loaded with a hydrophobic, fluorescent dye 

(Nile red, NR) to perform a proof of drug release concept study. The intracellular release 

of fluorescent and hydrophobic compounds from α-MSH-SPIONs was tested in A2058 

melanoma cell line and performed by Dr Carl Webster (Figure 4.7 A). α-MSH-SPIONs 

targeting in non- and melanoma cell lines was also confirmed by flow cytometry 

experiments, performed Dr Carl Webster (Figure 4.7 B). Crucially the α-MSH-SPIONs 

target both human and murine melanoma cells with equal capacity, as assessed by flow 

cytometry, allowing the use of the mouse as a suitable model to assess the in vivo targeting 

ability of α-MSH-SPIONs. As expected, both experiments confirmed α-MSH-SPIONs to 

have drug-carrying potential and controlled intracellular release and α-MSH peptide to 

be a selective, suitable targeting moiety for SPIONs drug delivery systems in melanoma 

treatment.  

 

 
 

Figure 4.7 Nanoparticle intracellular drug release and targeting. A) Representative confocal 

microscopy images of α-MSH-SPIONs intracellular 24 hours dye release in A2058 melanoma cells. 

Blue: nuclei, red: Nile red (NR) release and green: α-MSH-SPIONs reflective light, scale bars indicated. 

B) Quantification flow cytometry uptake analysis in B16F10, A2058, A549 and HEMA cells. SPIONs-NR 

and α-MSH-SPIONs-NR uptake were compared after 5 hours. Geometric mean was normalised to control 

(mean ± SD, n = 6, statistical significance; p-Value < 0.05*, < 0.01**). Experiments performed by Dr Carl 

Webster at the University of East Anglia, Norwich, UK. 
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4.2.4. Biodistribution and nano-toxicity of α-MSH-SPIONs  

Fully functionalised and targeted SPIONs were tested in an in vivo mouse model at the 

Istituto di Ricerche Farmacologiche “Mario Negri” (IRCCS, Milan, Italy), using 

magnetic response imaging (MRI T2) to assess toxicity effects and α-MSH-SPIONs 

biodistribution. MRI coronal slices from the epigastric and mesogastric regions revealed 

NP accumulation in the liver and kidneys compared to vehicle (PBS) only treated controls 

(Figure 4.8 A). Subsequently, post-mortem histopathology analysis of the corresponding 

tissue sections (liver and kidneys) demonstrated significant iron oxide (SPION core) 

accumulation, as assessed by Prussian Blue Perl’s staining, corroborating the 

MRI analysis. No morphological abnormalities or toxicities were found in tested tissues, 

highlighting little-to-no toxicity in mammalian tissues. (Figure 4.8 B).  

 

 

 

Figure 4.8 SPIONs targeting and biodistribution. A) α-MSH-SPION biodistribution in wild type mouse 

model. Representative MRI images showing coronal slices from treated mice corresponding to the 

epigastric (left column) and mesogatric region (right column). L: liver and K: kidneys. B) Comparison of 

corresponding Perl’s staining for iron deposits in the liver and kidneys. Tissues counter-stained with eosin. 

Experiments performed by Dr Paolo Bigini at the Istituto di Ricerche Farmacologiche “Mario Negri” 

(IRCCS, Milan, Italy).  
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4.2.5. Drug screening of melanoma cell lines  

Three anti-melanoma compounds, (dabrafenib; DBF, trametinib; TRA and paclitaxel; 

PTX) were selected to identify possible combinations with α-MSH-SPIONs, as a novel 

targeted anti-melanoma drug therapy in BRAFV600E and BRAFWT melanoma cell lines. 

The compound mechanisms of action, physicochemical properties and hydrophobic 

embedding susceptibility to α-MSH-SPIONs were considered. Standard anti-melanoma, 

single and combinational therapies (DBF and TRA), were selected to use concomitantly 

with α-MSH-SPIONs to reduce the acquired drug resistance associated with these 

therapies potentially.466 Subsequently, DBF and TRA combination loaded into α-MSH-

SPIONs could become a unique targeted therapy selectively inhibiting melanoma growth.  

Paclitaxel (PTX), a chemotherapy medication (FDA approved in 1992), is used in the 

treatment of ovarian, breast, lung, bladder, prostate, cervical, pancreatic, melanoma, 

Kaposi’s sarcoma and oesophageal cancer.467,468 PTX, due to its physicochemical 

properties and high hydrophobic embedding susceptibility (comparable with Nile red 

loading efficacy), was selected as a proof of concept study in the NP drug-loading 

approach.469,470 The panel of genetically-diverse melanoma cell lines (human: A375, 

A2058, M202, M229, SKMEL-28, SKMEL-5 and murine: GEMM5555) and non-

melanoma control cell lines (HeLa and A549), were selected.  

Initial compound screening on selected cell lines measured the effects of PTX, DBF and 

TRA using MTT assay; these can be found in Figure 4.9. Drug screening determined the 

effects of compounds on cell viability 72 hours after treatment. Within the nine cell lines, 

range of sensitivity and resistance to the compounds was established (cell line resistance 

to the treatment decreases from black to respective colour; see the legend for Figure 4.9).  

As a result, the four most responsive cell lines; A375 BRAFV600E/V600E, 

A2058 BRAFV600E/+, GEMM5555 BRAFV600E/+ and M202 BRAF+/+ were selected for 

further characterisation with α-MSH-SPIONs, representing both DBF and TRA sensitive 

and resistant panels of melanoma cell lines. BRAFV600E/V600E (homozygous) melanoma 

cell lines show sensitivity to DBF, where BRAFV600E/+ (heterozygous) and 

BRAF+/+ (wild type) are more susceptible to TRA effects (Figure 4.9 IC50 table).  

The broad response range to the compounds can be accredited to the high mutation status 

in melanomas, which plays a role in the cytotoxic response (mutation occurrence in 

cutaneous melanomas: 50–60 % BRAF, 15 % NRAS, 22 % PTEN, 22% PI3 kinase, 10–

20 % AKT and less common; MITF, CCND1, EGFR, MC1R and CDKN2A).471 

https://en.wikipedia.org/wiki/Chemotherapy_medication
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Figure 4.9 In vitro cell viability and cytotoxicity drug screening. Screening of melanoma cell line panel 

with A) paclitaxel (PTX), B) dabrafenib (DBF) and C) trametinib (TRA) with IC50 results listed in 

corresponding tables (BRAF and MC1R mutation status indicated in the tables). Cells were seeded at 

a density of 4000 cells/well and incubated at 37oC for 72 hours before reading the plates. Cell line resistance 

to the treatment decreases from black to respective colour. Data represent mean ± SD from three 

biologically independent experiments using technical triplicates per data-point. HET: heterozygous, 

HOM: homozygous, WT: wild type, na: not applicable.  
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4.2.6. Drug encapsulation of α-MSH-SPIONs 

The encapsulation of hydrophobic compounds into a nano-carrier exploits the 

hydrophobic interaction of the drug to incorporate spontaneously into the hydrophobic 

region of the NP. Desired compounds were encapsulated via non-covalent hydrophobic 

interactions into the hydrophobic shell of targeted (α-MSH-SPIONs) and non-targeted 

(SPIONs) nano-carriers .  

 

4.2.6.1. Nile red loading, release and detection  

Firstly, a hydrophobic dye Nile red (NR; a small lipophilic molecule with fluorescent 

properties), was used as proof of concept for the encapsulation of small hydrophobic 

compounds.472 The encapsulation process was performed as described in 

Chapter 2, section 2.6.3, which resulted in an aqueous dispersion of the targeted NPs at 

a concentration of 1012 NP/ml with a final concentration of hydrophobically entrapped 

50 µM NR. The NP mixture was then dialysed against PBS for 24 hours to ensure the 

removal of NR surplus (no precipitate was found in the dispersion before or after 

purification). The successful capsulation of 50 µM NR was evaluated using 

a spectrophotometer. NR concentration was determined based on the best fitting of the 

Lambert–Beer equation as described in Chapter 2, Equation 2.2. 

Absorption spectra of the NR in methanol (MeOH) were measured in the range from 400 

to 650 nm, and emission spectra were measured between 510 and 800 nm using 

a spectrometer with excitation at 480 nm. Figure 4.10 A and B displays the overlay 

emission spectra of the following analysed samples; free unbound 50 µM NR in MeOH, 

NR-loaded NPs, purified NR-loaded NPs, unloaded NPs in PBS and MeOH. The UV–

VIS absorption and fluorescence emission spectra of free NR was recorded at maximum 

excitation peak at 552 nm and an emission peak at 635 nm. The minimal background 

fluorescence was recorded in control samples; empty NPs and MeOH. After NR 

encapsulation, NR-loaded NPs produced absorption spectra at 560 nm and fluorescence 

spectrum with a maximum of emission at 635 nm, however, much lower emission 

intensity was observed as expected. After purification dialysis of NR-loaded NPs, a slight 

decrease in fluorescence emission intensity was observed, confirming the removal of 

excess unbound NR. The hydrophobic compound was successfully embedded in the 

hydrophobic region of the polymeric shell of the nano-carrier. 

Subsequently, in vitro dynamic modelling of compound release from the α-MSH-SPIONs 

study was performed to establish compound stability in sink conditions and confirm 
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subsequent drug release. NR release from targeted α-MSH-SPIONs over time in pH range 

was performed using a dynamic dialysis method. Human serum albumin concentration in 

the blood ranges from 35–50 mg/ml (3.5 % (w/v)), hence the addition of 20 mg/ml bovine 

serum albumin (BSA, 2 % (w/v)) to the dispersion and release media should mimic the 

required biological environment for drug delivery.423,473  

The following samples were prepared and analysed as described in detail in 

Chapter 2, section 2.6.3.6; i) PBS + 2 % BSA (w/v) at pH 7.4 + free NR ii) PBS at 

pH 7.4 + free NR, iii) PBS + 2 % BSA (w/v) at pH 5.0 + α-MSH-SPIONs+NR and 

iv) PBS + 2 % BSA (w/v) at pH 7.4 + α-MSH-SPIONs+NR. Samples were placed in the 

dialysis bag immersed in 25 ml of aqueous PBS media containing 2 % (w/v) BSA. 

At predetermined time points, the equilibrated solution was recovered and replaced with 

new release media, in order to maintain sink conditions. NR content in the release media 

was determined spectrophotometrically (Figure 4.10 C). Over the time course of 

48 hours, the release of free NR from the dialyses bag in BSA free media, reached 52 %, 

whereas the presence of 2 % BSA (w/v) media noticeably increased compound kinetic 

release with the release media resulting in a higher 59 % stable release. Polymeric coating 

shell of the α-MSH-SPIONs triggered in acidic pH conditions such as tumour 

extracellular (pH 6.5–7.2), endosomal (pH 5.5–6.0) and lysosomal environment (pH 4.5–

5.0), should disintegrate and consequently release the hydrophobic region content into 

the surrounding environment.474 α-MSH-SPIONs are designed to be delivered 

intravenously; the extremely low pH of gastric fluid (pH 1.2) could destroy the nano-

carrier coating and targeting moieties before it reached its destination.475  

α-MSH-SPIONs loaded with NR in an acidic environment (pH 5.0) exhibited a 46 % 

release when compared to physiological (pH 7.4) conditions of only 31 %. Extrapolated 

data from NR release can be found in Figure 4.10 E. An acidic pH environment triggers 

release from the NP coating; furthermore, the presence of BSA in the receiving media 

increases its hydrophobicity and aids the hydrophobic compound release.  

Consequently, the entrapment efficacy, drug recovery and loading capacity were 

calculated for both targeted α-MSH-SPIONs and non-targeted SPIONs (Figure 

4.10 D and F), as described in Chapter 2, sections 2.6.3. Entrapment efficiency (EE) 

describes the amount of drug successfully entrapped into NPs i.e. 30 % EE means that 

30 % of drug is entrapped into the NPs. Loading capacity (LC) describes amount of the 

drug successfully entrapped into NPs after separation from the media (30 % LC means 
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that 30 % of the NPs weight is composed of the drug, hence 1 mg NPs contains 0.3 mg 

of drug). 

Entrapment efficacy appeared to be higher (91 %) for α-MSH-SPIONs, whereas for non-

targeted SPIONs it was only 73 %; this could be associated with the presence of the 

peptide on the NPs surface, interfering with the hydrophobic loading mechanism. 

The drug recovery and loading capacity of both NPs were almost identical, ranging from 

44 % to 49 % and 29 % respectively. Figure 4.10 G describes the Langmuir isotherm 

binding affinity model of α-MSH-SPIONs and NR, with an inset Scatchard plot. 

Scatchard equation calculates the affinity and number of binding sites of a receptor for 

a ligand.476  

Binding affinity is measured by the equilibrium dissociation, which is used to evaluate 

the strength of biomolecular interactions, as described in Chapter 2, section 2.6.3.4.  

The smaller the KD value, the greater the binding affinity of the ligand to the target.173 

Binding constant KD for NR and maximum binding sites (a maximum amount of 

compound + NP complex) was determined; 6∙10-6 M and 65.5 µM in 1012 α-MSH-

SPIONs per ml, respectively. Loading capacity of 1012 α-MSH-SPIONs with NR is 

approximately equal to 0.29 mg NR in 1 mg NPs. Figure 4.10 H demonstrates the 

chemical structure of Nile red. 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Receptor_affinity
https://en.wikipedia.org/wiki/Ligand
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Figure 4.10 Nile red encapsulation and analysis. A) UV-VIS absorption spectra of Nile red in MeOH α-

MSH-SPIONs. B) Fluorescence emission spectra of Nile red in MeOH with α-MSH-SPIONs. Overlay 

emission spectra representation. C) Nile red release from α-MSH-SPIONs over the time in pH range. 

D) Entrapment efficacy (EE), drug recovery (DR), loading capacity (LC). E) Calculated data from α-MSH-

SPIONs Nile red release. F) Calculated data from entrapment efficacy (EE), drug recovery (DR) and 

loading capacity (LC). G) Langmuir isotherm binding affinity model of α-MSH-SPIONs and Nile red. 

H) Chemical structure of Nile red. Data represent mean ± SD from three biologically independent 

experiments using technical triplicates per data-point.  
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4.2.6.2. Paclitaxel loading, release and detection  

Hydrophobic encapsulation of paclitaxel (PTX) was performed as described in 

Chapter 2, section 2.6.3, which resulted in an aqueous dispersion of targeted NPs at 

a concentration of 1012 NP/ml with final concertation of hydrophobically entrapped 

50 µM PTX. Successful encapsulation of 50 µM PTX was evaluated using a 

spectrophotometer, and PTX concentration was determined based on the best fitting 

Lambert–Beer equation as described in Chapter 2, Equation 2.2. Further evidence can 

be seen in the Appendix, Figure A.1 A. 

Figure 4.11 A and B displays the overlay emission spectra of the following analysed 

samples; free unbound 50 µM PTX in MeOH, PTX-loaded NPs, purified PTX-loaded 

NPs, unloaded NPs in PBS and MeOH. The UV–VIS absorption and fluorescence 

emission spectra of free PTX, PTX-loaded NPs and after dialysis was recorded at 

maximum excitation peak at 230 nm and a very faint emission peak at 550 nm, however 

much lower emission intensity was observed for NPs after purification dialysis, 

confirming the removal of excess of unbound PTX and successful compound loading. 

Minimal background fluorescence was recorded in the empty NP and MeOH control 

samples. 

The in vitro dynamic modelling of PTX release from the α-MSH-SPIONs study was 

performed to establish compound stability in sink conditions and confirm subsequent 

drug release. PTX release from targeted α-MSH-SPIONs over time within the pH range 

was performed using a dynamic dialysis method. The following samples were analysed 

i) PBS + 2 % BSA (w/v) at pH 7.4 + free PTX, ii) PBS at pH 7.4 + free PTX, iii) PBS + 

2 % BSA (w/v) at pH 5.0 + α-MSH-SPIONs+PTX and iv) PBS + 2 % BSA (w/v) at pH 

7.4 + α-MSH-SPIONs+PTX. Samples were placed in the dialysis bag immersed in 25 ml 

of aqueous PBS media containing 2 % (w/v) BSA. PTX content in the release media was 

determined spectrophotometrically (Figure 4.11 C). Over a 48 hours period, the release 

of free PTX from the dialyses bag in BSA free media reached 58 %, whereas the presence 

of 2 % BSA (w/v) media aided hydrophobic interaction between PTX and media resulted 

in a higher 75 % release. α-MSH-SPIONs loaded with PTX in an acidic environment (pH 

5.0) exhibited 44% release compared to a physiological pH of only 32 %. Extrapolated 

data from PTX release can be found in Figure 4.11 E. Overall; this suggests that low pH 

acidic conditions affect release from NPs, and the addition of BSA increases 

hydrophobicity and aids the compound release.  
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Consequently, the entrapment efficacy (EE), drug recovery (DR) and loading capacity 

(LC) were calculated for both targeted α-MSH-SPIONs and non-targeted SPIONs 

(Figure 4.11 D and F). Entrapment efficacy of PTX appeared to be slightly higher (96 %) 

for α-MSH-SPIONs, whereas non-targeted SPIONs was 92 %. The drug recovery varied 

from 64 % (α-MSH-SPIONs ) up to 71 % (SPIONs). The loading capacity of both 

targeted and non-targeted NPs was almost identical at 40 % and 44% respectively. 

Figure 4.11 G describes the Langmuir isotherm binding affinity model of α-MSH-

SPIONs and PTX, with an inset Scatchard plot. Binding constant KD for PTX and 

maximum binding sites was determined; these were 5∙10-5 M and 55.5 µM in 1012 α-

MSH-SPIONs per ml, respectively. Loading capacity of 1012 α-MSH-SPIONs with PTX 

approximately equals 0.4 mg NR in 1 mg NPs. Figure 4.11 H demonstrates the chemical 

structure of PTX. 
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Figure 4.11 Paclitaxel encapsulation and analysis. A) UV-VIS emission spectra of paclitaxel in MeOH 

at 270 nm with α-MSH-SPIONs. B) Fluorescence emission spectra of paclitaxel in MeOH at 530 nm with 

α-MSH-SPIONs. C) Paclitaxel release from α-MSH-SPIONs over time in pH range. D) Entrapment 

efficacy (EE), drug recovery (DR), loading capacity (LC). E) Calculated data from α-MSH-SPIONs 

paclitaxel release. F) Calculated data from entrapment efficacy (EE), drug recovery (DR) and loading 

capacity (LC). G) Langmuir isotherm binding affinity model of α-MSH-SPIONs and paclitaxel. 

H) Chemical structure of paclitaxel. Data represent mean ± SD from three biologically independent 

experiments using technical triplicates per data-point.  
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4.2.6.3. Dabrafenib loading, release and detection  

Hydrophobic encapsulation of dabrafenib (DBF) was performed similarly, as described 

in Chapter 2, section 2.6.3, which resulted in an aqueous dispersion of the targeted NPs 

at a concentration of 1012 NP/ml with final concertation of hydrophobically entrapped 

50 µM DBF. HPLC–MS/MS was used for the quantitative measurement of the successful 

DBF encapsulation, as described in Chapter 2, section 2.6.4. Calibration and analytical 

curves were constructed using values for DBF sensitivity range of 78–10000 ng/ml in 

PBS (further evidence can be seen in the Appendix, Figure A.1 C). 

The in vitro dynamic modelling of DBF release from the α-MSH-SPION study was 

performed to establish compound stability in sink conditions and confirm subsequent 

drug release. DBF release from targeted α-MSH-SPIONs (NPs) over the time in pH range 

was performed using a dynamic dialysis method. The following samples were analysed 

i) PBS + 2 % BSA (w/v) at pH 7.4 + free DBF, ii) PBS at pH 7.4 + free DBF, iii) PBS + 

2 % BSA (w/v) at pH 5.0 + α-MSH-SPIONs+DBF and iv) PBS + 2 % BSA (w/v) at pH 

7.4 + α-MSH-SPIONs+DBF. Samples were placed in the dialysis bag immersed in 25 ml 

of aqueous PBS media containing 2 % (w/v) BSA. At predetermined time points, the 

equilibrated solution was recovered and replaced with new release media, in order to 

maintain sink conditions. DBF content in the release media was determined 

spectrophotometrically (HPLC–MS/MS). Over the time course of 48 hours, the release 

of free DBF from the dialyses bag in BSA free media reached 62 %, whereas the presence 

of 2 % BSA (w/v) media aided hydrophobic interaction between DBF and media resulted 

in a higher 68 % release (Figure 4.12 A). α-MSH-SPIONs loaded with DBF in an acidic 

environment (pH 5.0) exhibited a 57 % release in comparison to a physiological pH of 

only 39 %. Extrapolated data from NP DBF release can be found in the Figure 4.12 C. 

Overall this suggests that low pH acidic conditions affect release from NPs, and the 

addition of BSA increases hydrophobicity and aids the compound release.  

Consequently, the entrapment efficacy (EE), drug recovery (DR) and loading 

capacity (LC) were calculated for both targeted α-MSH-SPIONs and non-targeted 

SPIONs (Figure 4.12 B and D). Entrapment efficacy of DBF appeared to be much higher 

(88 %) for SPIONs, whereas targeted α-MSH-SPIONs were only 58 %. The drug 

recovery varied from 30 % (α-MSH-SPIONs ) up to 47 % (SPIONs). The loading capacity 

of both targeted and non-targeted NPs was 29 % and 44 %, respectively. Figure 4.12 E 

describes the Langmuir isotherm binding affinity model of α-MSH-SPIONs and DBF, 

with an inset Scatchard plot. Binding constant KD for DBF and maximum binding sites 
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was determined; these were 1.2∙10-5M and 52.2 µM in 1012 α-MSH-SPIONs per ml, 

respectively. Loading capacity of 1012 α-MSH-SPIONs with DBF is approximately equal 

to 0.29 mg DBF in 1 mg NPs. Figure 4.12 F demonstrates the chemical structure of DBF. 

 

 

Figure 4.12 Dabrafenib encapsulation and analysis. A) Dabrafenib release from α-MSH-SPIONs over 

time in pH range. B) Entrapment efficacy (EE), drug recovery (DR), loading capacity (LC). C) Calculated 

data from α-MSH-SPIONs dabrafenib release. D) Calculated data from entrapment efficacy (EE), drug 

recovery (DR) and loading capacity (LC). E) Langmuir isotherm binding affinity model of α-MSH-SPIONs 

and dabrafenib. F) Chemical structure of dabrafenib. Data represent mean ± SD from three biologically 

independent experiments using technical triplicates per data-point.  

 

4.2.6.4. Trametinib loading, release and detection  

Hydrophobic encapsulation of trametinib (TRA) was performed as described in 

Chapter 2, section 2.6.3, which resulted in an aqueous dispersion of the targeted NPs at 

a concentration of 1012 NP/ml with final concertation of hydrophobically entrapped 

50 µM TRA. HPLC–MS/MS was used for the quantitative measurement of successful 

TRA encapsulation, as described in Chapter 2, section 2.6.4. Calibration and analytical 
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curves were constructed using values for a TRA sensitivity range of 7–1000 ng/ml in PBS 

(further evidence can be seen in the Appendix, Figure A.1 B). 

The in vitro dynamic modelling of TRA release from the α-MSH-SPION study was 

performed to establish compound stability in sink conditions and confirm subsequent 

drug release. TRA release from targeted α-MSH-SPIONs (NPs) over time in the pH range 

was performed using a dynamic dialysis method. The following samples were analysed: 

i) PBS + 2 % BSA (w/v) at pH 7.4 + free TRA, ii) PBS at pH 7.4 + free TRA, iii) PBS + 

2 % BSA (w/v) at pH 5.0 + α-MSH-SPIONs+TRA and iv) PBS + 2 % BSA (w/v) at pH 

7.4 + α-MSH-SPIONs+TRA. Samples were placed in the dialysis bag immersed in 25 ml 

of aqueous PBS media containing 2 % (w/v) BSA. At predetermined time points, the 

equilibrated solution was recovered and replaced with new release media, in order to 

maintain sink conditions. TRA content in the release media was determined 

spectrophotometrically (Figure 4.13 A). Over the time course of 48 hours, the release of 

free TRA from the dialyses bag in BSA free media reached 54 %, whereas the presence 

of 2 % BSA (w/v) media aided hydrophobic interaction between TRA and media resulting 

in a higher 62 % release. α-MSH-SPIONs loaded with TRA in an acidic environment 

(pH 5.0) exhibited a 46 % release in comparison to a physiological pH of only 32 %. 

Extrapolated data from NP TRA release can be found in the Figure 4.13 C. Overall this 

suggests that low pH acidic conditions affect release from NPs, and the addition of BSA 

increases hydrophobicity and aids the compound release.  

Consequently, the entrapment efficacy (EE), drug recovery (DR) and loading capacity 

(LC) were calculated for both targeted α-MSH-SPIONs and non-targeted SPIONs 

(Figure 4.13 B and D). Entrapment efficacy of TRA appeared to be higher (61 %) for 

SPIONs, whereas targeted α-MSH-SPIONs was only 55 %. The drug recovery varied 

from 39 % (α-MSH-SPIONs ) up to 49 % (SPIONs). The loading capacity of both 

targeted and non-targeted NPs was 44 % and 56 %, respectively. Figure 4.13 E describes 

the Langmuir isotherm binding affinity model of α-MSH-SPIONs and TRA, with an inset 

Scatchard plot. Binding constant KD for TRA and maximum binding sites was 

determined; these were 1.6∙10-4 M and 45.5 µM in 1012 α-MSH-SPIONs per ml, 

respectively. Loading capacity of 1012 α-MSH-SPIONs with TRA approximately equals 

to 0.44 mg TRA in 1 mg NPs. Figure 4.13 F demonstrates the chemical structure of TRA. 
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Figure 4.13 Trametinib encapsulation and analysis. A) Trametinib release from α-MSH-SPIONs over 

time in pH range. B) Entrapment efficacy (EE), drug recovery (DR), loading capacity (LC). C) Calculated 

data from α-MSH-SPIONs trametinib release. D) Calculated data from entrapment efficacy (EE), drug 

recovery (DR) and loading capacity (LC). E) Langmuir isotherm binding affinity model of α-MSH-SPIONs 

and trametinib. F) Chemical structure of trametinib. Data represent mean ± SD from three biologically 

independent experiments using technical triplicates per data-point.  

 

4.2.7. In vitro efficacy of drug-loaded α-MSH-SPIONs 

4.2.7.1. In vitro efficacy of paclitaxel-loaded α-MSH-SPIONs 

The biocompatibility of the unloaded, targeted and non-targeted SPIONs was described 

in section 4.2.1 and evaluated by measuring possible toxicity in cell line panels: A375 

(human melanoma), HEMA (normal human melanocytes) and A549 (human lung 

carcinoma) as a function of NP concentration (Figure 4.14). 

The non- and targeted SPIONs demonstrated no-to-low toxicity alone in melanoma and 

non-melanoma cell lines, and the ability to carry and release the hydrophobic compounds.  

Following successful encapsulation and NP characterisation with carried compounds, 

dose-response cytotoxic effects of paclitaxel (PTX) loaded NPs (Figure 4.14) were 
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evaluated using an MTS assay on A375, A2058, M202, A549 and HeLa cell lines after 

72 hours incubation with SPIONs-PTX and α-MSH-SPIONs-PTX against the free drug, 

as described in Chapter 2, section 2.6.8.3. 

Both non- and targeted SPIONs loaded with PTX reduced, by at least one order of 

magnitude, the drug IC50 to the free PTX in the all tested cell lines. Interestingly, PTX 

resistant lung cancer cell line (A549, BRAFWT) demonstrated increased internalisation, 

with both non- and targeted SPIONs increasing toxicity to the cells, compared to the free 

drug (Figure 4.14 IC50 table). A similar effect was observed in both wild type 

BRAF+/+ M202 (human melanoma) and HeLa (cervical cancer), and 

homozygous BRAFV600E/+ A375 (human melanoma) cell lines. 

Increased efficacy of PTX-loaded NPs in the A549 cell line, could demonstrate effective 

MC1 receptor targeting and potentially opens up opportunities for treating different types 

of cancers. However, both non- and targeted SPIONs seem to have a comparable 

cytotoxic effect on cell lines, suggesting a potentially different mechanism of 

NP internalisation with cells or ineffective α-MSH peptide targeting due to premature 

peptide degradation, protein corona or insufficient amount of targeting moiety on the 

NP surface.477,478,479 In section 4.2.3 (Figure 4.7), melanoma targeting α-MSH moieties 

demonstrated increased preferential uptake in melanoma cells, hence being a selective, 

suitable targeting moiety in melanoma treatment. However, combined with a cytotoxic 

compound, both non- and targeted SPIONs seem to have comparable targeting affinity.  
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Figure 4.14 Nanoparticles and paclitaxel cytotoxicity assays. Dose-response curves showing the effects 

of paclitaxel (PTX) loaded NPs on cell viability. Cell viability of PTX loaded NPs in melanoma cell lines 

A549, M202, A2058, HeLa and A375, after 72 hours incubation with either PTX alone, SPIONs+PTX and 

α-MSH-SPIONs+PTX. Non-linear regression analysis with the equation “Log(inhibitor) vs response-

variable slope (free parameters)” was carried out to determine IC50 values. The stock of 50 µM loaded NPs 

with PTX was prepared and theoretical concentrations were used as indicated on the graph (assuming 

100 % of PTX was encapsulated). Optical density was normalised to the negative control (cells + medium) 

and expressed as a percentage to determine the percentage of cell growth inhibition. Data represent mean 

± SD from three biologically independent experiments using technical triplicates per data-point.  
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4.2.7.2. In vitro efficacy of dabrafenib-loaded α-MSH-SPIONs  

Following successful encapsulation and NP characterisation with carried compounds, 

dose-response cytotoxic effects of dabrafenib (DBF) loaded NPs were evaluated using an 

MTS assay on A375, A2058, M202, A549 and GEMM5555 cell lines after 72 hours 

incubation with SPIONs-DBF and α-MSH-SPIONs-DBF against the free drug 

(Figure 4.15).  

Both non- and targeted SPIONs loaded with DBF reduced the drug IC50 to the free DBF 

in the all tested cell lines, apart from A549.  

Interestingly, DBF resistant A2058 cell line (BRAFHET) demonstrated increased 

internalisation with both non- and targeted SPIONs increasing toxicity to the cells, 

compared to the free drug (Figure 4.15 IC50 table). A similar effect was observed in 

another heterozygous BRAFV600E/+ cell line GEMM5555 (murine melanoma). 

Increased efficacy of DBF-loaded NPs in A2058 and GEMMM5555 cell lines, could also 

corroborate effective MC1 receptor targeting; however, both non- and targeted SPIONs 

seem to have a comparable cytotoxic effect on cell lines.477,478,479 
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Figure 4.15 Nanoparticles and dabrafenib cytotoxicity assays. Dose-response curves showing the 

effects of dabrafenib (DBF) loaded NPs on cell viability. Cell viability of DBF loaded NPs in melanoma 

cell lines A375, A2058, GEMM5555, M202 and A549, after 72 hours incubation with either DBF alone, 

SPIONs+DBF and α-MSH-SPIONs+DBF. Non-linear regression analysis with the equation 

“Log(inhibitor) vs response-variable slope (free parameters)” was carried out to determine IC50 values. The 

stock of 50 µM loaded NPs with DBF was prepared and theoretical concentrations were used as indicated 

on the graph (assuming 100 % of DBF was encapsulated). Optical density was normalised to the negative 

control (cells + medium) and expressed as a percentage to determine the percentage of cell growth 

inhibition. Data represent mean ± SD from three biologically independent experiments using technical 

triplicates per data-point.  
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4.2.7.3. In vitro efficacy of trametinib-loaded α-MSH-SPIONs  

Following successful encapsulation and NP characterisation with carried compounds, 

dose-response cytotoxic effects of trametinib (TRA) loaded NPs were evaluated using an 

MTS assay on A375, A2058, M202, A549 and GEMM5555 cell lines after 72 hours 

incubation with SPIONs-TRA and α-MSH-SPIONs-TRA against the free drug 

(Figure 4.16).  

Both non- and targeted SPIONs loaded with TRA reduced, by at least one order of 

magnitude, the drug IC50 to the free TRA in the all tested cell lines, apart from A375.  

Interestingly, cell lines A2058 (human melanoma) and GEMM5555 (murine melanoma) 

(both harbouring the BRAFV600E/+ heterozygous mutation) demonstrated increased 

internalisation with both non- and targeted SPIONs showing increased cell toxicity 

compared to the free drug (Figure 4.16 IC50 table). A similar effect was observed in wild 

type BRAF+/+ cell line M202 (human melanoma). Increased efficacy of TRA-loaded NPs 

in A2058, GEMM5555 and M202 cell lines, could also corroborate effective MC1 

receptor targeting; however, both non- and targeted SPIONs seem to have a comparable 

cytotoxic effect on cell lines.477,478,479 
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Figure 4.16 Nanoparticles and trametinib cytotoxicity assays. Dose-response curves showing the effects 

of trametinib (TRA) loaded NPs on cell viability. Cell viability of TRA loaded NPs in melanoma cell lines 

A375, GEMM5555, A2058, M202 and A549, after 72 hours incubation with either TRA alone, 

SPIONs+TRA and α-MSH-SPIONs+TRA. Non-linear regression analysis with the equation 

“Log(inhibitor) vs response-variable slope (free parameters)” was carried out to determine IC50 values. The 

stock of 50 µM loaded NPs with TRA was prepared and theoretical concentrations were used as indicated 

on the graph (assuming 100 % of TRA was encapsulated). Optical density was normalised to the negative 

control (cells + medium) and expressed as a percentage to determine the percentage of cell growth 

inhibition. Data represent mean ± SD from three biologically independent experiments using technical 

triplicates per data-point.  
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4.2.8. In vitro evaluation of dabrafenib and trametinib synergistic 

combination 

Multiple drug combinations can potentially treat multiple targets, subpopulations and 

diseases simultaneously.480 The combination of drugs with different mechanisms can 

direct the effect against a single target and treat it more effectively. The drug synergy 

benefits therapeutic outcomes by; i) increasing the therapeutic efficacy, ii) decreasing 

dosage and toxicity, iii) reducing drug resistance, and iv) selectively acting against the 

target.481,482 

The term synergy comes from Greek; synergia: working together. The mechanisms 

involved in the development of synergistic effects include; systemic effects, 

bioavailability, potency, degradation, excretion, anti-counteractive action and 

coadministration of investigated compounds.483 In the field of biological sciences, several 

mathematical models have been introduced for data analysis algorithms in multi-drug 

combination therapies to define synergy. The most popular classes of synergy models are 

Loewe Additivity, Bliss Independence and Chou–Talalay’s method. Loewe Additivity484 

(1928) assumes that one compound can be substituted for another (i.e. all compounds 

have the same mechanism of action). Bliss Independence485 (1939) assumes the opposite; 

the two compounds have a different mechanism of action, which results in an addition of 

the individual responses.486 

The Loewe additivity model determines the expected effect as if a drug was combined 

with itself, while the Bliss independence model employs the probabilistic theory to 

simulate the effects of individual drugs in an independent combination.487 

Chou–Talalay’s combination index (CI) method488 (1977) is a quantitative measure of the 

degree of drug interaction in terms of synergy and antagonism for the given endpoint of 

effect measurement.489 The CI method is based on the multiple drug effect equation 

derived from the median–effect principle (MEP) of the mass–action law via mathematical 

induction and deduction for diverse types of inhibition and mechanisms of reaction.490 

The MEP is the unified theory for the Henderson–Hasselbalch491 (1908), Hill492 (1910), 

Michaelis–Menten493 (1913) and Scatchard476 (1949) theorems. It provides quantitative 

determination for synergism (CI < 1; greater than expected additive effect), additive 

effect (CI = 1; the combined effect predicated by the mass–action law principle in the 

absence of synergy or antagonism) and antagonism (CI > 1; smaller than expected 

additive effect).316 It considers both the median–effect dose (potency; Dm), the shape of 

https://www.frontiersin.org/articles/10.3389/fphar.2018.00031/full#B8
https://www.frontiersin.org/articles/10.3389/fphar.2018.00031/full#B19
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the dose–effect curve (slope; m) and the conformity (r) of each drug alone and in 

combination.316 The Dm value is the dose that produces 50 % effect – such as median 

inhibitory concentration (IC50), median effective dose (ED50), median toxic dose (TD50) 

or median lethal dose (LD50) and is obtained from the antilog of x-intercept of the 

median–effect plot.316 The m parameter is the slope of the median–effect plot and the 

value m < 1, = 1, and > 1 indicate negative flat sigmoidal, hyperbolic and sigmoidal 

curve shape, respectively.316 The linear correlation coefficient of the median–effect plot 

(r) signifies the conformity of the data with the mass–action law; for in vitro experiments, 

r value > 0.95 is considered good or acceptable conformity (where r = 1 is ideal).494 

The synergy score can be analysed by an automated computer simulation software tool 

that enables the visualisation, analysis and quantification of drug combination 

effects.303,314 Software packages can determine the degree of synergism (CI), the fraction 

affected levels (Fa–CI Plot), dose levels (Isobologram; a graph indicating the equipotent 

combinations of various doses of two drugs), dose–reduction index (DRI); which 

measures how many folds the dose of each drug is a synergistic combination when 

compared with the doses of each drug alone (Fa–DRI Plot) and the optimal combination 

ratio and schedule dependency for synergy.494 DRI < 1, = 1, and > 1 indicate favourable, 

no dose–reduction and not favourable dose–reduction effects, respectively.495 

Isobolograms show inhibition effects for 50 %, 75 % and 90 %, where combination data 

points on the diagonal line indicate additive effects, on the lower left indicate synergism, 

and on the upper right indicate antagonism (for more details see Chapter 2, Figure 2.8).  

For the presentation of multiple drug combinations, the Polygonogram was introduced to 

simplify the visual summary.489,494 The polygonal graphic representation depicts 

synergism (solid blue line), additive effect (thin solid or broken line) and antagonism 

(broken red line) of multiple drug combinations. The thickness of the line represents the 

degree of synergism or antagonism.481,496 
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4.2.8.1. CompuSyn drug synergy simulation 

The CompuSyn316 interactive software platform was used for the analysis and 

visualisation of the drug combination assessment of dabrafenib (DBF) and trametinib 

(TRA) on melanoma cell lines, as described in Chapter 2, section 2.6.6. The dose- and 

time-related anti-proliferative effects of DBF and TRA were assessed on A375, A2058, 

GEMM5555 and M202 cell lines. Cytotoxicity results were evaluated using an 

MTT assay at the end of 72 hours treatment, as described in Chapter 2, section 2.6.8.2. 

The experimental evidence of single and combinatorial effects of DBF and TRA can be 

seen in the Appendix, Table A. 1–3. The cytotoxicity effects of fourteen single 

treatments of DBF and TRA (Appendix, Table A. 1), seven non–constant drug ratio 

combinations of DBF and (Appendix, Table A. 2) and five constant drug ratio 

combinations of DBF and TRA were tested and evaluated on melanoma cell lines 

(Appendix, Table A. 3).  

The drug combination ratios were prepared based on their previously established IC50 

results (DBF; section 4.2.6.3 and TRA; section 4.2.6.4). The constant ratio approach was 

based on following serial dilutions of IC50: 1:4, 1:2, 1:1, 2:2 and 4:4. The non–constant 

ratio combinations were prepared based on IC50 of DBF and TRA as follows: 20:0.1, 

10:0.1, 1:0.1, 0.1:0.1, 0.1:1, 0.1:10 and 0.1:20.  

The results of the comparison of DBF and TRA combination at non– and constant ratio 

in A375 melanoma cell line is shown in Figure 4.17. 

Figure 4.17 A shows the dose–effect curve of the effects of single DBF and TRA 

treatment. The dose–effect curve can be linearised by plotting log (dose) vs log (Fa/Fu) 

and creating the Median–Effect Plot. The Median–Effect Plot linearises all hyperbolic 

and sigmoidal dose–effect curves, regardless of the drug’s potency or the shape of the 

dose–effect curve (Figure 4.17 B). Values Dm and m can be determined using CompuSyn 

after entering a theoretical minimum of experimental data points. A minimum of two data 

points is required to draw a dose–effect curve. The mass–action law–based algorithm has 

been used as the theoretical basis in research for the efficient and effective low-cost 

approach for drug discovery and development. 

When all single drug parameters (Dm and m) are available, the CI values can be calculated 

for the non–constant ratio combinations.494 However, the Fa–CI or Fa–DRI plot 

simulations are only available for constant ratios.494 The Fa–CI plot of seven non–

constant ratio combinations shows only one combination to appear antagonistic, whereas 

the other six are synergistic, including one which is almost additive (Figure 4.17 C non–



Chapter 4 

199 

constant). The Fa–CI simulation plot of five constant ratio combinations, shows all 

combinations to act synergistically (Figure 4.17 C constant). 

The dose–reduction Fa–DRI plot shows seven non–constant ratio combinations. Only for 

three (TRA) and four (DBF) combinations, DRI appears to be favourable, whereas only 

one (DBF) combination was unfavourable (Figure 4.17 D non–constant). The dose–

reduction Fa–DRI simulation plot shows five constant ratio combinations, where all DBF 

and two TRA combinations appear to be synergistic (Figure 4.17 D constant). 

The Isobologram obtained at a fraction affected (Fa) of 0.5, 0.75 and 0.9 is shown in 

Figure 4.17 E. The Isobologram graphically (not quantitatively) represents the doses of 

two compounds in the 2D plot.310 Dose combinations plotted above the additivity line can 

be classified as antagonistic, while those plotted below it are synergistic. The ED90 and 

ED75 show strong synergism, where ED50 shows additive effects. The Polygonogram 

graphically represents the summary of drug interaction effects on the A375 cell line – 

with a heavy blue solid line representing strong synergism, Figure 4.17 F.  
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Figure 4.17 CompuSyn drug combination synergy assessment of dabrafenib and trametinib 

combination in A375 cell line. Comparison of non- and constant drug ratio combinations: A) Dose–Effect 

Curve. B) Median–Effect Plot. C) Fa–CI Plot. D) Fa–DRI plot. E) Isobologram, F) Polygonogram plot 

(synergism is represented by the solid blue line. G) Description of colour symbolic of synergy levels in 

drug combination analyses. Abbreviations; DBF: dabrafenib (blue circle), TRA: trametinib (red square), 

D+T: combination of dabrafenib and trametinib (green triangle), CI: combination index, DRI: dose 

reduction index, Fa: fraction affected (0.1–0.99), Fu: fraction unaffected, x-int: x-intercept (x,0), y-int: y-

intercept (0,y). CompuSyn was used for plots development, automated calculation and simulation.  
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The results of the comparison of DBF and TRA combination at non– and constant ratios 

in A2058 melanoma cell line are shown in Figure 4.18. 

Figure 4.18 A and B show the dose–effect curve of the effects of single DBF and TRA 

treatment, and the Median–Effect Plot, respectively.  

The Fa–CI plot of seven non–constant ratio combinations, shows only two combinations 

to act antagonistically, where the other five are synergistic, including two nearly additive 

effects (Figure 4.18 C non–constant). The Fa–CI simulation plot of five constant ratio 

combinations, shows two combinations to act synergistically, where the other three are 

antagonistic (Figure 4.18 C constant). 

The dose–reduction Fa–DRI plot shows seven non–constant ratio combinations. Five out 

of seven (TRA) and four (DBF) combinations, DRI appear to be favourable, where only 

two TRA combination were unfavourable, and two DBF had no dose–reduction effect 

(Figure 4.18 D non–constant). The dose–reduction Fa–DRI simulation plot shows five 

constant ratio combinations, where all five DBF and only two TRA combinations appear 

to be synergistic, the other two TRA combinations were unfavourable, and one had no 

dose–reduction effect (Figure 4.18 D constant). 

The Isobologram obtained at a fraction affected (Fa) of 0.5, 0.75 and 0.9 is shown in 

Figure 4.18 E. The ED90 shows antagonism, where ED70 and ED50 show additive effects. 

The Polygonogram graphically represents the summary of drug interaction effects on the 

A2058 cell line – the broken red line represents antagonism (Figure 4.18 F).  
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Figure 4.18 CompuSyn drug combination synergy assessment of dabrafenib and trametinib 

combination in the A2058 cell line. Comparison of non- and constant drug ratio combinations: A) Dose–

Effect Curve. B) Median–Effect Plot. C) Fa–CI Plot. D) Fa–DRI plot. E) Isobologram, F) Polygonogram 

plot (antagonism is represented by the broken red line. G) Description of colour symbolic of synergy levels 

in drug combination analyses. Abbreviations; DBF: dabrafenib (blue circle), TRA: trametinib (red square), 

D+T: combination of dabrafenib and trametinib (green triangle), CI: combination index, DRI: dose 

reduction index, Fa: fraction affected (0.1–0.99), Fu: fraction unaffected, x-int: x-intercept (x,0), y-int: y-

intercept (0,y). CompuSyn was used for plots development, automated calculation and simulation.  
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The results of the comparison of DBF and TRA combinations at non– and constant ratios 

in the GEMM5555 melanoma cell line are shown in Figure 4.19. 

Figure 4.19 A and B show the dose–effect curve of the effects of single DBF and TRA 

treatment, and the Median–Effect Plot, respectively.  

The Fa–CI plot of seven non–constant ratio combinations, shows only two combinations 

to act antagonistically, where the other two are synergistic, including three nearly additive 

effects (Figure 4.19 C non–constant). The Fa–CI simulation plot of five constant ratio 

combinations, shows one combination to act synergistically, where the other four are 

additive (Figure 4.19 C constant). 

The dose–reduction Fa–DRI plot shows seven non–constant ratio combinations. Four out 

of seven (TRA) and four (DBF) combinations, DRI appear to be favourable, where only 

two TRA combination were unfavourable, and one TRA had no dose–reduction effect 

(Figure 4.19 D non–constant). The dose–reduction Fa–DRI simulation plot shows five 

constant ratio combinations, where all five DBF and only one TRA combination appear 

to be synergistic; the other four TRA combinations had no dose–reduction effect 

(Figure 4.19 D constant). 

The Isobologram obtained at a fraction affected (Fa) of 0.5, 0.75 and 0.9 is shown in 

Figure 4.19 E. The ED90 and ED70 show slight additivity, whereas the ED50 shows 

synergistic effects. The Polygonogram graphically represents drug interaction effects 

summary on GEMM5555 cell line – with a light blue solid line representing moderate 

synergism (Figure 4.19 F).  
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Figure 4.19 CompuSyn drug combination synergy assessment of dabrafenib and trametinib 

combination in the GEMM5555 cell line. Comparison of non- and constant drug ratio combinations: 

A) Dose–Effect Curve. B) Median–Effect Plot. C) Fa–CI Plot. D) Fa–DRI plot. E) Isobologram, 

F) Polygonogram plot (moderate synergism is represented by the solid light blue line. G) Description of 

colour symbolic of synergy levels in drug combination analyses. Abbreviations; DBF: dabrafenib (blue 

circle), TRA: trametinib (red square), D+T: combination of dabrafenib and trametinib (green triangle), 

CI: combination index, DRI: dose reduction index, Fa: fraction affected (0.1–0.99), Fu: fraction unaffected, 

x-int: x-intercept (x,0), y-int: y-intercept (0,y). CompuSyn was used for plots development, automated 

calculation and simulation.  
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The results of the comparison of DBF and TRA combinations at non– and constant ratio 

in M202 melanoma cell line are shown in Figure 4.20. 

Figure 4.20 A and B show the dose–effect curve of the effects of single DBF and TRA 

treatment, and the Median–Effect Plot, respectively.  

The Fa–CI plot of seven non–constant ratio combinations, shows all combinations to act 

synergistically (Figure 4.20 C non–constant). The Fa–CI simulation plot of five 

constant ratio combinations, shows two combinations to act synergistically, where the 

other three are additive (Figure 4.20 C constant). 

The dose–reduction Fa–DRI plot shows seven non–constant ratio combinations. 

Three out of seven (TRA) and three (DBF) combinations, DRI appear to be favourable 

(Figure 4.20 D non–constant). The dose–reduction Fa–DRI simulation plot shows five 

constant ratio combinations, whereas four DBF and four TRA combinations appear to be 

synergistic (Figure 4.20 D constant). 

The Isobologram obtained at a fraction affected (Fa) of 0.5, 0.75 and 0.9 is shown in 

Figure 4.20 E. The ED90 and ED70 show synergy, whereas the ED50 shows additive 

effects. The Polygonogram graphically represents drug interaction effects summary on 

the M202 cell line – the broken orange line represents moderate antagonism 

(Figure 4.20 F).  
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Figure 4.20 CompuSyn drug combination synergy assessment of dabrafenib and trametinib 

combination in M202 cell line. Comparison of non- and constant drug ratio combinations: A) Dose–Effect 

Curve. B) Median–Effect Plot. C) Fa–CI Plot. D) Fa–DRI plot. E) Isobologram, F) Polygonogram plot 

(moderate antagonism is represented by broken orange line. G) Description of colour symbolic of synergy 

levels in drug combination analyses. Abbreviations; DBF: dabrafenib (blue circle), TRA: trametinib (red 

square), D+T: combination of dabrafenib and trametinib (green triangle), CI: combination index, DRI: dose 

reduction index, Fa: fraction affected (0.1–0.99), Fu: fraction unaffected, x-int: x-intercept (x,0), y-int: y-

intercept (0,y). CompuSyn was used for plots development, automated calculation and simulation.  
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A synergistic effect was detected for A375 cell line when DBF and TRA IC50 were 

combined in half and 4–fold doses, respectively (0.015 μM DBF and 0.004 TRA μM). 

The antagonistic effect was observed for DBF and TRA when decreased to 0.0075 μM 

and 0.0005 μM, respectively. The combined cytotoxic effects were more strongly 

synergistic than either DBF or TRA alone. 

A synergistic effect was detected for the A2058 cell line when DBF and TRA IC50 were 

combined in 4–fold doses (0.32 μM DBF and 0.02 TRA μM). A strong antagonism effect 

was detected when the DBF and TRA doses decreased to 0.02 μM and 0.01 μM, 

respectively. The combined cytotoxic effects were strongly additive and slightly more 

antagonistic than either DBF or TRA alone. 

A synergistic effect was detected for the GEMM5555 cell line when DBF and TRA IC50 

were combined in quarter doses (0.015 μM DBF and 0.001 TRA μM). Antagonism was 

detected for the combination of 0.015 μM DBF and 0.004 TRA μM. The combined 

cytotoxic effects were synergistic and slightly more additive than either DBF or TRA 

when used alone. 

A synergistic effect was detected for the M202 cell line when DBF and TRA IC50 were 

combined in the quarter and 4–fold doses, respectively (0.4 μM DBF and 0.0125 μM 

TRA). Near antagonism was detected for 0.1 μM DBF and 0.2 TRA μM combination. 

The combined cytotoxic effects were found to be synergistic and more strongly additive 

than either DBF or TRA when used alone. 

The combined effects of DBF and TRA are shown and summarized in Table 4.2. 

The linear regression correlation coefficients of the Median–Effect Plots were > 0.95 in 

all cases, indicating conformity of data with the median–effect principle. 
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To summarise, the mechanism of action of each drug is not essential for the synergy score 

determination, as the combination index theorem is entirely based on the physical, 

chemical and mathematical principles of the mass–action law.497 The summarised results 

from CompuSyn simulation of the combinatorial treatment effects are indicated and 

scored accordingly (dose–effect parameters and CI values for each cell line); shown in 

Table 4.2. The accuracy of the CompuSyn simulation strongly relies on experimental 

design including; constant or non–constant combination ratio, dose range, concurrent or 

sequential treatments. Reliable or acceptable results can be concluded from sufficiently 

high r values (> 0.95) from the Median–Effect Plot.498 

 

Table 4.2 Dose–effect relationship parameters and mean CI values of DBF and TRA combinations in 

melanoma cell lines.  

 

Cell line/Drug Dose–effect parameters CI values 

A375 Dm m r ED50 ED75 ED90 ED95 

DBF 0.29 1.78 0.96     
TRA 0.19 2.42 0.97 SYN SYN SYN ADD 
D+T (30:1) 0.11 0.51 0.95 0.10 0.36 0.47 1.09 

A2058        
DBF 1.82 1.40 0.98     
TRA 0.92 2.37 0.95 SYN ADD ANT ANT 
D+T (16:1) 1.18 -0.36 0.99 0.63 1.1 2.4 1.97 

GEMM5555        
DBF 1.90 1.31 0.95     
TRA 0.67 2.38 0.99 SYN ANT ADD ADD 
D+T (15:1) 0.49 3.65 0.97 0.88 1.79 0.92 0.95 

M202        
DBF 0.81 1.49 0.96     
TRA 0.61 2.44 0.96 SYN ANT ADD ADD 
D+T (2:1) 1.04 0.68 0.97 0.82 1.2 0.98 1.01 

 

The following parameters; slope (m) and the linear correlation coefficient of the median-effect plot, the 

potency (Dm) and conformity (r) of the data to the mass-action law; are the antilog of x-intercept. Dm and 

m values are used for calculating the CI values; CI < 1, = 1, and > 1 indicate synergism (SYN), additive 

effect (ADD), and antagonism (ANT), respectively. The m < 1, = 1, and > 1 indicate negative flat sigmoidal, 

hyperbolic and sigmoidal curve shape, respectively. The EC50, EC75 EC90, and EC95, are the doses required 

to achieve the desired effect in 50 %, 75 % 90 % and 95 %, respectively. CompuSyn was used for automated 

calculation and simulation. 
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4.2.8.2. Combenefit drug synergy simulation 

Combenefit,313 an interactive software platform, was used for the analysis and 

visualisation of drug combination assessment of the dose- and time-related anti-

proliferative effects of DBF and TRA assessed on A375, A2058, GEMM5555 and M202 

melanoma cell lines. 

The previously obtained cytotoxicity results in section 4.2.6, were used for the 

comparison of DBF and TRA combination at non– and constant ratios using Combenefit. 

The drug combination ratios were prepared based on their previously established IC50 

results (DBF; section 4.2.6.3 and TRA, section 4.2.6.4). The constant ratio approach was 

based on 2–times dilutions of IC50 of DBF and TRA. The non–constant ratio 

combinations were prepared based on IC50 dilution range (20:0.1 – 0.1:20) of DBF to 

TRA (Chapter 2, Figure 2.8 A).  

Figure 4.21 illustrates Combenefit simulation for A375 and A2058 melanoma cell lines. 

The Loewe additivity and Bliss independence analysis model results for the A375 cell 

line are indicated in Figure 4.21 A–D. The non–constant drug ratio combination was used 

to predict values and synergy levels. The dose–response model analysis contains 

graphical displays and data corresponding to both dose–response curves and surface, i.e. 

measured effects for the two drugs used as single agents and in combination.  

Figure 4.21 A shows a matrix synergy plot which encapsulates the synergistic score and 

its statistical significance for each combination dose–response (experimental data) and 

model values (predicted values). DBF and TRA combination displays strong synergistic 

potential in the A375 cell line; among twenty–five combinations, only seven seem to be 

additive, whilst the rest act synergistically. 

Synergy scores can be displayed in another format such as contour (Figure 4.21 B), 

3D surface (Figure 4.21 C) and mapped surface plots (Figure 4.21 D). All the plots, as 

mentioned above, corroborate the results obtained from the checkerboard simulation. 

Figure 4.21 E compares the Chou–Talalay CI method of non– and constant drug ratio vs 

Loewe additivity and Bliss independence method. The data represents the computer 

simulation of both methods for the A375 cell line. The CI method corroborates strong 

synergy results from previous simulations (Loewe & Bliss), indicating only one 

antagonistic interaction in non–constant combination (0.1:20). 

 Figure 4.21 F presents a heatmap model for synergy level predictions. Combenefit was 

used for plot development, automated calculation and simulation.  
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Figure 4.21 G, a matrix synergy plot, displays the synergistic score and its statistical 

significance for each combination dose–response (experimental data) and model values 

(predicted values). DBF and TRA combination displays strong synergistic potential in 

the A2058 cell line; among twenty–five combinations, only two are synergistic, eight 

seem to be antagonistic, whilst the rest act additively. 

Synergy scores can be displayed in another format such as contour (Figure 4.21 H), 

3D surface (Figure 4.21 I) and mapped surface plots (Figure 4.21 J). All the plots, as 

mentioned above, corroborate the results obtained from the checkerboard simulation. 

Figure 4.21 K compares the Chou–Talalay CI method of non– and constant drug ratio vs 

Loewe additivity and Bliss independence method. Data represents the computer 

simulation of both methods for the A2058 cell line. The CI method corroborates additive 

results from previous simulation (Loewe & Bliss); however antagonistic interactions 

begin to occur above 1:1 and higher combination ratios, indicating that lower dosing has 

better potential in the BRAF heterozygous A2058 melanoma cell line. 
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Figure 4.21 Combenefit drug combination synergy assessment A375 and A2058 cell lines. A) Matrix 

synergy distribution plot A375. B) Contour plot A375. C) Mapped surface plot A375. D) 3D surface plot 

A375. E) Comparison of non- and constant drug ratio combination of DBF and TRA on A375 cell line. 

F) A heatmap model for synergy level predictions. G) Matrix synergy distribution plot A2058. H) Contour 

plot A2058. I) Mapped surface plot A2058. J) 3D surface plot A2058. K) Comparison of non- and constant 

drug ratio combination of DBF and TRA on A2058 cell line. Combenefit was used for plots development, 

automated calculation and simulation. Statistical significance; p-Value < 0.05*, < 0.01**, < 0.001***. 

Synergy score and standard deviation indicated.  
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Figure 4.22 illustrates Combenefit simulation for GEMM5555 and M202 melanoma cell 

lines. The Loewe additivity and Bliss independence analysis model results for the 

GEMM5555 cell line can be seen in Figure 4.22 A. The matrix synergy plot displays the 

synergistic score and its statistical significance, for each combination dose–response 

(experimental data) and model values (predicted values). DBF and TRA combination 

displays strong synergistic potential in the GEMM5555 cell line; among twenty–five 

combinations, only two seem to be antagonistic, eleven synergistic and the rest additive. 

Synergy scores can be displayed in another format such as contour (Figure 4.22 B), 

3D surface (Figure 4.22 C) and mapped surface plots (Figure 4.22 D). All the plots, as 

mentioned above, corroborate the results obtained from the checkerboard simulation. 

Figure 4.22 E compares the Chou–Talalay CI method of non– and constant drug ratio vs 

Loewe & Bliss independence method. The data represents the computer simulation of 

both methods for the GEMM5555 cell line. The CI method exhibits strong synergy results 

compared to previous simulation (Loewe & Bliss), indicating only one antagonistic 

interaction in constant combination (2:2). Figure 4.22 F presents a heatmap model for 

synergy level predictions. Combenefit was used for plot development, automated 

calculation and simulation. The matrix synergy plot in Figure 4.22 G displays the 

synergistic score and its statistical significance for each combination dose–response 

(experimental data) and model values (predicted values). DBF and TRA combination 

displays strong synergistic potential in the M202 cell line; among twenty–five 

combinations, fourteen are synergistic, whilst the rest act additively. Synergy scores can 

be displayed in another format such as contour (Figure 4.22 H), 3D surface 

(Figure 4.22 I) and mapped surface plots (Figure 4.22 J). All the plots, as mentioned 

above, corroborate the results obtained from the checkerboard simulation. Figure 4.22 K 

compares the Chou–Talalay CI method of non– and constant drug ratio vs Loewe 

additivity and Bliss independence method. Data represents the computer simulation of 

both methods for the M202 cell line. The CI method shows the dissonance of results from 

the previous simulation (Loewe & Bliss). The CI method revealed the advantage of 

antagonistic interactions, with only four synergetic combinations. The antagonistic 

behaviour occurs above a ratio of 0.1:1 and is higher in non–constant combinational 

ratios; however, the opposite is observed in a constant ratio. This dissonance between 

simulation results using different algorithms could be the artefact of experimental design, 

indicating low sensitivity to the selected inhibitors and its combinations. The therapeutic 

window (the range between minimum toxic dose and minimum therapeutic dose) for the 

A375 cell line could be very narrow. However, the lower dose of TRA (0.05 µM) and 
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higher concertation of DBF (0.4 µM) seem to have sufficient cytotoxic potential in BRAF 

wild type M202 melanoma cell line. 

 

 

Figure 4.22 Combenefit drug combination synergy assessment in GEMM555 and M202 cell lines. 

A) Matrix synergy distribution plot GEMM5555. B) Contour plot GEMM5555. C) Mapped surface plot 

GEMM5555. D) 3D surface plot GEMM5555. E) Comparison of non- and constant drug ratio combination 

of DBF and TRA on GEMM5555 cell line. F) A heatmap model for synergy level predictions. G) Matrix 

synergy distribution plot M202. H) Contour plot M202. I) Mapped surface plot M202. J) 3D surface plot 

M202. K) Comparison of non- and constant drug ratio combination of DBF and TRA on M202 cell line. 

Combenefit was used for plots development, automated calculation and simulation. Statistical significance; 

p-Value < 0.05*, < 0.01**. Synergy score and standard deviation indicated.  
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4.2.9. In vitro efficacy of α-MSH-SPIONs loaded with dabrafenib and 

trametinib synergistic combination 

In the previous section, the in vitro dabrafenib (DBF) and trametinib (TRA) synergistic 

combination for each cell line was established using synergy algorithms. A summary of 

approaches and results is listed in Table 4.3, which shows synergy methods, experimental 

and simulated drug combination ratios and IC50 results for each cell line. 

The recommended DBF/TRA therapeutic ratio for in vitro cytotoxicity experiments in 

melanoma cell lines and further loading into SPION drug delivery systems were 

established as follows: 

 

• A375 cell line  DBF/TRA ratio is   6:1 

• A2058 cell line   DBF/TRA ratio is 16:1 

• GEMM5555 cell line DBF/TRA ratio is 10:1  

• M202 cell line  DBF/TRA ratio is   2:1 

 

Interestingly, in the cell lines, A375 and M202, the established therapeutic ratio results 

differ between the two adopted approaches (Loewe & Bliss and Chou–Talalay 

CI method). 

In the A375 cell line, the Chou–Talalay CI of non– and constant ratio DBF to TRA 

resulted in ratios of 30:1 and 6:1, respectively. Due to differences between the two 

approaches, the ratio of 6:1 was selected for further investigation as the same result was 

obtained via the Loewe & Bliss method. 

In the M202 cell line, both Loewe & Bliss and Chou–Talalay CI methods resulted in 8:1 

and 2:1 ratio, respectively. Due to differences between the two approaches, the ratio of 

2:1 was selected for further investigation as the same result was obtained via a non– and 

constant ratio approach. 
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Table 4.3 Summary of synergy method comparison and therapeutic ratio simulation.  

Cell line 

Experimental 
data            

(IC50 ratio) 

Software simulation IC50 and ratios 
Method and 

synergy 
algorithm 

Computer 
software Dabrafenib 

[µM] 
Trametinib 
[µM] 

Therapeutic 
ratio 

DBF:TRA 

A375 BRAFV600E/V600E  

Single drug screen IC50 na 0.03 0.001 30:1 na na 

Constant ratio IC50 combination 1:8 0.015 0.002 6:1 Loewe & Bliss    Combenefit 

Constant ratio IC50 combination 1:4 0.0075 0.00025 30:1 Chou-Talalay CI   CompuSyn 

Non-constant ratio IC50 

combination 
0.1:0.1 0.003 0.0005 6:1 Chou-Talalay CI   CompuSyn 

A2058 BRAFV600E/+         

Single drug screen IC50 na 0.08 0.005 16:1 na na 

Constant ratio IC50 combination 4:4 0.32 0.02 16:1 Loewe & Bliss    Combenefit 

Constant ratio IC50 combination 1:4 0.02 0.00125 16:1 Chou-Talalay CI   CompuSyn 

Non-constant ratio IC50 

combination 
0.1:0.1 0.008 0.0005 16:1 Chou-Talalay CI   CompuSyn 

GEMM5555 BRAFV600E/+  

Single drug screen IC50 na 0.04 0.004 10:1 na na 

Constant ratio IC50 combination 1:4 0.01 0.001 10:1 Loewe & Bliss    Combenefit 

Constant ratio IC50 combination 1:4 0.01 0.001 10:1 Chou-Talalay CI   CompuSyn 

Non-constant ratio IC50 

combination 
0.1:0.1 0.004 0.0004 10:1 Chou-Talalay CI   CompuSyn 

M202 BRAF+/+  

Single drug screen IC50 na 0.1 0.05 2:1 na na 

Constant ratio IC50 combination 4:4 0.4 0.05 8:1 Loewe & Bliss    Combenefit 

Constant ratio IC50 combination 4:4 0.4 0.2 2:1 Chou-Talalay CI   CompuSyn 

Non-constant ratio IC50 

combination 
0.1:0.1 0.01 0.005 2:1 Chou-Talalay CI   CompuSyn 

Abbreviations; DBF: dabrafenib, TRA: trametinib, CI: combination index, na: not applicable. CompuSyn 

and Combenefit were used for automated calculation and simulation. 

 

Selected therapeutic ratios of DBF/TRA (A375 6:1, A2058 16:1, GEMM5555 10:1 and 

M202 2:1) were loaded into NPs. Hydrophobic encapsulation of DBF and TRA was 

performed similarly, as described in Chapter 2, section 2.6.3, which resulted in two 

separate aqueous dispersions of the targeted NPs at a concentration of 1012 NP/ml with 

final a concentration of hydrophobically entrapped 50 µM DBF and TRA separately. 

The desired drug ratio concentrations of DBF and TRA were achieved by combining 

respective dispersions. HPLC–MS/MS was used for quantitative measurement of the 

successful DBF and TRA encapsulation, as described in Chapter 2, section 2.6.4. 

Calibration and analytical curves were constructed using values for DBF (78–

10000 ng/ml) and TRA (7–1000 ng/ml) in PBS (experimental evidence can be seen in the 

Appendix, Figure A. 2 and 3).  

Figure 4.23 presents the cytotoxicity assessment of non– and targeted SPIONs as 

a DBF/TRA combination delivery system. Cell growth inhibition results are listed in the 

respective tables below the cell viability plots of each cell line. Cell cytotoxicity was 

evaluated using MTS assay for A375, A2058, GEMM5555 and M202 melanoma cell 

lines. Cells were treated with DBF/TRA recommend combination ratio, D/T-loaded 
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SPIONs and D/T-loaded α-MSH-SPIONs 72 hours. Figure 4.23 A describes the A375 

cell line treatments with D/T, D/T-SPION and D/T-α-MSH-SPIONs, which resulted in 

43 ± 4.3 %, 29.8 ± 5.1 % and 27.3 ± 3.2 % cell growth inhibition, respectively. 

Figure 4.23 B describes the A2058 cell line treatments with D/T, D/T-SPION and D/T-

α-MSH-SPIONs, which resulted in 50.8 ± 6.2 %, 31.0 ± 1 % and 37.4 ± 2.4 % cell growth 

inhibition, respectively. Figure 4.23 C describes the GEMM5555 cell line treatments 

with D/T, D/T-SPION and D/T-α-MSH-SPIONs, which resulted in 48.6 ± 4.6 %, 36 ± 

1.1 % and 41 ± 3.9 % cell growth inhibition, respectively. Figure 4.23 D describes the 

M202 cell line treatments with D/T, D/T-SPION and D/T-α-MSH-SPIONs resulted in 

69.8 ± 5.7 %, 50.1 ± 8.9 % and 52 ± 5.9 % cell growth inhibition. NP-aided drug 

combination delivery significantly improved DBF/TRA efficacy, increasing toxicity to 

all the above melanoma cell lines.  

 

 

 

Figure 4.23 Cytotoxicity assessment of non- and targeted SPIONs as a drug combination delivery 

system. Cell cytotoxicity evaluation of recommended D/T (dabrafenib and trametinib) combination ratio, 

loaded into SPIONs for each melanoma cell line: A) A375, B) A2058, C) GEMM5555 and D) M202. Cell 

lines were treated for 72 hours with D/T, SPIONs + D/T, α-MSH-SPIONs + D/T and untreated controls. 

Cell growth inhibition results are listed in the respective tables below the cell viability plots. Optical density 

was normalised to the negative control (cells + medium) and expressed as a percentage to determine the 

percentage of cell growth inhibition. Data represent mean ± SD from three biologically independent 

experiments using technical triplicates per data-point. Statistical significance; p-Value < 0.05*, < 0.01**, 

< 0.0001***, < 0.00001****.  
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4.3. Summary and discussion  

In-house developed α-MSH-SPIONs with highly hydrophobic cores match the 

physicochemical properties of most conventional chemotherapeutics and provide 

controlled drug release. α-MSH-SPIONs demonstrated a high ability to retain their cargo 

in biological fluids and exhibited controlled intracellular drug release, triggered by the 

protonation of the polymeric coating (Figure 4.10–13). Several studies exploit different 

coating sensitivity strategies in drug release from NPs, including temperature- and pH-

dependent coating degradation, which could be considered in the future functionalisation 

of SPIONs.183,344,499,500,495,496 

Cytotoxicity results confirmed no-to-low toxicity of non- and targeted SPIONs in all 

tested cell lines in vitro (Figure 4.3) and in vivo (Figure 4.8). However, it’s worth 

mentioning that the lack of standardised nano-toxicity assessment is potentially delaying 

the transition of NPs to clinics. Moreover, market approval of nano-formulations has been 

hindered by instability, increased toxicity and the non-biodegradable nature of the nano-

materials. Several research groups have investigated fast and cost-effective nano-toxicity 

assessment models using zebrafish (Danio rerio) and African clawed frogs (Xenopus 

laevi).212,332,504,494 

However promising, in vitro uptake, biodistribution and melanoma targeting with α-

MSH-SPIONs must be still investigated in further detail. Few scientific reports argue the 

accuracy of MC1R targeting in melanoma cell lines.505 Further optimisation of the α-

MSH peptide ratio on the SPION surface could be explored to improve targeting and 

uptake in melanoma cells.  

Several research groups have investigated the α-MSH peptide targeting approach. α-MSH 

conjugated AuNPs combined with photothermal ablation in tumour-bearing mice, 

selectively targeted melanoma cells, reducing tumour size compared to non-targeted 

AuNPs.506 Lu et al. (2009) and Barkey et al. (2011) demonstrated the use of synthetic α-

MSH analogues which conjugated NPs against metastatic melanoma.506–508  

The combination of multiple drugs can enhance the therapeutic efficacy and minimise 

adverse toxic effects of the conventional chemotherapeutic agents in melanoma 

treatment. Therefore, the targeted anti-melanoma drug nano-delivery systems have the 

potential to improve combinational drug approaches.218,509  

α-MSH-SPIONs have been loaded with dabrafenib (DBF) and trametinib (TRA) 

separately and tested in vitro in melanoma murine and human cell lines, for the first time. 
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Fully characterised, drug-carrying, non- and tumour-targeted SPIONs demonstrated 

an increase of peptide-mediated endocytotic uptake efficiency and cytotoxicity in vitro 

(Figure 4.7), showing a dose-dependent anti-proliferative effect in human and murine 

melanoma cancer cell lines, when compared to drugs alone. Drug loaded non-targeted 

SPIONs significantly increased toxicity in cells, resulting in lower IC50 values for 

A375 (BRAFHOM; 2–fold DBF and 3–fold TRA), A2058 (BRAFHET; 10–fold DBF and 3–

fold TRA), GEMM5555 (murine BRAFHOM; 5–fold DBF and 3–fold TRA) 

and M202 (BRAFWT; 3–fold DBF and 10–fold TRA) cells, compared to free drugs 

(Figure 4.14–16).  

Moreover, in vitro efficacy and synergistic combination ratio of DBF and TRA was 

established in the panel of melanoma cell lines, using synergy algorithms. 

Separate dispersions of DBF and TRA were encapsulated into α-MSH-SPIONs and 

combined in a synergistic therapeutic ratio and tested in vitro in melanoma murine and 

human cell lines, for the first time. Synergistic drug combinations delivered in α-MSH-

SPIONs of DBF and TRA is a novel approach that could be implemented in future clinical 

studies. DBF/TRA drug combinations were analysed in melanoma cell lines, using the 

Loewe & Bliss and Chou–Talalay CI methods. The synergistic combination ratio of DBF 

and TRA was established, resulting in statistically significant effects on blocking 

melanoma cell growth (Table 4.3). The synergy trend between the tested cell lines 

oscillated around approximately one order of magnitude between BRAFi and MEKi 

(DBF 10 : TRA 1). Above all, the α-MSH-SPION drug nano-delivery system with 

a therapeutic combination ratio significantly improved DBF/TRA efficacy, increasing 

toxicity to all tested melanoma cell lines (Figure 4.23).  

Moreover, several other drug combinations currently under clinical trials could be 

explored in the contexts of encapsulation into α-MSH-SPIONs. For instance, the 

combination of paclitaxel (PTX) and axitinib (VEGFi) extended the survival of patients 

with stage III and IV BRAFWT melanoma. PTX and TRA improved progression-free 

(PFS) and overall survival (OS) in non-BRAF mutated advanced melanoma.510,511  

Currently, clinical trials have shown an increase in OS with combinations of 

immunotherapies and chemotherapy, such as nivolumab + ipilimumab and ipilimumab + 

dacarbazine.512 However, the clinical trials treating advanced melanoma which are 

achieving the most promising results use combinations of the following therapies: 

i) immunotherapies (α-PD-1 + α-CTLA-4, α-PD-1 + IDOi (indoleamine-2,3 

dioxygenase-1 inhibitor), α-PD-1 + α-LAG-3 (lymphocyte-activation gene-3), α-PD-1/α-
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CTLA-4 + HDACi (histone deacetylase inhibitor), α-PD-1/α-CTLA-4 + α-TLF-9 (toll-

like receptor-9), α-PD-1 + α-GITR (glucocorticoid-induced tumour necrosis factor 

receptor), α-PD-1+IL-2), ii) targeted therapies (MEKi + CDK4/6i (cyclin-dependent 

kinase-4/6 inhibitor), BRAFi + MEKi + CDK4/6i), iii) immuno- and targeted therapy 

(BRAFi + MEKi + α-PD-1) and iv) immune- and cell therapy.129,211,512–514 

The in vitro efficacy of the α-MSH-SPION nano-carrier was proven to be sufficient and 

stable in the in vivo biological environment. α-MSH-SPIONs represent a theranostic 

nano-system able to simultaneously diagnose, image (MRI agents), target cancer cells, 

carry drugs and perform hypothermia treatment. 

The main advantage of NPs as drug delivery systems is the accumulation of NPs in the 

solid tumour stroma, using the EPR effect. NPs can internalise with cells using 

i) clathrin/caveolar-mediated endocytosis, ii) phagocytosis, iii) macropinocytosis and 

iv) pinocytosis.515 

Unfortunately, α-MSH-SPION targeting seemed to be unspecific and uptake 

nonsignificant in comparison to non-targeted SPIONs in the tested cell line panel. Both 

non- and targeted SPION cellular uptake was observed in both non- and melanocytic cell 

lines, indicating a non-MC1R-mediated uptake mechanism of entry, such as pinocytosis 

(Figure 4.14–16). However, the presence of α-MSH on the surface of SPIONs should 

utilise the MC1R receptor-mediated endocytosis and in theory, increase the cellular rate 

uptake.  

The above results can benefit the design of multistage and multimodal nano-systems for 

diagnosis and therapy. However, insufficient toxicology studies could undermine the 

potential of NPs; therefore, there is a strong need for effective nano-toxicity assessments. 

α-MSH-SPIONs have great potential in diagnosing and treating melanoma; they 

dramatically increase survival for melanoma patients if toxicity can be effectively 

assessed.  

PEG and HPMA polymer conjugates demonstrated the ability to overcome drug 

resistance arising from cellular mechanisms and physiological barriers in cancer cells. 

HPMA (polymer poly(N-(2-hydroxypropyl)methacrylamide) – a water-soluble, highly 

hydrophilic, non-immunogenic and non-toxic polymer – is widely used in new generation 

polymers in cancer chemotherapy. HPMA coated polymeric NPs have been shown to be 

capable of bypassing the ABC transporters efflux, where lipophilic drugs capable of 

diffusing through the lipid barrier have been removed from the cell by an efflux 

transporter (P-glycoprotein).510,516,517  
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Subsequently, α-MSH-SPIONs will be tested in a syngeneic mouse model to prove 

in vivo effectiveness, attempt to decrease systemic toxicity and improve the therapeutic 

efficacy, while exerting the full pharmacological activity of the therapeutics.  
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Chapter 5                                                   

In vivo targeting and efficacy of anti-

melanoma drug-loaded α-MSH-

SPIONs in novel transgenic mouse 

models 

 

5.1. Validation of toxicity reporter model  

Having generated the α-MSH-SPIONs (Chapter 3) and characterised their use in vitro 

(Chapter 4), they will now be used in an in vivo setting. First, the α-MSH-SPIONs will 

be used alongside existing melanoma therapies in a mouse toxicity reporter model. DBF 

intravenous (IV) pharmacokinetics (PK) will be determined in the humanised 8HUM 

mouse model, both as free drug and encapsulated in α-MSH-SPIONs, and finally, α-

MSH-SPIONs carrying DBF will be used to treat murine syngeneic melanoma tumours 

in vivo in the 8HUM model. 

The HMOX–1 toxicity reporter mouse model will be tested with pre-existing anti-

melanoma therapies, such as small molecule inhibitors and immunotherapies to ensure it 

effectively mimics the clinical efficacy and adverse drug reactions presented by patients. 

This will provide a platform for α-MSH-SPIONs to fully exploit their potential in 

eliminating/reducing immune-related adverse effects (ir-AEs) associated with 

immunotherapies and overcoming/delaying resistance to BRAF and MEK inhibitors.  

The HMOX–1 model is an in-house generated oxidative stress reporter mouse model, 

which uses the haem oxygenase-1 promoter, and it accommodates constitutive knock-in 

of β-galactosidase (LacZ), human chorionic gonadotropin (hCG) and firefly luciferase 

(Fluc) in the Hmox–1gene (Chapter 2, Figure 2.9).320 Expression of firefly luciferase 

(luc under control of the HMOX–1 promoter), allows the evaluation of toxicity in real-
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time, where the β-galactosidase activity allows the investigation of high-resolution post-

mortem tissue mapping and cell toxicity. The PK profile of the anti-melanoma drug, 

dabrafenib (BRAFi, DBF), will also be assessed along with its primary metabolites. 

This will provide the information required for developing efficacious anti-melanoma 

drug-loaded α-MSH-SPIONs. 

 

5.2. Pharmacokinetics of α-MSH-SPIONs 

The PK profile of DBF will be assessed and compared in the humanised transgenic mouse 

model, representing human drug metabolism and pharmacokinetics; this will be the 

C57BL/6J wild-type model (the background of the transgenic mice), using free 

dabrafenib and dabrafenib-loaded α-MSH-SPIONs  

The 8HUM transgenic mouse model is a multiple humanised model. Murine gene clusters 

Cyp2c, Cyp2d and Cyp3a and transcription factors Car and Pxr were deleted and replaced 

with the corresponding human-counter genes (CYP2C9, CYP2D6, CYP3A4, CYP3A7, 

CAR and PXR) and crossed with a line in which Cyp1a1 and Cyp1a2 were deleted and 

replaced with CYP1A1 and CYP1A2. A total of 35 murine genes were replaced with 

eight human genes.322 The 8HUM transgenic mouse model will allow the assessment of 

drug metabolism in response to anti-melanoma treatments, cytochrome P450 enzyme 

activity and drug PK (Chapter 2, Figure 2.10).  

 

5.3. Biodistribution and targeting of α-MSH-SPIONs 

In vitro efficacy studies of a synergistic anti-melanoma drug combination using the α-

MSH-SPIONs, reduced the drug doses and achieved a highly potent therapeutic index. 

After successful in vitro efficacy assessment of the nano-formulation and determination 

of the drug-loading capacity and efficacy of α-MSH-SPIONs, in vivo efficacy studies will 

be performed. The anti-melanoma efficacy of DBF-loaded α-MSH-SPIONs will be 

assessed in syngeneic melanoma tumours using the humanised transgenic 8HUM mouse 

model.  

As previously shown, α-MSH-SPIONs target both human and murine melanoma cells 

(Chapter 3, Figure 3.16 and Chapter 4, Figure 4.7). The murine melanoma cell line 

GEMM5555 will be implanted to the immunocompetent, in-house genetically engineered 

8HUM mouse model to form syngeneic melanoma tumours. Tumour-bearing animals 
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will be treated with DBF-loaded α-MSH-SPIONs and compared to a control group treated 

with a free drug. A histopathology assessment will be performed on the affected tissues, 

measuring the iron content (iron oxide cores) in the tumour lesions and compared to the 

tissues of tumour-free organs. Tumours collected from the mice will be analysed for the 

degree of tumour growth inhibition. Particular attention will be paid to organs that 

facilitate xenobiotic clearance, including the liver, spleen and kidneys. Biodistribution of 

the NPs will be assessed to ensure the α-MSH-SPIONs demonstrate specificity for 

melanoma cell targeting in vivo. Skin tissue will be the main focus to ensure that α-MSH-

SPIONs do not accumulate in the melanocytes located in the bottom layer (stratum 

basale) of the skin's epidermis. This will provide the required information for developing 

an efficacious therapeutic nano-formulation.  

 

 

5.4. Results 

5.4.1. In vivo assessment of anti-melanoma therapies in toxicity reporter 

model 

Toxicity assessment of HMOX–1 model was performed using immune checkpoint 

inhibitors (ICIs; PD-1 and CTLA-4) and small targeted drug molecules (dabrafenib; DBF 

and trametinib; TRA) to determine any potential toxicity induced by ICIs and small drug 

compounds. The study investigated whether DBF exposure changes upon concomitant 

ICI treatment. To assess toxicity induced by ICIs (either as monotherapy or in 

combination) with or without targeted drug compounds, a DBF and TRA 8-arm 

investigation (including a control arm in which the mice received only the vehicles used 

for drug/antibody administration and isotype IgG controls at the same scheduling) was 

designed as follows: A) isotype IgG controls (IgG2a + IgG2b), B) mouse α-PD-1, 

C) mouse α-CTLA-4, D) mouse α-PD-1 + mouse α-CTLA-4, E) DBF + TRA and isotype 

IgG controls, F) DBF + TRA and mouse α-PD-1, G) DBF + TRA and mouse α-CTLA-4 

and H) DBF + TRA and mouse α-PD-1 + mouse α-CTLA-4. Further details about the 

drug preparation and treatment regime can be found in Chapter 2, section 2.7.2. 

Figure 5.1 represents the scheme of the 12-day treatment regime and experimental plan 

of the small molecule and immune checkpoint inhibitor (ICI) combination. Reporter mice 

were treated daily at a concentration of 20 mg/kg DBF, 0.3 mg/kg TRA (PO) and four 

single doses of 10 µg/g of immune check inhibitors intraperitoneally (IP). Animals were 

sacrificed at the end of the 12–day study. Both biologics (ICIs) and drugs (DBF and TRA) 
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in the vehicle were administered at 5 µl/g body weight. After treatment, animals were 

sacrificed, and the samples from the blood, liver, kidneys, spleen, heart, skin, small and 

large intestines were collected for further analysis. The histological post-mortem analysis 

for the β-galactosidase activity was investigated. Blood was sampled by tail venipuncture 

before and after treatment with anti-PD1 and ant-CTLA4 antibodies, for cytokine 

analysis.  

Figure 5.2 shows a representative panel of target organs reflecting in situ β-galactosidase 

activity of immunotherapies and targeted melanoma drugs combination in an HMOX–1 

model. The in situ LacZ staining was performed on cryo-sectioned tissue from the liver, 

kidney, spleen and skin. A panel of representative tissue sections of heart, small and large 

intestine, reflecting in situ β-galactosidase activity, can be found in 

Appendix, Figure A.4.  

The expression of the HMOX–1 reporter was visualised by histochemical staining for β-

galactosidase activity (blue stain) and morphological effects were visualised by H&E 

staining (data not shown). β-galactosidase (LacZ) allows the investigation of cell toxicity, 

by mapping activity of HMOX–1. The enzyme HMOX–1 catalyses the cleavage of haem 

into iron, carbon monoxide and biliverdin, induced by oxidative stress or inflammation. 

The activity of HMOX–1 reduces oxidative stress levels, via haem removal and the by-

products of haem degradation.518,519  

The characteristic blue staining of β-galactosidase activity indicated chemical-induced 

toxicity in the following groups; B (liver), C (liver, heart and small intestine), in groups 

with the combinatorial treatments; D intense staining was observed in liver and spleen, 

mild in skin and heart, where group E displayed mild staining in the liver, kidneys and 

heart. The combination of DBF+TRA+PD-1 in group F resulted in increased toxicity in 

the liver. Subsequently, group G (DBF + TRA + CTLA-4) displayed exacerbated toxicity 

levels in the liver, kidneys, spleen and heart, as well as the spleen and skin. Toxicity in 

all the examined tissues was observed in group H combining all the treatments (DBF + 

TRA + PD-1 + CTLA-4), which resulted in extreme toxicities in the liver, spleen, heart, 

and small and large intestines. Table 5.1 summarises tissue scoring of the toxicity 

assessment in the individual animals. Oxidative stress toxicity was observed in the liver 

tissue in all groups, indicating substantial hepatotoxicity potentially associated with these 

therapies.126 Changes in liver hepatocyte’s mitochondrial membrane permeability, in 

response to oxidative stress, led to depolarisation of the mitochondrial membrane and 

uncoupling of respiratory chains and mitochondrial leakage; this resulted in 
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hepatocellular necrosis.520 The HMOX–1 activity was observed in the spleen (splenic red 

pulp; macrophages), liver (hepatic macrophages, Kupffer cells) and kidneys (tubular 

epithelial cell of the cortex). The ICIs combinatorial treatments showed increased 

expression of HMOX–1 in the centrilobular region of the livers, indicating the increased 

stress response.521 

β-galactosidase-positive staining of organ sections post-mortem was predominantly 

observed in centrilobular and periportal hepatocytes, renal tubular cells and macrophages, 

evidencing highly treatment-induced toxicities.522 This concludes that the HMOX–1 

model is a sensitive system for assessing oxidative stress and inflammation in chemical-

induced toxicity. 

These results corroborated the already existing clinical data, providing the required 

information for validating the in-house generated HMOX–1 oxidative stress reporter 

model using oxidative and inflammatory stimuli.522,523 
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Figure 5.1 The toxicity assessment with immune checkpoint inhibitors and small drug molecules in HMOX–1 reporter mouse model. Scheme of treatment regime and 

experimental plan. Twenty-four heterozygous HMOX–1 reporter male mice 14-21 weeks old, (C57BL/6-Hmox1rep/+/N) were treated with four doses of immune checkpoint inhibitors 

(ICIs; PD-1 and CTLA-4) and daily with small molecules inhibitors (DBF and TRA). Further details can be found in Chapter 2, section 2.7.2 (Study RED083). 
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Figure 5.2 Toxicity assessment of immune checkpoint inhibitors and targeted melanoma drugs in an HMOX–1 reporter mouse model. A representative panel of target organs 

reflects in situ β-galactosidase activity (blue stain). Tissues; liver, kidney, spleen and skin sections were stained for LacZ. Further details can be found in Chapter 2, section 2.7.2 

(Study RED083) and 2.7.10 (Imaging).
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Table 5.1 Tissue scoring of the toxicity assessment of immune checkpoint inhibitors and targeted 

melanoma drugs in an HMOX–1 model. Tissue staining scoring was performed independently by three 

blinded assessors. Legend key; “+”: mild staining, “++”: strong staining present. The following animals 

were sacrificed early: D2, G2 and H1. Animals D1, G1 and H2, were ill upon the treatments. 
 

Consensus Animal Kidney Liver Skin Spleen Heart 
Large 
intestine 

Small 
intestine 

B: 
α-PD1 

B1        

B2  +      

B3  +      

C: 
α-CTLA4 

C1        

C2  +   +   

C3       + 

D: 
α-PD1 + α-CTLA4 

D1        

D2  ++  ++ +   

D3   +     

E: 
DBF + TRA 

E1        

E2     +   

E3 + +      

F: 
α-CTLA4 + DBF 

+ TRA 

F1        

F2  +      

F3        

G: 
α-PD1 + DBF 

+ TRA 

G1        

G2 + ++  ++ +   

G3  +      

H: 
α-CTLA4 + α-PD1 + 

DBF + TRA 

H1  +  ++  +  

H2  +  + +  + 

H3  +      

 
 

The blood samples for the pro-inflammatory cytokine assessment were collected on the 

final day of the study. Pro-inflammatory cytokines are produced predominantly by 

activated macrophages and are involved in the up-regulation of inflammatory reactions. 

In mice, pro-inflammatory cytokines have following functions; IFN-γ activates 

macrophages, neutrophils and NK-cells; IL-1β induces inflammation, fever, acute phase 

response and hematopoiesis; IL-2 regulates the immune system through NK-, B- and T-

cell proliferation; IL-4 stimulates DNA synthesis, B-cell proliferation, eosinophil and 

mast cell growth enhances the expression of IgE and IgG; IL-5 induces terminal 

differentiation of B-cells and eosinophil growth; IL-6 induces an acute phase response, 

inflammation, B-cell proliferation and thrombopoiesis; chemokine KC/GRO is involved 

in neutrophil activation and shows hematopoietic activity; IL-10 inhibits cytokine 

production, promotes B-cell proliferation and antibody production; IL-12p70 activates T-

cells, NK-cells and production of IFN-γ; and TNF-α induces cell death and inflammation, 

inhibits tumorigenesis
 
and viral replication (Chapter 2, section 2.7.8).524,525,526

  

The biochemistry of pro-inflammatory cytokines was analysed by in-house services. 

The following cytokine levels were analysed in the toxicity assessment of 
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immunotherapy and small molecule inhibitors combinations in HMOX–1 reporter mice; 

IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10, IL-12p70, TNF-α 

(Appendix, Figure A.5). A panel of cytokines was studied in relation to the induction of 

inflammatory response and oxidative stress. In response to immunotherapies, in group D, 

plasma levels of IL-6, KC/GRO and IL-10 were highly increased. Interestingly, in the 

single treatment immunotherapy (group B), more pro-inflammatory effects were 

observed in the increase of IFN-γ, IL-1β, IL-2, IL-4 and IL-12. However, in group E with 

the small molecule inhibitors combination, the pro-inflammatory reaction was more 

profound, displayed in exacerbated levels of IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-12 and TNF-α. The addition of anti-CTLA-4 treatment in Group F only resulted in 

elevated levels of IL-5 and IL-12. However, when substituted with anti-PD-1 antibody 

(group G), high inflammation was observed in IL-1β, IL-2, IL-4, IL-6, KC/GRO, IL-10, 

and TNF-α, indicating that CTLA-4 immunotherapy is more toxic than its PD-1 

alternative. Subsequently, combining all the treatments in group H, resulted in increased 

levels of IL-1β, IL-6, KC/GRO, IL-10, and TNF-α; only.  

Overall, the prototypical T-cell growth factor, IL-2, and the major anti-inflammatory 

cytokines, IL-6 and IL-10, have shown a correlation with clinical results. BRAFi and 

MEKi altered the cytokine response, by increasing circulation of most pro-inflammatory 

cytokines, suggesting that this combination therapy can attenuate systemic inflammation 

and multi-organ damage.525 Upon the treatment in group D, G and H, the animals were 

ill and showed symptoms of severe toxicities. This correlates with LacZ staining results 

and observed enhanced secretion of macrophages in the spleen, kidneys and liver upon 

oxidative stress, resulting in attenuation of hepatotoxicity (Figure 5.2).527 

The immunotherapies have been shown to increase IL-6 response highly. However, 

CTLA-4 alone exerted no significant effects on cytokine levels, apart from IL-5 

upregulation. In clinical practice, drug side effects differ markedly between patients, due 

to the genetic polymorphisms that control the immunomodulatory effects of drugs.528 

This could also be observed in the HMOX–1 mouse model, where cytokine levels vary 

across the groups and individual animals. 

Reporter mice were treated and weighed daily; data representing weight fluctuations can 

be found in Appendix, Figure A.6. Each plot represents data from three individual 

animals per group. Upon treatment, animals in groups D, G and H, were ill and displayed 

symptoms of severe toxicities and correlating weight loss, which resulted in the culling 

of three individuals. Animal weight varied crossed the groups; upon the treatment, 
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dramatic weight loss was observed in groups D, G and H. This could suggest that the 

experimental groups with most combinatorial treatments; D (PD-1 + CTLA-4), G (DBF + 

TRA + CTLA-4) and H (DBF + TRA + PD-1 + CTLA-4) caused the most stress and were 

considerably more toxic therapies.  

The PK profile of DBF and its main metabolites was assessed in the humanised 8HUM 

mouse model. DBF inhibits phosphorylation of ERK, resulting in decreased cell 

proliferation. The downstream mediators of the MAPK signalling pathway are inhibited, 

within 24 hours of DBF administration. The recommended dose of DBF is 150 mg BID 

(twice daily). Absorption of DBF after oral administration is rapid, with a mean absolute 

bioavailability of 95 %. The median time (Tmax) to achieve peak plasma concentration is 

2 hours. DBF plasma protein binding is approximately 99.7 % albumin-bound. 

The average terminal half-life (T1/2) of DBF is 8 hours after oral dosing. DBF is rapidly 

distributed within tissues, having a high volume of distribution (Vd/F) at steady state of 

70.3 L. The clearance of DBF is 17.0 L/h after single dosing and 34.4 L/h after 2 weeks 

of twice-daily dosing. DBF displays a time-dependent increase in clearance, due to 

induction of its metabolism through cytochrome P450. DBF is metabolised in the liver, 

primarily by CYP2C8 and CYP3A4 to form hydroxy-dabrafenib. Hydroxy-DBF is 

further oxidised via CYP3A4 to form carboxy-DBF and subsequently excreted in bile and 

urine. Carboxy-DBF can also undergo decarboxylation to form desmethyl-DBF, 

reabsorbed from the gastrointestinal tract. Among the three primary metabolites 

identified, hydroxy-DBF appears to contribute the most to pharmacological activity. 

The principal elimination route of DBF is oxidative metabolism via CYP3A4 and 

CYP2C8 and biliary excretion. Faecal and urinary excretion is 71 % and 23 %, 

respectively. DBF is a substrate and inducer of CYP3A4 & CYP2C8; and CYP3A4, 

CYP2B6 & CYP2C respectively. Therefore, most likely, coadministration of treatments 

with DBF will result in drug-drug interactions (most of the above information is cited 

from the DrugBank529; www.drugbank.com).530,531,532,533,534,535,245 

DBF PK concentration levels in plasma were assessed by mass-spectrometry (HPLC–

MS/MS), and it was investigated whether DBF exposure changes upon concomitant ICI 

treatment. Figure 5.3 shows the pharmacokinetics of the primary metabolites of DBF 

(hydroxy-, desmethyl- and carboxy-DBF) in HMOX–1 reporter mice treated with 

immunotherapy and small molecule inhibitors in combination. Blood samples were 

collected at the end of the 12–day study. PK parameters, such as Cmax, AUC, T1/2 and Tmax 

were analysed in experimental groups, where DBF was used in combinatory treatments 
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with immunotherapies concomitantly (groups F, G and H; group B was used a control). 

A summary of DBF PK parameters for a dose of 20 mg/kg DBF, administered PO daily, 

are indicated in Figure 5.3, where Cmax is the maximum plasma concentration; AUC (area 

under the curve) is a measure of the exposure to the drug; T1/2 (elimination half-life) is 

the time for the plasma concentration to fall by half its original value, and Tmax is the time 

to maximum plasma concentration.  

The effect of immunotherapies CTLA-4 and PD-1 on DBF and its metabolites were 

investigated. A summary of DBF and the PK parameters of its metabolites is displayed 

in respective tables in Figure 5.3.  

Figure 5.3 A displays DBF (parent drug) plasma concentration-time profiles, following 

the concomitant administration of the immunotherapies. The half-life of DBF alone 

compared to DBF + CTLA-4 + PD-1 interactions was reduced from 58.5 min to 40.2 min, 

respectively; however, the AUC was increased from 5.66 ± 2.32 to 8.27 ± 3.12 h∙µg/ml, 

respectively (Figure 5.3 A). 

Figure 5.3. B, C and D compared PK parameters of DBF and its metabolites, after the 

administration of ICIs concomitant treatment. The concentration of hydroxy-DBF, 

compared to the parent drug, was significantly decreased (Figure 5.3. B). Concentrations 

of DBF, carboxy- and desmethyl-DBF were in the same range, with a similar half-life 

(Figure 5.3 C and D). Administration of ICIs increased systemic exposure to hydroxy-

DBF, which could increase the efficacy of DBF; however, systemic exposure to 

desmethyl- and carboxy-DBF was decreased. The AUC of desmethyl- and carboxy-DBF 

increased when administrated with CTLA-4. The AUC and Cmax of desmethyl- and 

carboxy-DBF decreased after administration of ICIs. The AUC and Cmax for hydroxy-

DBF increased following the administration of ICIs. 

DBF is primarily metabolised by CYP3A and CYP2C8. Concomitant administration of 

potent CYP3A and CYP2C8 inhibitors increases concentrations of DBF; hence the 

substitution of potent inhibitors or inducers of CYP3A and CYP2C8 is recommended 

during treatment with DBF.536  
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Figure 5.3 Dabrafenib metabolism and pharmacokinetics. Reporter mice were treated daily at 

a concentration of 20 mg/kg DBF, 0.3 mg/kg TRA (PO) and four single doses of 10 µg/g of immune check 

inhibitors (IP). Animals were sacrificed at the end of the 12-day study. A) Dabrafenib PK plot, parameters 

and formula, B) Hydroxy-dabrafenib PK plot, parameters and formula, C) Desmethyl-dabrafenib PK plot, 

parameters and formula; and D) Carboxy-dabrafenib PK plot, parameters and formula. Cmax: maximum 

plasma concentration, AUC: area under the curve, T1/2: elimination half-life, Tmax: time to maximum plasma 

concentration. Data represent mean ± SD using technical triplicates per data-point. 
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5.4.2. In vivo biodistribution and toxicity assessment of α-MSH-SPION in 

8HUM model 

In vivo biodistribution and potential toxicity of α-MSH-SPION was investigated in the 

transgenic 8HUM model. Hepato- and nephrotoxicities were analysed in blood plasma 

levels. The panel of blood biochemistry marker plasma levels, such as creatinine, alanine 

transaminase and total bilirubin were outsourced. Results were analysed for changes with 

respect to saline (PBS) control and empty NPs. Further details can be found in 

Chapter 2, section 2.7.4 (Study BRI1031).  

Alanine aminotransferase (ALT) is a diagnostic marker for hepatic injury in a liver 

function test. ALT is present in liver hepatocytes and catalyses the amino transfer from 

alanine to α-ketoglutarate. Elevated levels of ALT are observed in viral hepatitis, 

diabetes, congestive heart failure, liver damage, bile duct problems, infectious 

mononucleosis and myopathy. When the liver is damaged, ALT is leaked into the blood 

and can be used to assess the extent of hepatic damage. Murine ALT normal range is 46–

70 U/l (M), 42–73 U/l (F).537,538 Bilirubin (BIL) is generated when haeme oxygenase 

catalyses the degradation of haeme. This results in the formation of biliverdin, which is 

rapidly converted into bilirubin by biliverdin reductase. Bilirubin metabolism occurs in 

hepatocytes, where unconjugated bilirubin is conjugated to a water-soluble form for 

excretion. Total bilirubin is the sum of conjugated and unconjugated bilirubin. Elevated 

bilirubin is a marker of increased HMOX–1 expression. Murine BIL normal range is 5.1–

11.9 µmol/L (M), 3.4–14.3 µmol/L (F).537,539 Serum creatinine (CREA) is an indicator of 

renal function (nephrons damage). CREA is a by-product of muscle metabolism. 

CREA is removed by the kidneys, by glomerular filtration and proximal tubular secretion. 

The elevated values of CREA are seen in muscular dystrophy (muscle breakdown), 

anaemia, leukaemia and hyperthyroidism. Inflammation may cause a false increase in 

CREA concentrations. The decreased values are noticed with glomerulonephritis, acute 

tubular necrosis, congestive heart failure, polycystic kidney disease and dehydration. 

Murine CREA normal range is 8.8–13.2 µmol/L (M), 8.8–13.2 µmol/L (F).537,540 

The 8HUM heterozygous mice were treated intravenously with empty α-MSH-SPIONs 

vs vehicle control (PBS) and sacrificed 24, 48 and 72 hours after treatment 

(Figure 5.4 A). The animals were weighed and monitored daily. No changes in behaviour 

or weight were observed during the experiment (Figure 5.4 B). Plasma ALT, bilirubin 

and creatinine levels were determined to assess potential hepatotoxicity and 

nephrotoxicity (Figure 5.4 C–E). After 24, 48 and 72 hours of treatment with α-MSH-
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SPIONs, plasma bilirubin and creatinine levels remained unchanged, and no increase in 

ALT plasma concentration was detected. α-MSH-SPIONs have no hepatotoxic or 

nephrotoxic effects on mice. The extent of toxicity was determined by histochemical 

examination of brain, kidney, liver, skin and spleen tissue sections using H&E and Perl’s 

Prussian blue staining. H&E histochemical examination in 8HUM mice treated with 

empty NPs or PBS control revealed no changes upon treatment. H&E staining in 8HUM 

mice treated with empty NPs can be found in the Appendix (Figure A.7). H&E staining 

in 8HUM mice treated with the PBS can be found in Appendix (Figure A.8). No iron 

deposits were detected in 8HUM mice treated with PBS using and Perl’s staining. 

Perl’s staining in 8HUM mice treated with the PBS can be found in 

Appendix (Figure A.9).  

No histopathological changes were detected in mice after treatment with α-MSH-

SPIONs. However, iron oxide (Fe3O4) cores of α-MSH-SPIONs accumulated in the liver 

and kidneys; this was identified with Perl’s Prussian blue staining after 24 hours 

incubation with α-MSH-SPIONs (Figure 5.5). After 48 and 72 hours, no iron deposits 

were detected indicating α-MSH-SPION clearance after 24 hours. The dose of NPs was 

equal to 15 µg/ml of iron in a volume of 50 µl per injection. Iron deposits were labelled 

with the blue stain indicating the presence of ferric iron ions. 

The staining reaction of potassium ferrocyanide forms ferric ferrocyanide (blue stain) 

with reactive ferric salts in an acidic environment, resulting in the detection of α-MSH-

SPIONs iron oxide cores after the degradation to ferric iron (Fe3+).541 The intracellular 

transfer of the iron ions (released during the degradation of α-MSH-SPIONs), occurs in 

endogenous ferritins in lysosomal compartments. Intracellular proteins involved in the 

iron homeostasis – ferritins – store and regulate iron release. Ferritins control degradation 

and metabolism of α-MSH-SPIONs, protecting cells from a potentially harmful excess of 

ferric iron ions.542  

Overall, α-MSH-SPIONs displayed no significant changes in humanised heterozygous 

8HUM animal’s blood biochemistry levels and histopathology, indicating a lack of 

systemic toxicities (hepatic or nephrotic). Moreover, α-MSH-SPIONs were shown to 

accumulate in the liver and kidneys, being eliminated quickly by hepatic and nephrotic 

clearance after 24 hours, as expected.  
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Figure 5.4 8HUM mice treated with empty nanoparticles. A) NP treatment regime and experimental 

plan in 8HUM mouse model, further details can be found in Chapter 2, section 2.7.4 (Study BRI1031). 

Weight and blood chemistry; B) mouse weights following administration of NPs 24, 48 and 72 hours. 

C) Alanine aminotransferase (ALT), D) bilirubin (BIL), E) creatinine (CREA); levels at the end of the 

study. Normal ranges; ALT 46-70 U/l (M), 42-73 U/l (F), BIL 5.1-11.9 µmol/L (M), 3.4-14.3 µmol/L (F) 

and CRE 8.8-13.2 µmol/L (M), 8.8-13.2 µmol/L (F).537 Data represent mean ± SD using technical triplicates 

per data-point. M: male, F: female, statistical significance; ns: not significant, p-Value < 0.05*, < 0.01**, 

< 0.0001***, < 0.00001****. 
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Figure 5.5 Perl’s Prussian blue staining in 8HUM mice treated with α-MSH-SPIONs. Animals treated with empty unloaded NPs for 24, 48 and 72 hours. Representative tissue 

sections: brain, kidney, liver, skin and spleen. The dose of NPs was equal to 15 µg/ml of iron in a volume of 50 µl per injection. Further details can be found in Chapter 2, section 2.7.4 

(study BRI1031) and 2.7.10 (Imaging).  
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5.4.3. In vivo pharmacokinetics assessment of dabrafenib and dabrafenib-

loaded α-MSH-SPIONs  

5.4.3.1. Pharmacokinetics of dabrafenib in 8HUM model 

The PK of intravenously (IV) dosed DBF will be determined as a prelude to the 

investigation of the DBF-loaded α-MSH-SPIONs delivery.  

The homozygous 8HUM mouse model (humanised for CYP1A1, CYP1A2, CYP2C9, 

CYP2D6, CYP3A4, CAR and PXR) was treated for three days with DBF (PO), which 

induced its metabolism via induction of CYP3A4. The control group was pre-treated with 

the vehicle (PO) and then dosed with a single IV injection of 2.5 mg/kg DBF. The treated 

group was pre-treated with 26.43 kg/mg of DBF (PO) and then with a single IV injection 

of 2.5 mg/kg DBF. To test the hypothesis that there will be no circulating DBF on day 

four of the experiment (after PO and before IV administration of DBF), the PK profile 

for DBF after intravenous dosing was carried out, based on computer modelling. Due to 

the rapid metabolism of DBF and the route of administration (IV), the time course of DBF 

PK profile was estimated at approximately 2–3 hours. Blood samples were collected at 

the following time points after dosing with DBF: 0.16, 0.3, 0.5, 0.75, 1, 1.5, 2 and 3 hours 

(terminal). Further details can be found in Chapter 2, section 2.7.3 (Study BRI1007). 

Figure 5.6 A summarises the treatment regime and experimental plan. The PK profiling 

of DBF was established in 8HUM model, comparing PK of IV dosed DBF in both the 

control group (Figure 5.6 B) and induced CYP3A4 group (Figure 5.6 C). 

Figure 5.6 D displays DBF plasma concentration-time profiles, in the vehicle and DBF 

induced CYP3A4. The half-life of the DBF treated group compared to the control group 

was reduced from 214 min to 75 min, respectively, as well as the AUC from 12.19 ± 0.16 

to 6.18 ± 8.5 h∙µg/ml, respectively. The Cmax of DBF decreased after induction of 

CYP3A4 from 6.38 ± 0.79 to 3.58 ± 3.95 µg/ml (Figure 5.6 E).  

Overall, the induction of CYP34A in humanised homozygous 8HUM mouse model, 

decreased systemic exposure to DBF, which could decrease the efficacy of DBF.  
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Figure 5.6 Pharmacokinetics of dabrafenib in 8HUM mice. A) Treatment regime and experimental plan. 

B) Control group, pre-treatment with the vehicle (PO) and single 2.5 mg/kg DBF (IV), C) treated group, 

pre-treatment with 26.43 kg/mg DBF (PO) and single 2.5 mg/kg DBF (IV), D) 8HUM PK grouped analysis. 

E) DBF PK parameters. Cmax: maximum plasma concentration, AUC: area under the curve, T1/2: elimination 

half-life, Tmax: time to maximum plasma concentration. Data represent mean ± SD using technical 

triplicates per data-point. Further details can be found in Chapter 2, section 2.7.3 (Study BRI1007). 
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5.4.3.2. Pharmacokinetics of dabrafenib in a wild type model  

To test the effect of the CYP3A4 inducer DBF on DBF, PK was tested in the wild type 

C57BL/6J mouse model. The animals were pre-treated for three days with DBF via oral 

gavage (PO), to induce DBF metabolism via induction of CYP3A4, at a dose of 

26.43 mg/kg in the vehicle (at a volume of 5 ml/kg by intravenous injection).  

The control group was pre-treated with the vehicle (PO) and then dosed with a single 

IV injection of 26.43 mg/kg DBF. The treated group was pre-treated with 26.43 kg/mg 

of DBF (PO) and then with a single IV injection of 26.43 mg/kg DBF. Blood samples 

were collected over 3 hours. Further details can be found in Chapter 2, section 2.7.7 

(Study BRI1038).  

Figure 5.7 A summarises the treatment regime and experimental plan. The PK profiling 

of DBF was established in C57BL/6J model, comparing PK of IV dosed DBF in both the 

control group (Figure 5.7 B) and induced CYP3A4 group (Figure 5.7 C). Figure 5.7 D 

displays DBF plasma concentration-time profiles, in the vehicle and DBF induced 

CYP3A4. The half-life of the DBF treated group compared to the control group was 

reduced from 149 min to 76 min, respectively; as well as the AUC from 22.94 ± 4.62 to 

16.3 ± 3.31 h∙µg/ml, respectively. The Cmax of DBF decreased after induction of CYP3A4 

from 9.18 ± 3.35 to 7.71 ± 2.1 µg/ml (Figure 5.7 E).  

Overall, the induction of CYP34A in wild type mouse model can potentially decrease the 

systemic exposure to DBF, which could decrease the efficacy of DBF. 

However, CYP3A4 induction in humanised homozygous 8HUM mouse model, was 

significantly higher than the one seen in the wild type animals.  
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Figure 5.7 The effects of the CYP3A4 inducer DBF on DBF pharmacokinetics in the C57BL/6J mice. 

A) Treatment regime and experimental plan. B) Control group, pre-treatment with the vehicle (PO) and 

single 26.43 mg/kg DBF (IV), C) treated group, pre-treatment with 26.43 kg/mg DBF (PO) and single 

26.43 mg/kg DBF (IV), D) Wild type PK grouped analysis. E) DBF PK parameters. Cmax: maximum plasma 

concentration, AUC: area under the curve, T1/2: elimination half-life, Tmax: time to maximum plasma 

concentration. Data represent mean ± SD using technical triplicates per data-point. Further details can be 

found in Chapter 2, section 2.7.7 (Study BRI1038). 
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5.4.3.3. Pharmacokinetics of dabrafenib-loaded α-MSH-SPIONs in 8HUM 

model 

To establish the PK profile of DBF-loaded α-MSH-SPIONs, the homozygous 8HUM 

mice were pre-treated for three days with DBF via oral gavage (PO), to induce the 

metabolism of DBF via induction of CYP3A4, at a dose of 26.43 mg/kg and then dosed 

intravenously with DBF-loaded α-MSH-SPIONs.  

The control group received only the vehicle during the induction phase each day, before 

the PK profiling with DBF-loaded α-MSH-SPIONs. The α-MSH-SPIONs dose was equal 

to 15 µg/ml of iron in a volume of 50 µl per injection. Animals were treated with a single 

dose of 2.5 mg/kg DBF-loaded α-MSH-SPIONs (5 ml/kg). DBF-loaded α-MSH-SPIONs 

were delivered by intravenous tail vein injection; 50 µl on day 4, followed by PK 

profiling. To obtain a PK profile for DBF after intravenous dosing compared to PK profile 

of DBF delivered orally, blood samples for groups A and B were collected at the 

following time points after dosing with DBF-loaded α-MSH-SPIONs: 0.3, 0.6, 1, 2, 3, 4, 

6 and 24 hours (terminal). Further details can be found in Chapter 2, section 2.7.5 

(Study BRI1035).  

Figure 5.8 A summarises the treatment regime and experimental plan. The 8HUM 

homozygous mice were treated intravenously with DBF-loaded α-MSH-SPIONs. 

The animals were weighed and monitored daily. No changes in behaviour or weight were 

observed during the experiment (Figure 5.8 B). Plasma ALT, bilirubin and creatinine 

levels were determined to assess potential hepatotoxicity and nephrotoxicity 

(Figure 5.8 C–E). After treatment with DBF-loaded α-MSH-SPIONs, plasma bilirubin 

and creatinine levels remained unchanged, and no increase in ALT plasma concentration 

was detected. α-MSH-SPIONs have no hepatotoxic or nephrotoxic effects on mice. 

ALT plasma levels were significantly higher in DBF induced mice compared to control-

treated mice, indicating a large degree of hepatic damage as a result of the treatment 

(Figure 5.8 C). Plasma bilirubin and creatinine levels remained unchanged. DBF-loaded 

α-MSH-SPIONs have no hepatotoxic effects on mice.  

Overall, 8HUM homozygous mice display increased ALT levels upon induction of 

CYP3A4 with DBF pre-treatment. 
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Figure 5.8 Pharmacokinetics of dabrafenib-loaded α-MSH-SPIONs in 8HUM mice. A) Treatment 

regime and experimental plan. Weight and blood chemistry; B) mouse weights following administration of 

vehicle + DBF (PO) and DBF + DBF (PO). C) ALT, D) bilirubin (BIL), E) creatinine (CREA); levels at 

the end of the study. Normal ranges; ALT 46-70 U/l (M), 42-73 U/l (F), BIL 5.1-11.9 µmol/L (M), 3.4-

14.3 µmol/L (F) and CRE 8.8-13.2 µmol/L (M), 8.8-13.2 µmol/L (F).537 Data represent mean ± SD using 

technical triplicates per data-point. Statistical significance; p-Value < 0.05*, < 0.01**, < 0.0001***; ns: not 

significant. M: male, F: female. Further details can be found in Chapter 2, section 2.7.5 (Study BRI1035). 

 

The extent of toxicity was determined by histochemical examination of the following 

tissue sections; brain, kidney, liver, skin and spleen; using H&E and Perl’s staining. 

H&E histochemical examination in 8HUM mice with and without CYP3A4 induction 

revealed no changes upon the DBF-loaded α-MSH-SPIONs treatment. H&E staining in 

8HUM mice treated with the PBS can be found in Appendix (Figure A.10). No iron 

deposits were detected in 8HUM mice treated with DBF-loaded α-MSH-SPIONs using 

Perl’s staining (Figure 5.9). 
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Figure 5.9 Perl’s Prussian blue staining in 8HUM mice treated with DBF and DBF-loaded α-MSH-SPIONs. Representative tissue sections: brain, kidney, liver, skin and spleen. 

Further details can be found in Chapter 2, section 2.7.5 (Study BRI1035) and 2.7.10 (Imaging). 
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The PK profiling of DBF was established in C57BL/6J model, comparing PK of IV dosed 

DBF in both the control group (Figure 5.10 A) and induced CYP3A4 group 

(Figure 5.10 B). Figure 5.10 C displays DBF plasma concentration-time profiles, in the 

vehicle and DBF induced CYP3A4. The half-life of DBF-loaded α-MSH-SPION control 

group was not measured; however, in the DBF induced group, the half-life of DBF-loaded 

α-MSH-SPIONs was 275 min. The AUC in the control group and the induced group was 

10.25 ± 3.02 and 8.16 ± 6.45 h∙µg/ml, respectively. The Cmax in both groups was 

comparable (Figure 5.10 D).  

DBF was found to be a potent inducer of the CYP3A4 enzyme in 8HUM mice. Western 

blot analysis showed induction of CYP3A4, which was most marked after the DBF 

treatment (Figure 5.10 E). DBF enhances its own metabolism, through induction of 

CYP3A4, hence the potential adjustments of drug dose and treatment regime can be 

considered to account for a loss in drug efficacy.543 

Overall, the induction of CYP34A decreased systemic exposure slightly of DBF-loaded 

α-MSH-SPIONs, which could decrease the efficacy of DBF. The lower PK of DBF-

loaded α-MSH-SPIONs could be attributed to the DBF being trapped in the skin tissue.  

However, NPs cause differences in PK and PD of DBF-loaded α-MSH-SPIONs 

compared with free drug. Typically, free drugs are rapidly eliminated from the blood 

plasma after administration (IV), due to renal elimination and a short half-life (T1/2). 

Generally, the half-life for NPs is much longer and tuneable, due to increased retention 

time in the blood, and reduced kidney filtration. This results in prolonged exposer of the 

encapsulated drug. As a consequence, prolonged drug exposure has an impact on the 

cellular effect, such as proliferation inhibition. By extending the exposure to the drug, the 

therapeutic effect could be achieved at a lower concentration, thanks to beneficial SPION 

properties as a drug delivery systems.179 
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Figure 5.10 Dabrafenib pharmacokinetics comparison. A) Control group, pre-treatment with the vehicle 

(PO) and single NP with 2.5 mg/kg DBF (IV), B) treated group, pre-treatment with 26.43 kg/mg DBF (PO) 

and single NP with 2.5 mg/kg DBF (IV), C) 8HUM PK grouped analysis. D) DBF PK parameters. Cmax: 

maximum plasma concentration, AUC: area under the curve, T1/2: elimination half-life, Tmax: time to 

maximum plasma concentration. Data represent mean ± SD using technical triplicates per data-point. 

Further details can be found in Chapter 2, section 2.7.5 (Study BRI1035). E) Representative Western blot 

of the DBF treatment effect on liver microsomes from 8HUM mice. Animals were treated with vehicle or 

DBF (10 mg/kg) PO daily for 2 days and midazolam (3 mg/kg) PO on the 3rd day. GRP78 was used as a 

loading control. DBF: dabrafenib, MDZ: midazolam, UNT: untreated, VEH: vehicle, STD: standard, 

recombinant human P450 protein, HLM: human liver microsomes. Experiment performed by Ms Aileen 

McLaren, figure adapted and modified from Henderson et al. 2019.543  

 

5.4.4. In vivo efficacy of anti-melanoma α-MSH-SPIONs 

5.4.4.1. Formation of xenograft and syngeneic melanoma tumours 

Two melanoma cell lines were selected for subcutaneous transplantation into mouse 

models; A2058 (human BRAFV600E/+) and GEMM5555 (murine BRAFV600E/+). 

The A2058 cell line was grown in the xenograft PDX NSG immunodeficient mouse line 

(NOD SCID gamma) and performed in collaboration with Professor Luisa Lanfrancone’s 

group in IEO, Milan, Italy (Figure 5.11 A). The murine melanoma cell line 

GEMM5555324 was grown in the syngeneic 8HUM mouse model in-house (experiment 
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performed by Ms Aileen McLaren). The murine melanoma cell line GEMM5555 was 

injected subcutaneously to the right flanks of adult female 8HUM mice with 4-5∙106 

GEMM5555 cells and monitored for tumour growth (Figure 5.11 B). Mouse weights 

were monitored, and tumours were measured every 2–days until reaching 15 mm.  

  

Figure 5.11 Melanoma cell growth in mouse models. A) Human melanoma cell line A2058 growth in 

xenograft PDX NSG immunodeficient mouse line (NOD SCID gamma). An experiment performed in 

Professor Luisa Lanfrancone’s group in IEO, Milan, Italy. B) Murine melanoma cell line GEMM5555 

growth in syngeneic 8HUM mice (experiment performed by Ms Aileen McLaren). ECM: expansion 

medium. Data represent one biologically independent experiment. 

 

5.4.4.2. In vivo efficacy assessment of anti-melanoma α-MSH-SPIONs in 8HUM 

syngeneic melanoma model 

Inhibition growth of murine melanoma in the 8HUM syngeneic tumour model was 

assessed with DBF-loaded α-MSH-SPIONs. To evaluate treatment efficacy of DBF-

loaded α-MSH-SPIONs, homozygous 8HUM mice were inoculated with murine 

melanoma syngeneic tumours (GEMM5555 cell line) as described above. Once palpable, 

tumour dimensions were measured, and drug treatment performed.  

The animals were treated once daily (PO) with vehicle or DBF at a dose equivalent to 

that used in the treatment of patients (31.5 mg/kg; 5 ml/kg) or every two days (IV) with 

DBF-loaded α-MSH-SPIONs (2.5 mg/kg, 5 ml/kg, 15 µg/ml of iron oxide). 

Tumour growth was monitored, followed by PK profiling. Tumours were allowed to 

grow until statistically significant tumour growth delay was achieved, unless welfare 

issues occurred. Mice were euthanised once tumours reached 15 mm or if the mouse 

showed signs of distress or other pathology, such as tumour ulceration. Further details 

can be found in Chapter 2, section 2.7.6 (Study BRI1036). 

Figure 5.12 A summarises the treatment regime and experimental plan. The animals were 

weighed and monitored daily. Mouse weights were monitored following treatments 
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(Figure 5.12 B). Figure 5.12 C displays mean tumour length, and Figure 5.12 D mean 

tumour volume. Plasma ALT, bilirubin and creatinine levels were determined to assess 

potential hepatotoxicity and nephrotoxicity (Figure 5.12 E–G). After treatment with 

DBF or DBF-loaded α-MSH-SPIONs, plasma bilirubin and creatinine levels remained 

unchanged, and no increase in ALT plasma concentration was detected.  

Both treatments with DBF (31.5 mg/kg) and DBF-loaded α-MSH-SPIONs (2.5 mg/kg) 

showed no toxic effects on mice. However, the experimental group with DBF-loaded α-

MSH-SPIONs was terminated, due to general unwellness of animals, indicating some 

extent of toxicity in this treatment group. Control group with free DBF was terminated 

prematurely on day 15 when the tumours reached humane end-point (Figure 5.13).  

Figure 5.13 A–C describes individual fluctuation changes in the weights across the 

animals in each experimental group. Figure 5.13 D–F shows individual tumour growth 

of each animal in experimental groups, which are complemented by Figure 5.14 A 

representing the images of the growth of GEMM5555 subcutaneous transplantation in 

8HUM model; followed by the images of the melanoma GEMM5555 tumours dissected 

post-mortem from 8HUM mice (Figure 5.14 B). The photo documentation of two 

tumours from DBF-loaded α-MSH-SPIONs treated group are missing, due to early 

termination due to animals unwellness. The images corroborate the above data showing, 

the inhibition of GEMM5555 syngeneic tumour growth in vivo 8HUM mice, both in DBF 

and DBF-loaded α-MSH-SPIONs treated groups.  

Therapeutic efficacy of the DBF-loaded α-MSH-SPIONs showed tumour growth 

inhibition comparable with free DBF. However, DBF-loaded α-MSH-SPIONs contained 

a much lower dose of DBF (2.5 mg/kg) compare to free drug treatment (31.5 mg/kg). 

Moreover, the route of administration of DBF-loaded α-MSH-SPIONs (IV) and free DBF 

(PO) could significantly contribute to drug exposure and its therapeutic efficacy 

(Chapter 1, Figure 1.14). It is hypothesised that α-MSH-SPIONs administered 

intravenously, aided the DBF therapeutic efficacy through extending its half-life, 

retention time in the blood and prolonged exposer at a lower concentration.  

Therefore, physical barriers impeding drug delivery into tumour cells and ADME 

processes should be considered when optimising the biodistribution, efficacy and toxicity 

of drugs in the human body.544  
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Figure 5.12 Syngeneic growth of murine melanoma cell line in 8HUM mice treatment with DBF or 

DBF-NPs. A) Treatment regime and experimental plan. B) Mouse weights following treatments, 

C) mean tumour length, D) tumour volume. Blood chemistry; E) ALT, F) bilirubin (BIL), G) creatinine 

(CREA); levels at the end of the study. Normal ranges; ALT 46-70 U/l (M), 42-73 U/l (F), BIL 5.1-11.9 

µmol/L (M), 3.4-14.3 µmol/L (F) and CRE 8.8-13.2 µmol/L (M), 8.8-13.2 µmol/L (F).537 Data represent 

mean ± SD using technical triplicates per data-point. Statistical significance; ns: not significant. M: male, 

F: female. Further details can be found in Chapter 2, section 2.7.6 (Study BRI1036). 
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Figure 5.13 GEMM5555 syngeneic tumour growth and body weight in 8HUM mice treated with DBF or DBF-loaded NPs. Panel A) (vehicle): body weight and tumour volume, 

Panel B) (dabrafenib): body weight and tumour volume and Panel C) (dabrafenib loaded NPs): body weight and tumour volume. Further details can be found in Chapter 2, 

section 2.7.6 (Study BRI1036). 
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Figure 5.14 The inhibition of GEMM5555 syngeneic tumour growth in vivo 8HUM mice. 

A) Representative images of the growth of GEMM5555 subcutaneous implantation in 8HUM model. 

B) Representative images of melanoma GEMM5555 tumours dissected post-mortem from 8HUM mice. 

The animals were treated with vehicle control, DBF (PO) or DBF-loaded α-MSH-SPIONs (IV); M1, M2, 

M3 and M4 are the mouse codes. Further details can be found in Chapter 2, section 2.7.6 (Study BRI1036). 
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The extent of toxicity was determined by histochemical examination of tissue sections 

from the brain, kidney, liver, skin and spleen, using H&E and Perl’s staining. 

The pathology report of the H&E and Perl’s staining in 8HUM mice carrying syngeneic 

GEMM5555 tumours, treated with DBF or DBF-loaded α-MSH-SPIONs can be found in 

the Appendix, Table A.4. H&E staining in 8HUM mice carrying syngeneic GEMM5555 

tumours and treated with DBF or DBF-loaded α-MSH-SPIONs can be found in the 

Appendix, Figure A.11.  

The Perl’s Prussian blue staining in 8HUM mice with syngeneic tumours treated with 

DBF-loaded α-MSH-SPIONs indicated deposits of ferric iron ions in liver and kidneys, 

as expected. However, intense staining was also observed in the tumour tissue 

(skin section), indicating α-MSH-SPIONs accumulation in the target tumour tissue. 

The characteristic layer of blue stain across the tumour tissue can correlate with 

overexpression of MC1R on the melanoma tumours, suggesting that α-MSH-SPIONs 

activity is specific to melanoma cells (Figure 5.15).545 

To some extent, splenic toxicity was observed in the DBF-loaded α-MSH-SPIONs treated 

group, which could correlate with the observed adverse effects and exceeding the toxicity 

severity limit.  
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Figure 5.15 Perl’s Prussian blue staining in 8HUM mice with syngeneic tumours treated with DBF or DBF-loaded α-MSH-SPIONs. Tumour bearing syngeneic GEMM5555 

animal treated with vehicle control, DBF and DBF-loaded α-MSH-SPIONs. Representative tissue sections: brain, kidney, liver, skin, spleen and tumour. Further details can be found 

in Chapter 2, section 2.7.6 (Study BRI1036) and 2.7.10 (Imaging).
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5.5. Summary and discussion 

The HMOX–1 toxicity reporter mouse model was successfully validated with pre-

existing anti-melanoma therapies, mimicking the adverse drug reactions associated with 

these treatments. The HMOX–1 model can be used to study the toxicity of the drugs and 

systemic inflammation, with high-fidelity and resolution down to the single-cell. 

The combination of DBF and TRA alone or with coadministration of PD-1 and CTLA-4 

immunotherapies significantly induces oxidative stress and inflammation. Unfortunately, 

subsequent studies with HMOX–1 reporter model exploiting α-MSH-SPION potential in 

reducing toxic ir-AEs and drug resistance was not feasible at the time. 

However, it provided insight for further development of anti-melanoma drug-loaded α-

MSH-SPIONs. 

The pharmacokinetic (PK) profile of DBF was assessed and compared in wild type 

(C57BL/6J), transgenic (8HUM), and oxidative stress reporter (HMOX–1) mouse 

models. PK parameters vary depending on the model used and previous induction of 

CYP3A4, treatment regime and dosing, as well as the choice of route of the 

administration. This potentially influences the therapeutic efficacy of the tested drug. 

Table 5.2 summarises all the PK profiling performed in this chapter.  

 

Table 5.2 Summary of DBF PK parameters. 

Abbreviations; Cmax: maximum plasma concentration, AUC: area under the curve, T1/2: elimination half-

life, Tmax: time to maximum plasma concentration, NC: not calculated, IV: intravenous administration, PO: 

oral gavage, DBF: dabrafenib. Calculations were performed using GraphPad Prism 8 and non-

compartmental analysis module of Phoenix WinNonlin 8.2 (Certara). Data represent mean ± SD using 

technical triplicates per data-point. 

 

 

Mouse 
model 

8HUM C57BL/6J HMOX–1 

Study BRI1007 BRI1035 BRI1038 RED083 

DBF dose and 
rout of 

adminitration 

2.5mg/kg IV 
26.43mg/kg PO 

+ 
2.5mg/kg IV 

2.5mg/kg IV 
(in NPs) 

26.43mg/kg PO 
+ 

2.5mg/kg IV 
(in NPs) 

26.43mg/kg PO 
26.43mg/kg PO 

+ 
26.43mg/kg PO 

20mg/kg PO 

Cmax [µg/mL] 6.38 ± 0.79 3.58 ± 3.95 0.83 ± 0.28 0.73 ± 0.45 9.18 ± 3.35 7.71 ± 2.1 2.63 ± 0.76 

AUC 
[h·µg/mL] 

12.19 ± 0.16 6.18 ± 8.50 10.25 ± 3.02 8.16 ± 6.45 22.94 ± 4.62 16.3 ± 3.31 5.66 ± 2.32 

T1/2 [h] 3.58 ± 0.25 1.26 ± 0.45 NC 4.85 ± 0.93 2.48 ± 0.61 1.27 ± 0.42 0.98 ± 0.55 

Tmax [h] 0.19 ± 0.01 0.18 ± 0.01 4 ± 0 3.67 ± 2.08 1.33 ± 0.58 0.67 ± 0 0.78 ± 0.39 
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The DBF-loaded α-MSH-SPIONs were tested in syngeneic melanoma tumour-bearing 

humanised 8HUM mice, for the first time. This novel α-MSH-SPION mediated drug 

delivery can increase the bioavailability, solubility and permeability of anti-melanoma 

drugs. Therefore, there is a strong need for developing non-toxic, stable and controlled 

drug delivery system for cancer therapy. 

The anti-melanoma efficacy of DBF-loaded α-MSH-SPIONs was successfully assessed 

in syngeneic melanoma tumours using the humanised transgenic 8HUM mouse model. 

SPIONs accumulated mostly in the parenchyma of the kidneys and the liver. 

A histopathology assessment and Prussian blue Perl’s iron staining indicated iron oxide 

core accumulation in the organs of xenobiotic clearance; liver, spleen and kidneys, 

as expected and confirmed no histopathological changes or toxicological effects upon 

long-term accumulation of SPIONs (deposition of ferric iron).  

Moreover, the presence of iron oxide cores was detected in the tumorous skin lesions, 

compared to the tissues of tumour-free organs. Intense staining of the tumour tissue can 

correlate with the presence of MC1R (overexpressed on the melanoma cell surface), 

which suggests sufficient activity of α-MSH-SPIONs in melanoma tumours. Overall, α-

MSH-SPIONs loaded with DBF demonstrated specificity for melanoma cell targeting in 

vivo. Both DBF and DBF-loaded α-MSH-SPIONs showed significant tumour growth 

inhibition in the syngeneic mouse model. Moreover, DBF-loaded α-MSH-SPIONs reduce 

the therapeutic dose of DBF compare to free drug treatment. Furthermore, the intravenous 

route of administration was found to be equally efficient as oral administration of DBF. 

However, non-targeted DBF-loaded SPIONs should be still tested in future to ensure 

selective α-MSH-SPIONs targeting to melanoma tumours in vivo. 

Furthermore, as NPs provide ways to overcome the limitations of conventional 

chemotherapeutics, the dual-drug loading of DBF+TRA synergistic combination into α-

MSH-SPIONs could, as a next step, help to overcome resistance in melanoma 

treaments.213,218,509 

Ultimately, α-MSH-SPIONs increase the therapeutic efficacy of the drug by extending 

its half-life, retention time and exposure at a lower concentration. The in vivo assessment 

of the anti-melanoma drug efficacy of DBF-loaded α-MSH-SPIONs demonstrated that 

the use of optimised drug-nano-carriers delivered to tumour cells could potentially negate 

issues related to PK and exposure, by reducing toxic side-effects.  

Unfortunately, DBF-loaded α-MSH-SPIONs not only inhibited melanoma cell growth in 

tumour-bearing mice, but also decreased the well-being of a few animals in the 
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therapeutic group, leading to early termination of ill animals (Figure 5.12 D; arm: 

NP+DBF). This could suggest increased SPION nano-toxicity due to the accumulation of 

unmetabolized ferric iron or altered unfavourable pharmacokinetics upon DBF 

hydrophobic encapsulation. The intravenous route of administration could also interfere 

with SPION – DBF interaction, and overall ADME processes. 

Perhaps more accurate nano-toxicity assessment of NP is needed. NPs most likely 

accumulate in tissues, such as the liver, spleen and kidneys, due to their slow metabolism. 

The 3D and co-culture cell-based in vitro assays could more selectively assess potential 

nano-toxicity of nano-carriers .546–550 The 3D kidney or liver cell-based assay could 

precisely assess nano-induced nephrotoxicity or hepatotoxicity (the most common 

adverse effects). Several iron-based NPs have been shown to induce DNA damage, 

inflammatory responses, oxidative stress and cytoskeleton alterations.508,551 

Furthermore, NPs offer advantages in terms of biocompatibility, efficacy, ability to 

optimise drug pharmacokinetics via increase in molecular weight and post-treatment 

elimination. However, more clinical trials are needed to fully understand the advantages 

and disadvantages of nano-enhanced drug delivery. The new generation of NPs could 

improve cancer therapy, utilising time-controlled targeted drug delivery, delayed-release 

formulation or drug release only when required.552 

 

 

 



Chapter 6 

256 

C
h

a
p

ter 

1
 

C
h

a
p

ter 5
 

C
h

a
p

ter 5
 

 

 

 

 

 

Chapter 6                                      

Discussion  

 

6.1. Summary and conclusions 
 

Development in the field of molecular mechanisms of melanoma evolution and 

progression contributed to the discovery of many targeted and immuno-therapies; 

however, the use of multifunctional NPs is proposed to overcome the limitations of 

conventional chemotherapeutics.553 A nano-medicine approach is intended to improve the 

efficacy of already existing therapeutics by reformulating poorly soluble drugs 

(Abraxane®; NP albumin-bound paclitaxel),554 improving drug bioavailability and 

design of targeting and responsive NPs such as microenvironment changes 

(pH, enzymes)555 and external stimuli (temperature, light or magnetic field).315 

NPs displayed great potential in improving bioavailability, reducing adverse effects and 

toxicity and improving overall health, adherence and comfort of patients.556  

 

Synthesis and physicochemical characterisation of α-MSH-SPIONs 

The novel, biocompatible, super-paramagnetic (SPM) and highly monodispersed α-

MSH-SPIONs with polymeric shell and pure iron oxide crystal structure for active drug 

delivery, were successfully synthesised in-house. The novel, double polymeric coating 

strategy of the iron oxide cores with PMAO and PEG polymers provided stability in an 

aqueous phase, biocompatibility with biological systems and improved SPM properties 

of α-MSH-SPIONs, reducing interaction between particles.391,411 Moreover, the 

functionalisation with a stabilising agent – PEG – improved long-term stability of NPs, 

preventing RES system clearance and immune system uptake and prolonging retention 

time (using stealth NPs avoids RES sequestration). Due to their unique properties, α-

MSH-SPIONs can be developed as drug delivery systems for a range of diseases. 

The metallic core of the NPs provides SPM properties, enabling MRI contrast imaging 

and thermal ablation via magnetic hyperthermia thermotherapy. Overall, efficient 
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synthesis and characterisation of the physicochemical properties of fully multifunctional 

α-MSH-SPIONs were successfully achieved for drug embedding and targeted delivery 

for anti-melanoma treatment. 

 

In vitro efficacy of anti-melanoma drug-loaded α-MSH-SPIONs 

In-house developed α-MSH-SPIONs demonstrated a high ability to retain the cargo in 

biological fluids and displayed controlled intracellular drug release, triggered by the 

coating degradation. In vitro cytotoxicity results confirmed no-to-low toxicity of non- and 

targeted SPIONs. In vitro evaluation of anti-tumoral responses using novel DBF and TRA 

encapsulation in α-MSH-SPIONs at lower doses, showed a dose-dependent anti-

proliferative effect in human and murine melanoma cell lines, compared to drugs alone. 

In vitro efficacy studies of a synergistic anti-melanoma drug combination using the α-

MSH-SPIONs, reduced the drug doses and achieved a highly potent therapeutic index.  

α-MSH-SPIONs demonstrated an increase uptake efficiency and cytotoxicity in vitro, 

showing a dose-dependent anti-proliferative effect in human and murine melanoma 

cancer cell lines, compared to drugs alone. The synergistic combination ratio of DBF and 

TRA was established, resulting in statistically significant effects of blocking melanoma 

cell growth. Above all, this novel synergistic nano-formulation of DBF and TRA and α-

MSH-SPIONs, as a drug nano-delivery system, significantly improved DBF and TRA 

combination efficacy of free drugs, increasing toxicity in all tested cell lines. 

In-house generated α-MSH-SPIONs were designed specifically to target melanoma cells 

and preferentially internalised using MC1R overexpressed on melanoma cells. 

However, the α-MSH-SPION cellular uptake was identified as non-MC1R-mediated, 

most likely both non- and targeted SPIONs internalised with melanoma cell 

via pinocytosis. Despite this, a platform is provided for further development of α-MSH-

SPIONs as a multimodal drug delivery system for metastatic melanoma. 

Furthermore, through the modification of targeting moieties and drug choice, the system 

can be applied to different types of cancers; α-MSH-SPIONs can be used as a future 

personalised medicine.557 The combination of targeting moieties, imaging agents, 

chemotherapeutic drugs, specific inhibitors and gene therapy can lead to the effective 

delivery of therapeutic agents in patients with non-invasive monitoring of treatment 

in real-time.558 NP imaging modifications provide simultaneous diagnosis and therapy 

possibilities.  
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In vivo targeting and efficacy of anti-melanoma drug-loaded α-MSH-SPIONs in novel 

transgenic mouse models 

The HMOX–1 toxicity reporter mouse model was successfully tested with anti-melanoma 

therapies, showing high-fidelity down to single-cell resolution.  

The anti-melanoma efficacy of a novel DBF-loaded α-MSH-SPIONs was successfully 

assessed in a syngeneic melanoma model in vivo, showing significant tumour growth 

inhibition, for the first time.  

Moreover, DBF-loaded α-MSH-SPIONs reduced the therapeutic dose of DBF compared 

to the free drug, improving therapeutic efficacy while exerting the full pharmacological 

activity of the therapeutics in vivo. A histopathology assessment confirmed iron oxide 

core accumulation in the organs of xenobiotic clearance (liver, spleen and kidneys), 

as expected, and in tumour tissue; demonstrating α-MSH-SPIONs melanoma cell 

targeting in vivo. In the tumour environment, α-MSH-SPIONs were shown to target solid 

tumours using the enhanced permeability effect in vivo. α-MSH-SPIONs increased the 

therapeutic efficacy of DBF by extending its half-life, retention time and exposure 

at a lower concentration. DBF-loaded α-MSH-SPION nano-carriers, delivered directly to 

the tumour cells, can negate issues related to PK and drug exposure by reducing 

maximum tolerated dose (MTD), but not its therapeutic efficacy. 

Additionally, mathematical computational predictive models can provide reliable and 

quantitative predictions for relevant pharmacological properties of novel and existing 

therapeutic agents, including NPs.167 NP administration tends to be mainly intravenous, 

due to ADME processes; however, recent studies have shown subcutaneous, dermal and 

aerosol NP routes of administration with promising efficacy results.227 Using mouse 

models and in vitro cytotoxicity assays, physiologically based pharmacokinetics (PBPKs) 

can be predicted in silico and improved by characterising NP properties that influence 

absorption, distribution, metabolism and excretion processes. PBPK models improve NP 

design by optimising their pharmacology and biocompatibility, reducing systemic 

toxicity. In future, NPs will have many more possibilities in the treatment of oncology, 

but also neurology and immune disorders.228 NPs provide opportunities for old and new 

drugs, providing novel therapeutic modality for many disease types.  

Current NP advancements include application in the treatment of primary diseases such 

as Alzheimer’s disease, diabetes, rheumatoid arthritis, gene therapy, infectious diseases 

and many others. NP formulations can reduce dosing frequency and provide a better 

therapeutic response, improving therapeutic index, leading to dose reduction and 
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minimised side effects at extended doses.559 The future of personalised medicine, 

including prevention, detection, diagnosis and treatment, will be combined with nano-

medicine, including cell therapy, enhanced imaging, nano-devices, sensory feedback, 

nanobots and many others.228 Figure 6.1 proposes anti-melanoma therapies and α-MSH-

SPION toxicity and safety assessment. 

 

 

Figure 6.1 Anti-melanoma therapies and nanoparticle toxicity and safety assessment. Research 

proposal of in vivo efficacy and nano-toxicity assessment of α-MSH-SPIONs. 

 

The most commonly used nano-carriers in melanoma therapy are polymeric NPs, such as 

liposomes, inorganic NPs, carbon nanotubes and dendrimers. Polymeric NPs provide: 

i) flexibility, ii) controlled release, iii) biocompatibility and biodegradability. 

Metallic biocompatible NPs have applications in melanoma diagnosis and treatment. 

Gold NPs (AuNPs) provide synthetic accessibility, versatility in size, shape, 

biocompatibility and stability. AuNPs have been extensively used in: i) delivery of drugs 

and siRNA (small interfering RNA), ii) photodynamic (PDT) and photothermal therapy 

(PTT).562  

Several pre-clinical studies show advancement in melanoma nano-treatment approaches. 

Choi et al. (2017) developed AuNPs conjugated with p-FAK (phosphorylated 

focal adhesion kinase) highly expressed on melanoma cells, as a targeting moiety.560 

Lomelí-Marroquín et al. (2019) proposed the synthesis of bimetallic gold-silver NPs, with 

an increased biocompatibility (Au) and decreased toxicity (Ag), resulting in a dose-

dependent in vitro inhibition of melanoma cells.561 

Benson et al. (2017) proposed the pre-exposure of melanoma tumours to NPs to induce 

immunogenicity, achieve epigenetic modulation and inhibit cell cycle progression. 
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Intensive research is carried out on gene therapy with NPs and antigens-encoding RNA 

to increase the immunogenicity of melanoma.562  

Wu et al. (2019) developed interleukin-2 (IL-2) and doxorubicin (DOX)-loaded vesicles, 

resulting in tumour growth inhibition in melanoma-bearing mice with minimal systemic 

toxicity.563 Zhang et al. (2018) conjugated IL-2 and α-CD137 on liposomes, which 

inhibited melanoma tumour growth and vastly lowered systemic toxicity.564 

Fontana et al. (2019) designed a complex nano-vaccine based on thermally oxidized 

porous silicon (TOPSi) NPs encapsulated into acetalated dextran (AcDEX) and further 

co-extruded together with vesicles derived from biological cancer cell membrane (CCM) 

– biohybrid TOPSi@AcDEX@CCM nano-carriers. NP coating derived from tumour cell 

membranes promote antigen cross-presentation, enabling the maturation of immature 

monocyte-derived dendritic cells.565 Liu et al. (2019) proposed a cytomembrane nano-

vaccine derived from dendritic cells and cancer cells, and conjugation with cytokines to 

enhance immune cell activation.566  

Ramesh et al. (2019) constructed a nano-carrier of MAPK/PI3K inhibitors (targeted 

therapy) conjugated with α-PD-L1 (immunotherapy), which resulted in synergistic 

effects, and enhanced anti-melanoma efficacy and low T-cell cytotoxicity.567 

Several clinical trials are focusing on addressing the non-specific distribution and lack of 

accumulation in the tumour of chemotherapeutics.453,  

Chaudhuri et al. (2010) reduced the side-effects of chemotherapy drugs while increasing 

their bioavailability, using doxorubicin (DOX) conjugated CNTs (carbon nanotubes) and 

Dox conjugated AuNPs.572 Labala et al. (2016) showed AuNPs conjugated with imatinib 

to generate high apoptotic response in melanoma cells. The chitosan-coated AuNPs 

conjugated with STAT3-siRNA resulted in higher cellular uptake in melanoma cells.573 

Metallic nano-structures used as radiosensitizers improve the therapeutic efficacy in 

melanoma therapy. Le Goas et al. (2019) conjugated AuNPs with radioisotope iodine-

131, resulting in a significant increase in melanoma cell death in vitro and in vivo.574 

Daneshvar et al. (2019) combined X-ray radiotherapy with PtNPs, resulting in enhanced 

cell death in murine melanoma cell line B16/F10.575  

AuNPs, which produce reactive oxygen species, combined with photosensitizers in PDT 

proved to be highly efficient in melanoma treatment. PEG-coated oxidized CNTs are used 

in in vitro and in vivo cancer hyperthermia, as a photo-absorber. Nanocarriers vastly 

improve the uptake of photosensitizers and overall enhances PDT-mediated tumour 

destruction.576,577  
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Clinical trials show improvement over tradition chemotherapy using selected nano-

formulations and combination treatments. Phase III clinical trials with nab-paclitaxel, 

significantly increased progression-free survival (PFS) and overall survival (OS) of 

patients with metastatic melanoma, compared to dacarbazine alone (melanoma standard 

of care). Hersh et al. (2013) demonstrated nab-paclitaxel in metastatic melanoma patients 

to be well tolerated with PFS of 3.5 vs 4.5 months and OS of 12.1 vs 9.6 months.578 

Kottschade et al. (2018) compared chemotherapy (temozolomide, nab-paclitaxel and 

carboplatin) in combination with bevacizumab (VEGFi, immunotherapy), in patients with 

stage IV melanoma. The study results showed a slight superiority of nab-paclitaxel with 

PFS of 6.7 vs 3.8 months and OS of 13.9 vs 12.3 months.579,580 

In conclusion, targeted drug nano-delivery in anti-melanoma treatment could empower 

development of precision medicine. The immunogenicity triggered by NPs, potentially 

followed by immunotherapy, could represent new line of treatment anti-melanoma 

therapy. However, further studies and clinical trials are necessary to establish whether 

NPs are promising tools in the design of new therapeutic, diagnostic and prognostic 

agents in melanoma treatment.565 

 

6.2. Future directions  
 

Future work on α-MSH-SPIONs would undoubtedly concentrate on in vitro and in vivo 

nano-toxicity assessments, in addition to targeting modifications. There is a tremendous 

number of theoretically potential targeting moieties in melanoma and other diseases; 

however, the investigation of activity parameters of targeting moieties would be required. 

In this study the theoretical concentration of a targeting peptide on the SPIONs surface 

was maintained at 10 % of the α-MSH peptide; however, different variations could be 

considered to provide optimal melanoma targeting, avoiding destabilisation of the NPs 

(protein corona and associated effects).  

Following the outcomes of the SQUID magnetic studies (Chapter 3), the activation of 

SPIONs by an alternating magnetic field would be a natural continuation of magnetic 

hyperthermia therapy (MHT) exploration. MHT would be studied in context of aiding the 

conventional chemo- and radiotherapy for future use as clinical cancer therapy. 

MHT would provide localised treatment, depending on the favourable biodistribution of 

the targeted SPIONs in tumour tissue, with a relatively low concentration of SPIONs and 

delivery of active anti-cancer agents.213 
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Moreover, the modifications of the polymer coating thickness can provide more 

controlled drug release and avoid drug leakage from NPs, sustained drug concentration 

in plasma and improved targeting of tumour cells using the enhanced permeation 

retention effect (EPR).581 In terms of toxicity, organic NPs are much less toxic in 

comparison to inorganic nano-compounds, where the toxicity of surfactants, residual 

organic solvents and chemical cross-linkers must be rigorously assessed.555 

However, individual patient health and metabolism also determine the 

pharmacodynamics of NPs in addition to the physicochemical properties of the NPs.466 

MC1R targeting via α-MSH-SPIONs was shown to be effective in vitro (flow cytometry) 

and in vivo (tumour inhibition); however, there is reasonable doubt about the accuracy of 

targeting, identification and quantification of α-MSH and MC1R affinity binding in 

melanoma. Another possible approach to further investigate the intracellular fate, 

targeting and biodistribution of α-MSH-SPIONs is the fluorescent labelling of the PEG 

polymer shell and a-MSH peptide-radiolabelling.582 

Furthermore, to ensure the receptor-mediated endocytotic uptake mechanism of the 

internalisation of α-MSH-SPIONs with melanoma cells, a receptor blocking study should 

be performed. Blocking with an excess of its native ligand free α-MSH peptide that 

antagonises α-MSH-SPION uptake and scrambled peptide (inactive peptide form) should 

determine the internalisation mechanism of α-MSH-SPIONs. The determination of 

endocytic uptake could also be investigated by inhibition of clathrin and caveolae 

dependent endocytosis.240 Ultimately, the loss of uptake following the generation of the 

transient knockdown of MC1R in melanoma cells, could confirm active and specific 

targeting; however, there is reasonable doubt about the viability of the cells.  

α-MSH-SPIONs incorporate hydrophobic drugs using nonchemical interaction. 

The capacity of α-MSH-SPIONs to carry hydrophobic drugs limits their therapeutic 

range; however, other hydrophilic compounds such as doxorubicin can be functionalised 

with thermal-cleavable smart linkers, such as disulfide, hydrazone, peptide or azobenzene 

(used in various polymer-drug conjugate-based delivery systems).226 The addition of 

a different coordinating group to the NP surface can aid hydrophilic compound 

conjugation, such as cisplatin conjugation with the amine group.583 Bovine serum 

albumin (BSA) can facilitate dual loading of different hydrophobicity compounds; this is 

performed by attaching the hydrophilic compound on the outside of the NP core, whilst 

the hydrophobic compound will reside within the core.584 Moreover, the combination of 

several drugs into NPs can overcome common resistance mechanisms and reduce patient 
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relapse; this creates great potential for the incorporation of two or more compounds into 

α-MSH-SPIONs. This type of drug delivery system could enable the delivery of tumour-

targeted therapy and enhancing agents, such as hypoxia inducers, tumour micro-

environment fibroblast inhibitors, anti-angiogenic agents, MDR inhibitors and many 

others depending on the type of malignancy.218  

The conjugation of α-MSH-SPIONs with anti-melanoma treatments that exert limited 

cytotoxic effects on normal cells and are potent in melanoma cells is the ultimate goal. 

Moreover, to address the above issue, studies with α-MSH-SPIONs loaded with DBF or 

other potential compounds should be performed in normal cells, such as melanocytes to 

ensure limited cytotoxic effects. 

In this study, the synergistic effects of selected compounds were established, achieving 

enhanced cytotoxicity in cells. However, more drug combinations could be investigated 

to increase therapeutic possibilities. Additionally, the mechanism of cell death generated 

by active compounds combined with α-MSH-SPIONs and its metabolism could be 

investigated further, in the context of apoptotic, mitochondrial or cellular ROS 

generation. α-MSH-SPIONs could also be used in the investigation of drug resistance 

reduction in response to the anti-melanoma treatments.175  

Ultimately, α-MSH-SPIONs will be loaded with the dual synergistic combination of DBF 

and TRA achieved in this study. The PK of the α-MSH-SPIONs combinational therapy 

will be assessed in the context of previously obtained data, comparing plasma binding, 

bioavailability (gut and liver) and clearance (microsomes). Moreover, the efficacy effects 

associated with the route of administration will be closely investigated (intravenous vs 

oral gavage), as in the previous study BRI1036 (Chapter 5) both routes were compared 

(although different doses of the drug were administered).  

Additionally, immunohistochemistry will be performed for the previous studies; 

BRI1031, BRI1035 and BRI1036 for CYP3A4 induction and compared with 

Western blot analysis, to corroborate observed results (Chapter 5).  

The immunohistochemistry staining should be performed for the BRI1036 study in 

tumour tissues to investigate and quantify MC1R expression and confirm the alleged 

overexpression of MC1R on melanoma cells; if present, this will confirm successful 

active targeting with α-MSH-SPIONs.554 Western blots on the liver microsomes and 

tumours will be performed to investigate the differences in P450 activity; tumour growth 

inhibition will also be investigated in the context of PK changes. 
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Distribution and tissue-specific α-MSH-SPION targeting would also be of interest 

following the results obtained in the BRI1036 study. The iron ion level in tissue 

distribution will be analysed using Perl’s staining and HPLC–MS/MS measuring 

intratumoral α-MSH-SPIONs (ferric iron) concentration, in addition to tissue-specific 

toxicity. The anti-tumoural effects and PD markers will be assessed by measuring the 

inhibition of ERK1/2, MEK, AKT phosphorylation, cell death and proliferation markers, 

such as PARP, Ki67 (Chapter 5).585 

Furthermore, tumour growth inhibition experiments for human relevance studies will be 

performed in the C3NOG mouse model (CAR/CYP3A4/NOG; immunocompromised-

NOG and humanised for CAR and CYP3A4, apart from mouse Pxr) and HMOX–1 

model. Firstly, the C3NOG syngeneic model will be generated with the GEMM5555 cell 

line, along with C3NOG xenografts model generated with a selected human melanoma 

cell line (A375, A2058 or M202). Additionally, HMOX–1 syngeneic model, inoculated 

with GEMM5555, and the immunodeficient 8HUM model, will be of potential future 

interest. In all the above models, α-MSH-SPIONs vs free anti-melanoma drugs and α-

MSH-SPIONs vs anti-melanoma drug-loaded α-MSH-SPIONs will be investigated, in 

addition to drug induction where possible. 

The collaboration with Professor Richard Marais provided the following melanoma cell 

lines which will be available for the future assessment of anti-melanoma efficacy of drug-

loaded α-MSH-SPIONs: GG32 and SM murine BRAFV600E melanoma cell lines 

(more sensitive to DBF and TRA than the GEMM5555 cell line); human melanoma cell 

lines; A375 (BRAFV600E) and A375PLX (BRAFV600E resistant to PLX4720, an isoform 

of vemurafenib, BRAFi). However, characterisation and growth kinetics of each cell line 

should be performed first.  

Humanised mouse models are invaluable pre-clinical models and combined with PDX 

models of isolated melanoma cells from patients, can provide even more accurate PKPD 

profiles – close to clinically relevant studies.586 The currently available pre-clinical 

xenograft model of human BRAFV600E melanoma cell line, made available through 

collaboration with Professor Luisa Lanfrancone, is grown in immune-deprived 

humanised mice inoculated with A2058 melanoma cell line. Using this model, the anti-

tumour dose-response in the context of the toxicokinetic data and drug-loaded α-MSH-

SPIONs could be investigated. However, pre-clinical drug evaluation is far more 

predictive in PDX models. Therefore, the above experiments may be performed in already 

established PDX models (available in Milan) from 6 different melanoma patients with 
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differing genotypes harbouring NRAS and BRAF mutations.586,587 These PDX models 

are grown in nude immunodeficient mice; additional information can be seen in the 

Appendix, Table A. 5–8.587 However, it is essential to note that pre-clinical studies 

performed in immunodeficient models can provide insufficient predictive results of the 

potential immune adverse effects, due to the lack of an intact immune system.587 

Ultimately, the generation of the mouse model, which will assess the anti-melanoma 

efficacy and compound toxicity (e.g. α-MSH-SPIONs) simultaneously, will be the final 

milestone in the assessment of nano-toxicity and efficacy of the α-MSH-SPIONs.  

The inducible metastatic melanoma genetically engineered mouse (GEM) model will be 

crossed with toxicity reporter mouse models (HMOX–1) to obtain the novel mouse 

model; BRAF+/V600EPTEN-/-Cre+/TYRP21+/REP. The immunocompetent metastatic 

melanoma toxicity reporter mouse model (MelTOX), will simultaneously assess the 

efficacy and toxicity of late-stage anti-melanoma drugs.588 The MelTOX model will 

represent an ideal tool for novel pre-clinical in vivo anti-melanoma treatments; it will be 

rigorously assessed in terms of its clinical relevance by validating with existing drugs and 

assessing nano-toxicity and melanoma targeting.125,589 Cre-recombinase activation of the 

tri-allelic GEM model generates a melanocyte-specific expression of one copy of 

BRAFV600E/+ and melanocyte-specific deletion of one copy of PTEN, which produce 

aggressive and metastatic melanoma tumours.588 To induce recombination, animals will 

be treated with topical application of tamoxifen; palpable lesions will be expected within 

21 to 28 days, by which time metastatic melanoma will develop in regional lymph nodes 

and lungs (Figure 6.2).590,591 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Schematic presentation of MelTOX model benefits. Toxicity reporter model (HMOX–1) 

crossed with the GEM aggressive and metastatic melanoma model. MelTOX model will assess both the 

efficacy and toxicity of anti-melanoma compounds and NPs at the same time.  
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Appendix  
 

Supplementary Information  

 

This appendix provides background information on protocols, materials, methods, tables 

or figures and calculation methods accompanying this thesis. Data in Tables A. 5-8 was 

provided by the collaborator, Professor Luisa Maria Lanfrancone (European Institute of 

Oncology - IEO, Milano, Italy). The appendix includes: 
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Figure A. 1 Drug encapsulation of α-MSH-SPIONs. HPLC–MS/MS was used for the quantitative measurement of compounds. Calibration curve standards and samples were 

prepared in replicates. The analytical curves were constructed using values for A) paclitaxel (15-1000 ng/ml), B) trametinib (7-1000 ng/ml) and C) dabrafenib (78-10000 ng/ml) in 

PBS.  
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Figure A. 2 In vitro efficacy of drug-loaded α-MSH-SPIONs (non-constant ratio). Drug encapsulation of α-MSH-SPIONs. HPLC–MS/MS was used for the quantitative 

measurement of compounds. Calibration curve standards and samples were prepared in replicates. The analytical curves were constructed using values for A) dabrafenib (78-

10000 ng/ml) and B) trametinib (7-1000 ng/ml) in PBS. 
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Figure A. 3 In vitro efficacy of drug-loaded α-MSH-SPIONs (constant ratio). Drug encapsulation of α-MSH-SPIONs. HPLC–MS/MS was used for the quantitative measurement 

of compounds. Calibration curve standards and samples were prepared in replicates. The analytical curves were constructed using values for A) dabrafenib (78-10000 ng/ml) and 

B) trametinib (7-1000 ng/ml) in PBS. 
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Table A. 1 The cytotoxicity effects of dabrafenib and trametinib single treatments on melanoma cell 

lines. Fa: fraction affected. 

A375 A2058 GEMM5555 M202 
Dose [µM] Effect 

[Fa] 
Dose [µM] Effect 

[Fa] 
Dose [µM] Effect 

[Fa] 
Dose [µM] Effect 

[Fa] Dabrafenib Trametinib Dabrafenib Trametinib Dabrafenib Trametinib Dabrafenib Trametinib 

  0.00001 0.03   0.00001 0.04   0.00001 0.04   0.00001 0.02 
  0.0001 0.04   0.0001 0.05   0.0001 0.07   0.0001 0.08 
  0.001 0.10   0.001 0.46   0.001 0.19   0.001 0.38 
  0.005 0.13   0.005 0.54   0.005 0.24   0.005 0.47 
  0.01 0.20   0.01 0.55   0.01 0.44   0.01 0.67 
  0.03 0.24   0.03 0.58   0.03 0.47   0.03 0.68 
  0.05 0.30   0.05 0.60   0.05 0.50   0.05 0.70 
  0.10 0.52   0.10 0.65   0.10 0.59   0.10 0.77 
  0.25 0.64   0.25 0.74   0.25 0.63   0.25 0.79 
  0.30 0.68   0.30 0.77   0.30 0.67   0.30 0.81 
  0.50 0.70   0.50 0.79   0.50 0.72   0.50 0.82 
  0.75 0.74   0.75 0.80   0.75 0.76   0.75 0.86 
  1 0.74   1 0.81   1 0.81   1 0.88 
  10 0.78   10 0.83   10 0.85   10 0.89 

0.00001   0.01 0.00001   0.03 0.00001   0.05 0.00001   0.05 
0.0001   0.04 0.0001   0.04 0.0001   0.07 0.0001   0.06 
0.001   0.24 0.001   0.01 0.001   0.06 0.001   0.27 
0.005   0.27 0.005   0.02 0.005   0.09 0.005   0.27 
0.01   0.29 0.01   0.04 0.01   0.12 0.01   0.28 
0.03   0.34 0.03   0.15 0.03   0.15 0.03   0.29 
0.05   0.46 0.05   0.25 0.05   0.20 0.05   0.30 
0.10   0.48 0.10   0.30 0.10   0.22 0.10   0.41 
0.25   0.53 0.25   0.36 0.25   0.26 0.25   0.42 
0.30   0.55 0.30   0.37 0.30   0.35 0.30   0.46 
0.50   0.58 0.50   0.44 0.50   0.36 0.50   0.67 
0.75   0.61 0.75   0.51 0.75   0.60 0.75   0.69 
1   0.64 1   0.51 1   0.62 1   0.70 
10   0.69 10   0.71 10   0.74 10   0.72 

 
 

Table A. 2 The cytotoxicity effects of non-constant drug ratio combination of dabrafenib and 

trametinib on melanoma cell lines. Fa: fraction affected. 

A375 A2058 GEMM5555 M202 
Dose [µM] Effect 

[Fa] 
Dose [µM] Effect 

[Fa] 
Dose [µM] Effect 

[Fa] 

Dose [µM] Effect 
[Fa] Dabrafenib Trametinib Dabrafenib Trametinib Dabrafenib Trametinib Dabrafenib Trametinib 

0.6 0.0001 0.80 1.6 0.0005 0.53 1.2 0.0004 0.69 2 0.005 0.72 
0.3 0.0001 0.68 0.8 0.0005 0.44 0.6 0.0004 0.65 1 0.005 0.66 
0.03 0.0001 0.41 0.08 0.0005 0.38 0.06 0.0004 0.57 0.1 0.005 0.56 
0.003 0.0001 0.09 0.008 0.0005 0.37 0.006 0.0004 0.49 0.01 0.005 0.49 
0.003 0.001 0.54 0.008 0.005 0.47 0.006 0.004 0.59 0.01 0.05 0.67 
0.003 0.01 0.62 0.008 0.05 0.46 0.006 0.04 0.65 0.01 0.5 0.70 
0.003 0.02 0.59 0.008 0.1 0.35 0.006 0.08 0.71 0.01 1 0.67 

 

 

Table A. 3 The cytotoxicity effects of constant drug ratio combination of dabrafenib and trametinib 

on melanoma cell lines. Constant ratios between each group treatments are indicated in respective columns 

(i.e. 30:1). Dilution factor 1:2, Fa: fraction affected. 

A375 A2058 GEMM5555 M202 

Dose [µM] 
Effect 
[Fa] 

Dose [µM] 
Effect 
[Fa] 

Dose [µM] 
Effect 
[Fa] 

Dose [µM] Effect 
[Fa] 

Dabrafenib Trametinib Dabrafenib Trametinib Dabrafenib Trametinib Dabrafenib Trametinib  
30 1 16 1 15 1 2 1 

0.0075 0.00025 0.47 0.02 0.00125 0.45 0.015 0.001 0.39 0.025 0.0125 0.51 

0.015 0.0005 0.50 0.04 0.0025 0.39 0.03 0.002 0.31 0.05 0.025 0.63 

0.03 0.001 0.53 0.08 0.005 0.37 0.06 0.004 0.35 0.1 0.05 0.69 

0.06 0.002 0.52 0.16 0.01 0.37 0.12 0.008 0.38 0.2 0.1 0.76 
0.12 0.004 0.55 0.32 0.02 0.43 0.24 0.016 0.53 0.4 0.2 0.89 
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Figure A. 4 Histopathological examination of immune checkpoint inhibitors and targeted melanoma drugs toxicity in an HMOX–1 reporter mouse model. A panel of 

representative target organs reflects in situ β-galactosidase activity. Tissues; heart, small and large intestine sections were stained for LacZ. Further details can be found in 

Chapter 2, section 2.7.2 (Study RED083) and 2.7.10 (Imaging). 
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Figure A. 5 Pro-inflammatory cytokine assessment with immunotherapy and small molecule inhibitors combinations in HMOX–1 reporter mouse model. Reporter mice were 

treated daily at a concentration of 20 mg/kg DBF, 0.3 mg/kg TRA (PO) and four single doses of 10 µg/g of immune check inhibitors (IP). Animals were sacrificed at the end of the 12-

day study. Further details can be found in Chapter 2, section 2.7.2 (Study RED083). Data represent mean ± SD using technical triplicates per data-point. Statistical significance; p-

Value < 0.05*, < 0.01**, < 0.0001***, < 0.00001****.  
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Figure A. 6 Daily evaluation of animal weight with immunotherapy and small molecule inhibitors combinations in HMOX–1 reporter mouse model. Reporter mice were 

treated daily at a concentration of 20 mg/kg DBF, 0.3 mg/kg TRA (PO) and four single doses of 10 µg/g of immune check inhibitors (IP). Animals were sacrificed at the end of the 12-

day study. Each plot represents data from three individual animals per group. Further details can be found in Chapter 2, section 2.7.2 (Study RED083). A panel of weight changes 

within the respective experimental group. Data on the grouped plot represent mean ± SD per data-point.  
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Figure A. 7 H&E staining in 8HUM mice treated with α-MSH-SPIONs. Animals treated with empty unloaded NPs for 24, 48 and 72 hours. Representative tissue sections of brain, 

kidney, liver, skin, spleen. Further details can be found in Chapter 2, section 2.7.4 (Study BRI1031) and 2.7.10 (Imaging). 
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Figure A. 8 H&E staining in 8HUM mice treated with the vehicle. Animals treated with PBS only for 24, 48 and 72 hours. Representative tissue sections of brain, kidney, liver, 

skin, spleen. Further details can be found in Chapter 2, section 2.7.4 (Study BRI1031) and 2.7.10 (Imaging). 
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Figure A. 9 Perl's Prussian blue staining in 8HUM mice treated with the vehicle. Animal treated with PBS only for 24, 48 and 72 hours. Representative tissue sections: brain, 

kidney, liver, skin and spleen. Further details can be found in Chapter 2, section 2.7.4 (study BRI1031) and 2.7.10 (Imaging). 
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Figure A. 10 H&E staining in 8HUM mice treated with the vehicle. Animal treated with PBS only for 24, 48 and 72 hours. Representative tissue sections: brain, kidney, liver, skin 

and spleen. Further details can be found in Chapter 2, section 2.7.5 (Study BRI1035) and 2.7.10 (Imaging). 
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Figure A. 11 H&E staining in 8HUM mice carrying syngeneic GEMM5555 tumours and treated with DBF or DBF-loaded NPs. Tumour bearing animal treated with vehicle 

control, DBF and DBF-loaded NPs. Representative tissue sections: brain, kidney, liver, skin, spleen and tumour. Further details can be found in Chapter 2, section 2.7.6 

(Study BRI1036) and 2.7.10 (Imaging). 
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Table A. 4 The pathology report of the H&E and Perl’s staining in 8HUM mice carrying syngeneic 

GEMM5555 tumours, treated with DBF or DBF-loaded NPs. 

 

EXEPATHOLOGY NUMBER: CH20001  

PROJECT OWNER/ID: Colin Henderson  

ANIMAL ID: STRAIN/GENETIC  

MODIFICATION/AGE/GENDER: 8HUM mice treated with drug-bearing nanoparticles  

PROJECT OUTLINE/CLINICAL HISTORY: None provided. Groups not identified  

 

REPORT 

Material and methods: H&E and Perl’s stained samples of liver, kidney, spleen and tumour 

supplied by submitting lab. Slides were examined blindly to a treatment group by an RCVS 

recognised specialist in veterinary pathology. Findings in the tissue were scored using a non-

linear semi-quantitative grading system from 0 to 5 where 0 = no significant change and 5 = 

whole organ or tissue affected (Scudamore et al., 2014).529 Scoring is given in the attached 

spreadsheet.  

Results: The majority of slides showed significant histology technical artefact which limited 

any interpretation.  

Kidney: Sections were oblique/longitudinal, often showing only cortex. Cross-sections 

through mid-kidney are preferred as they provide more consistent slides showing all parts of 

the kidney, e.g. cortex, medulla and papilla. No significant pathology was noted, and there 

was no Perl’s staining.  

Liver: Where sections could be evaluated, the most apparent findings were biliary 

hyperplasia. There were variable minimal neutrophilic infiltrates in the periportal region with 

pigmented macrophages visible in some samples. Positive Perl’s staining was seen in the 

portal region in some animals, which largely correlated with the presence of pigmented 

macrophages.  

Spleen: None of the H&E sections could be evaluated due to significant artefact. All sections 

showed significant Perl’s staining in the red pulp.  

Tumour: Only three tumours were evaluated. Two had significant central necrosis. There 

were some scattered Perl’s positive cells at the periphery of the two tumours with central 

necrosis.  

Discussion: The level of artefact in these sections means that it is difficult to draw any firm 

conclusions. Perl’s Prussian Blue reaction stain demonstrates the presence of ferric iron 

(Fe(OH)3) and is usually used to demonstrate iron-containing pigments such as haemosiderin 

in tissue. Other special stains which are less commonly used can detect both ferric and ferrous 

iron. The intense Perl’s positive staining seen in the red pulp of the spleens would be expected 

as the spleen is involved in the breakdown of RBCs and high levels of haemosiderin are 

therefore normally present. The positive staining was seen in the periportal areas in some 

spleens and around the necrotic tumours likely correlates with the presence of macrophages 

which are phagocytosing RBCs in areas of inflammation. These macrophages are seen in 

H&E section as brown pigmented cells.  

 

Cheryl Scudamore, BVSc PhD FRCVS FRCPath  
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Table A. 5 Patient demographics and clinical characteristics of the metastatic cutaneous melanomas 

and patient-derived xenografts (PDXs).  
Patients’ features MM13 MM16 MM27 MM2 MM23 MM25 

At diagnosis  

Sex Male Male Male Female Male Female 

Age at diagnosis 44 41 45 46 76 28 

Breslow thickness 
mm) 

2.5 1.93 4.2 1.5 0.25 * 1.2 

Site of primary Head Trunk Trunk Trunk Trunk Trunk 

Ulceration Yes Unknown Yes Unknown No Yes 

Mitotic rate 4 Unknown 3 Unknown <1 8 

Histopathologic 
subtype 

SSM NM SSM SSM SSM NM 

AJCC stage IIIC IB/2A IIIC IB/2A IIIB IV 

Lymph-nodes 
status 

Positive Negative Positive Negative Negative Positive 

Mutational status NRASQ61L NRASQ61K BRAFV600E BRAFV600E NRASQ61R BRAFV600E 

At first recurrence  

RFS (months) > 4 > 4 < 4 < 4 < 4 < 4 

Site of metastasis Lymph nodes 
Lymph nodes, lung, 

peritoneum 
Lymph nodes 

Lymph nodes, 
subcutaneous tissue 

Subcutaneous tissue, bone, 
lung, liver, lymph nodes 

Lymph nodes 

OS (months) > 60 ** 47 11 24 48 14 

Abbreviations; SSM: superficial spreading melanoma, NM: nodular melanoma, RFS: recurrence-free 

survival, OS: overall survival. * presence of extensive histological regression, ** still alive, no evidence of 

disease.  
 

 

 

 

 
 

 

 

 
 
 

Table A. 6 Values of RNA expression of 52 candidate genes in metastatic melanoma PDXs. p-Value 

< 0.05*, < 0.01**, < 0.001***, ns: not significant 

Gene Taqman Assay ID 

RNAseq log2 (fold change) QPCR log2( (fold change) 

MM13 MM16 MM27 MM13 MM16 MM23 MM27 MM2 MM25 

GPR124 Hs00262150_m1 -1.62** -0.89** -0.59* -1.61 -1.22 -2.06 -0.61 -1.03 -0.72 

NGFR Hs00609977_m1 -2.13** -3.84** -2.84* -2.20 -3.60 -1.88 -3.07 -0.10 -0.17 

S100A4 Hs00243202_m1 -1.82** -2.00** -1.01** -2.43 -2.98 -0.75 -1.93 -2.58 -1.98 

E2F1 Hs00153451_m1 -1.56** -0.71* -1.45** -1.56 -0.43 -1.62 -1.64 -2.41 -1.29 

CDKN1A Hs00355782_m1 1.03** 0.90** 1.40* 0.87 1.03 0.32 1.12 1.49 0.94 

POU4F1 Hs00366711_m1 1.86** 2.51** 0.70* 1.76 0.92 0.46 -0.13 -0.14 0.46 

SERPINB2 Hs01010736_m1 1.72** 3.20** 1.81* 1.64 3.23 3.71 2.41 2.62 0.70 

MMP1 Hs00899658_m1 1.19** 1.65** 1.64** 1.24 1.65 3.03 1.62 1.35 -0.58 

RGMB Hs00543559_m1 0.97* 1.56** 1.05** 1.11 1.14 1.38 1.12 2.51 -0.02 

E2F7 Hs00403170_m1 1.53** 1.01** -0.71** 1.29 1.04 1.04 -1.76 1.62 -0.08 

ANKRD28 Hs00389943_m1 -1.05* -0.64* -0.29 ns -1.25 -0.57 -0.62 -0.25 0.18 0.19 

CTH Hs00542284_m1 1.44** 0.77* 0.08 ns 1.43 0.74 0.34 -0.06 0.36 0.67 

CTHRC1 Hs00298917_m1 -1.26** -0.66* -0.18 ns -1.16 -0.72 -0.02 -0.26 0.27 -0.28 

CTNNAL1 Hs00972098_m1 -1.34** -1.51** -0.43 ns -0.98 -2.04 -1.02 -0.68 -1.18 -0.48 

CYGB Hs00370478_m1 -0.91* -1.97** -0.40 ns -0.97 -1.89 -0.80 -0.10 -0.33 -1.53 

DDAH1 Hs00201707_m1 0.85* 2.42** 0.51 ns 0.59 2.74 0.64 0.31 1.30 2.45 

GPX3 Hs01078668_m1 -1.88** -1.01** -0.57 ns -1.89 -0.50 -2.57 -0.12 not expressed not expressed 

HMGA2 Hs00971725_m1 1.03** 2.32** 1.21 ns 0.83 2.48 2.32 0.73 1.17 3.27 

MATN2 Hs00242753_m1 -2.20** -0.70* 0.11 ns -2.06 -0.54 -1.60 0.03 -0.46 1.60 

MFGE8 Hs00170712_m1 -0.86* -0.86** -0.33 ns -0.93 -0.67 -0.27 -0.47 0.57 0.10 

MGAT5B Hs01586300_m1 -1.15* -1.39** -0.01 ns -1.33 -1.21 -1.07 -0.09 1.34 -1.58 

NES Hs04187831_g1 -0.99* -0.76** 0.10 ns -1.15 -0.57 -1.57 -0.05 -0.27 -0.99 

PCDH9 Hs00276627_m1 1.78* 2.01** 0.07ns 3.60 3.43 3.19 0.83 2.42 0.59 

RDH10 Hs00416907_m1 1.12** 0.84** 0.51ns 0.90 0.89 0.40 0.57 0.89 1.32 

RIPK4 Hs01062501_m1 1.16** 1.26** 0.40ns 1.16 1.42 0.26 0.49 1.92 -0.28 

SERPINE2 Hs00385730_m1 0.98* 1.50** 0.30ns 1.04 1.67 1.11 0.19 0.39 1.53 

SORD Hs00162091_m1 -0.94* -0.93** -0.63ns -0.94 -1.06 -1.25 -0.95 -0.70 -1.33 

TNFAIP3 Hs00234713_m1 0.96* 0.82* 0.38ns 0.63 0.86 0.52 0.53 2.04 -0.05 

TSPAN5 Hs00194833_m1 -0.97* -0.93** -0.04ns -1.30 -0.93 -0.03 0.02 -0.23 -1.27 

CD22 Hs00233533_m1 -1.12** -0.81* 0.08 ns -1.43 -0.70 -0.17 -0.79 -0.78 -2.25 

KIT Hs00174029_m1 -2.01** -1.20** 0.50 ns -2.39 -1.62 -2.43 -0.13 -0.78 -1.57 

MMP3 Hs00968305_m1 2.70** 1.48** 0.72 ns 2.22 1.24 5.13 0.44 1.51 0.94 

PDGFRB Hs01019589_m1 -2.68** -1.21** 0.11ns -2.98 -1.65 -1.44 0.59 -0.62 0.08 

PRR5L Hs01029928_m1 -1.28** -1.30** -0.49ns -1.98 -1.48 0.09 -0.65 0.63 0.31 

RASGRP3 Hs00209808_m1 -0.99* -1.84** -0.33ns -1.39 -2.51 -3.32 -1.58 -0.22 -2.17 

SH3GL2 Hs00182352_m1 1.34** 1.08* not expressed 1.29 1.14 1.55 2.16 1.79 -0.72 

ABCC2 Hs00166123_m1 -2.04** -1.01** -0.38 ns -2.34 -1.29 -2.38 -0.72 -1.49 -1.53 

AMMECR1 Hs00209774_m1 1.01** 1.06** 0.37 ns 0.72 0.69 1.08 0.18 1.02 0.70 

ARID3A Hs00193296_m1 1.53** 0.76* 1.29 ns 2.24 2.22 0.82 -0.77 -0.60 -0.07 

ASH2L Hs00983120_m1 -1.35** -1.24** -0.84** -1.70 -1.12 -1.48 -1.21 -0.71 -1.41 

BRWD3 Hs00402939_m1 1.49* 1.06* 0.85 ns 1.22 0.92 0.49 0.93 0.80 1.29 

CCDC126 Hs00293792_m1 0.85* 0.69* 0.40 ns 0.61 0.52 0.22 0.17 1.05 0.77 

DBP Hs00609747_m1 -1.16* -0.84* -0.45 ns -0.90 -0.99 -1.33 -0.55 -0.74 -1.03 

DYRK3 Hs00534092_m1 0.89* 1.04* 0.77 ns 0.76 1.13 1.35 1.13 0.35 0.52 

GPRC5B Hs00212116_m1 -1.21** -1.19** -0.31 ns -1.50 -1.10 -0.08 -0.39 -1.16 -0.40 

ITPKB Hs00176666_m1 -1.98** -1.21** 0.38 ns -2.06 -1.06 -1.80 0.23 -0.53 -1.27 

LPHN2 Hs00202347_m1 0.93* 1.07** 0.39 ns 0.87 1.10 -0.11 0.30 1.04 2.73 

LRP11 Hs00262480_m1 -0.87* -0.89** -0.28 ns -1.18 -0.37 -0.99 -0.04 -1.49 -0.71 

TET3 Hs00379125_m1 1.05** 1.44** 0.49ns 1.07 1.51 0.08 0.33 0.58 1.41 

TMEM132A Hs01096434_m1 1.66** 0.81* 0.14ns 1.88 0.87 -0.67 0.00 0.70 -0.06 

TRIM14 Hs00207648_m1 -1.15* -0.90** -0.06ns -1.27 -0.60 -2.25 -0.38 -2.37 -1.82 

TRIM2 Hs00209620_m1 -1.33* -1.91** -0.69ns -1.81 -1.97 -1.65 -0.79 -0.34 -1.08 
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Table A. 7 List of shRNAs, sequenced hairpins, barcodes and Log2 (ratio) values derived from 

screening analysis of MM13, MM16 and MM27 PDXs. 
 

shRNA ID shRNA Sequence Barcode Sequence 
Log2 (ratio) 

MM13 MM16 MM17 

BAZ1B.1096 ACCGGCTGGGAGGAAGAATAGGAGGTGTTAATATTCATAGCACTTCCTGTTCTTCCTCCCAGTTTT ACGTGTCAGTCAGTACGT -3.55 -3.15 -0.29 

BAZ1B.132 ACCGGGCAGATGGCTTTGTTGGATGTGTTAATATTCATAGCATATCCAACAAAGTCATCTGCTTTT ACGTGTGTGTACGTCAGT -4.48 -1.66 -2.12 

BPTF.1123 ACCGGCGAGGAGGATGGGATGGAGGAGTTAATATTCATAGCTCTTCCATCTCATCCTCCTCGTTTT GTGTGTCAGTCAACGTTG -4.96 -6.60 -2.56 

BPTF.228 ACCGGGCGGCAGTTAATGAAGAAATTGTTAATATTCATAGCAATTTCTTCATTAGCTGCCGCTTTT CAGTGTGTGTTGACCAGT -4.60 -0.07 -2.48 

BRD4.1142 ACCGGGAGACCTCCAATCCTAATAAGGTTAATATTCATAGCCTTGTTAGGGTTGGAGGTCTCTTTT CAGTGTCAGTCATGCAAC -4.72 -0.37 -1.67 

BRD4.410 ACCGGCCTGGAGATGATATAGTCTTAGTTAATATTCATAGCTAAGACTATGTCATCTCCAGGTTTT ACGTGTGTCAACCAACAC -4.72 -6.44 -1.48 

CHD4.1262 ACCGGCCTCGAGTGAGGGTGATGATTGTTAATATTCATAGCAGTCATCATCCTCACTCGAGGTTTT TGGTGTCAGTTGACTGAC -4.42 -1.51 -1.32 

CHD4.404 ACCGGGCGGGAGTTTAGTACTAATAAGTTAATATTCATAGCTTATTGGTACTGAACTCCCGCTTTT ACGTGTGTCAACCACAGT -5.60 -0.98 -2.63 

HDAC3.1453 ACCGGGTCTGCATCATGCTAAGAAGTGTTAATATTCATAGCACTTCTTGGCATGGTGCAGACTTTT CAGTGTCACAACACTGCA -5.43 -4.16 -0.79 

HDAC3.1455 ACCGGGAGGAGTTTCCTTATAGTGAAGTTAATATTCATAGCTTCACTATAGGGAAGCTCCTCTTTT ACGTGTCACAACACTGTG -4.00 -0.80 -0.93 

HDAC8.1474 ACCGGGCCAGTGTGGTGTATTCTTTGGTTAATATTCATAGCCAAAGAATGCACCATACTGGCTTTT TGGTGTCACATGGTGTAC -5.93 -0.97 -0.01 

HDAC8.1476 ACCGGCGATCCTAATTGACAGTTATTGTTAATATTCATAGCAATAGCTGTCAATTAGGATCGTTTT CAGTGTCACATGGTCAGT -5.08 -0.74 -1.38 

JARID2.1541 ACCGGCGAGGAGGAAGATGGTGAGATGTTAATATTCATAGCGTCTCATCATCTTCCTCCTCGTTTT ACGTGTCAACGTGTCACA -2.26 -3.33 -1.61 

JARID2.1542 ACCGGGCCACCAACAATGTTTCATTTGTTAATATTCATAGCAGATGAAGCATTGTTGGTGGCTTTT GTGTGTCAACGTGTCAAC -1.85 -0.07 -0.16 

JMJD6.1571 ACCGGCGGAATTGGGATTCACATTGAGTTAATATTCATAGCTCGATGTGAATCCCAGTTCCGTTTT GTGTGTCAACGTACGTTG -5.77 -4.04 -1.81 

JMJD6.1574 ACCGGCTGGTGGTATGTTGTCCTTAAGTTAATATTCATAGCTTGAGGACAACATGCCACCAGTTTT ACGTGTCAACGTACCAAC -3.81 1.68 -0.10 

KAT6A.1786 ACCGGGCAATCAATGTGGATGGGAAAGTTAATATTCATAGCTTTCCCATCCACGTTGGTTGCTTTT GTGTGTCAACTGTGACAC -6.33 -0.78 -0.49 

KAT6A.1792 ACCGGGCGGATAGATGGTTTGGATTTGTTAATATTCATAGCAAGTCCAAGCCATCTATCCGCTTTT TGGTGTCATGGTGTGTGT -4.85 -2.87 -1.35 

Luc.64503 ACCGGCAAATCACAGAATCGTTGTATGTTAATATTCATAGCATACGACGATTCTGTGATTTGTTTT CATGTGACTGTGTGCATG 2.31 1.05 0.29 

MEN1.1729 ACCGGGTCGTAAGTGTAGATGAAGAAGTTAATATTCATAGCTTCTTCATCTGCACTTGCGACTTTT TGGTGTCAACTGGTGTCA -6.02 -2.88 0.09 

MEN1.553 ACCGGGCTGTACCTGAAAGGATTATAGTTAATATTCATAGCTATGATCCTTTCAGGTACAGCTTTT GTGTGTGTACGTACACCA -5.58 -1.43 -1.44 

KMT2D.1737 ACCGGCTGCAGGAAACTTGGGAATGGGTTAATATTCATAGCTCATTCCCAGGTTTCCTGCAGTTTT CAGTGTCAACTGGTACCA -5.55 -1.73 1.05 

KMT2D.1739 ACCGGGCAGGAAACTTGGGAATGATTGTTAATATTCATAGCAGTCATTCCCAGGTTTCCTGCTTTT ACGTGTCAACTGGTACTG -4.55 -2.01 -0.28 

PRMT1.1974 ACCGGGAGGACATGACATCTAAAGATGTTAATATTCATAGCATCTTTGGATGTCATGTCCTCTTTT CAGTGTCATGACTGCAAC -2.16 -1.69 0.18 

PRMT1.500 ACCGGGTGTTCCAGTATCTTTGATTAGTTAATATTCATAGCTAATCAGAGATACTGGAACACTTTT CAGTGTGTCATGTGCAGT -4.43 -2.85 -0.63 

Psma1.65014 ACCGGGCAATGGAAGCTGTTAAATAAGTTAATATTCATAGCTTGTTTAACAGCTTCCATTGCTTTT ACTGTGTGCATGTGCAAC -5.38 -7.19 -3.05 

SMARCA4.183 ACCGGGCCAAGTAAGATGTTGATGATGTTAATATTCATAGCATCATCGACATCTTGCTTGGCTTTT CAGTGTGTGTACTGCATG -3.49 -0.47 -1.76 

SMARCA4.861 ACCGGGTACTGAGCCTTGGGTAAATTGTTAATATTCATAGCAATTTACCCGAGGCTCGGTACTTTT GTGTGTGTTGCACATGCA -3.91 -3.11 -2.85 

WDR5.2346 ACCGGCTGGTTACAAGTTGGGAATATGTTAATATTCATAGCATATTCCCAGCTTGTGACCAGTTTT ACGTGTACCAGTACACAC -5.88 -0.61 -0.92 

WDR5.2348 ACCGGGTGTCTGGCTTAGAGGATAATGTTAATATTCATAGCGTTATCCTCTGAGCCAGACACTTTT GTGTGTACCAGTACTGGT -5.95 -7.77 -3.26 

SCR01.65150 ACCGGGCCGTCGTAAATTGTCGTGGCGTTAATATTCATAGCGCCGCGACAATTTGCGACGGCTTTT TGTGTGTGACCATGTGAC 0.25 1.14 -0.09 

SCR02.65151 ACCGGACCGAACGCGACCGTATGGTTGTTAATATTCATAGCGACCATGCGGTCGCGTTCGGTTTTT ACTGTGTGACCATGTGTG 1.16 1.31 0.38 

SCR03.65152 ACCGGCCTATTTGGCGTGTCGCTGGAGTTAATATTCATAGCTCCGGCGACGCGCCAAATAGGTTTT ACTGTGTGACACGTGTGT 0.83 0.29 0.20 

SCR04.65153 ACCGGATATCTCGCAATGTTGGTGTTGTTAATATTCATAGCAACGCCAACGTTGCGAGATATTTTT TGTGTGTGACACGTGTCA -0.57 0.81 0.32 

SCR05.65154 ACCGGCTTGCGAGCGATTCGATGTTAGTTAATATTCATAGCTAGCATCGGATCGCTCGCAAGTTTT CATGTGTGACACGTGTAC -2.98 0.33 -0.10 

SCR06.65155 ACCGGTAACGGTGATATTACGTAGAGGTTAATATTCATAGCCTCTGCGTAATATCGCCGTTATTTT GTTGTGTGACACGTGTTG 0.91 0.17 0.24 

SCR07.65156 ACCGGTGGCGTGTTCCGTAATCATGAGTTAATATTCATAGCTCGTGATTGCGGAACACGCCATTTT TGTGTGTGACACGTCAGT -2.60 -1.56 -0.96 

SCR08.65157 ACCGGGACGTTAAGTGGTGCGCTGAAGTTAATATTCATAGCTTCGGCGCACCGCTTAACGTCTTTT GTTGTGTGACACGTCACA -3.24 -0.95 -0.21 

SCR09.65158 ACCGGCGTATTGATTGCTGACGGTGGGTTAATATTCATAGCCCGCCGTCGGCAATCAATACGTTTT ACTGTGTGACACGTCAAC 0.85 1.14 0.21 

SCR10.65159 ACCGGAAAGGCGGTATCGGTAAATTTGTTAATATTCATAGCAGATTTACCGATACCGCCTTTTTTT CATGTGTGACACGTCATG 1.16 -0.56 -1.80 

SCR11.65160 ACCGGCGATTCGATATTAACGCCGTCGTTAATATTCATAGCGGCGGCGTTAGTATCGAATCGTTTT GTTGTGTGACACGTACGT 3.42 -2.49 0.10 

SCR12.65161 ACCGGATAATGCGGTTATTCGCGTCGGTTAATATTCATAGCCGGCGCGAATAGCCGCATTATTTTT CATGTGTGACACGTACCA -1.17 -1.09 0.29 

SCR13.65162 ACCGGGAGGCCGATATTGTCGTTGTCGTTAATATTCATAGCGACGACGACAGTATCGGCCTCTTTT TGTGTGTGACACGTACAC -3.71 0.02 0.20 

SCR14.65163 ACCGGGCGCGATTGTAATCACCTGAGGTTAATATTCATAGCCTCGGGTGATTACGATCGCGCTTTT ACTGTGTGACACGTACTG 1.15 0.30 0.83 

SCR15.65164 ACCGGAAGCGTCGCCGTTAAAAGGTGGTTAATATTCATAGCCGCCTTTTGACGGCGACGCTTTTTT CATGTGTGACACGTTGGT 0.10 1.32 0.11 

SCR16.65165 ACCGGCCCGTGGTCGGTTTACGGTGGGTTAATATTCATAGCCCGCCGTAAGCCGACCACGGGTTTT ACTGTGTGACACGTTGCA 0.99 -0.16 0.44 

SCR17.65166 ACCGGACCAGTAACGTTATATGATGTGTTAATATTCATAGCACATCGTATAACGTTACTGGTTTTT GTTGTGTGACACGTTGAC -2.55 1.49 0.27 

SCR18.65167 ACCGGCGCAACCATATATCGGCGTAAGTTAATATTCATAGCTTGCGCCGGTATATGGTTGCGTTTT TGTGTGTGACACGTTGTG 0.23 0.26 0.78 

SCR19.65168 ACCGGTCAGCCGAGTACGCGATATTTGTTAATATTCATAGCAAATGTCGCGTGCTCGGCTGATTTT CATGTGTGACACCAGTGT -3.87 -0.90 -0.46 

SCR20.65169 ACCGGCTGACTGATGATCCGCGTTGGGTTAATATTCATAGCCCAGCGCGGATCATCGGTCAGTTTT ACTGTGTGACACCAGTCA 0.80 -0.06 0.18 

SCR21.65170 ACCGGGTCGATTGATCTTAACCGTATGTTAATATTCATAGCGTACGGTTGAGATCAATCGACTTTT GTTGTGTGACACCAGTAC -2.51 -0.02 -0.91 

SCR22.65171 ACCGGAGTTACTTTACCTGACGTTCCGTTAATATTCATAGCGGGACGTCGGGTAAAGTAACTTTTT TGTGTGTGACACCAGTTG 3.36 0.40 -0.45 

SCR23.65172 ACCGGTACACGCGCTGACAATTGTTGGTTAATATTCATAGCCAACGATTGTCGGCGCGTGTATTTT ACTGTGTGACACCACAGT 1.42 1.90 1.22 

SCR24.65173 ACCGGGGCGATACGCTGAACGATTGCGTTAATATTCATAGCGCGATCGTTCGGCGTATCGCCTTTT TGTGTGTGACACCACACA -0.56 0.59 0.46 

SCR25.65174 ACCGGGGGATGCGTGAATTGAATTATGTTAATATTCATAGCATAATTCAATTCGCGCGTCCCTTTT CATGTGTGACACCACAAC -2.84 0.99 0.42 

SCR26.65175 ACCGGACACGTAGAATTGCGCTGTATGTTAATATTCATAGCATACGGCGCAATTCTGCGTGTTTTT GTTGTGTGACACCACATG 0.74 2.20 -1.20 

SCR27.65176 ACCGGGAATCTTTATCGTGTGGTGGTGTTAATATTCATAGCACCACCGCACGATAGAGATTCTTTT TGTGTGTGACACCAACGT 0.32 -0.72 0.30 

SCR28.65177 ACCGGAAGCCGACGAAACTCGTAATAGTTAATATTCATAGCTGTTACGGGTTTCGTCGGCTTTTTT GTTGTGTGACACCAACCA -2.78 -0.32 -1.87 

SCR29.65178 ACCGGAATACCATGCGAACTGGAGTGGTTAATATTCATAGCCACTCCGGTTCGCGTGGTATTTTTT ACTGTGTGACACCAACAC -1.51 -1.67 -0.01 

SCR30.65179 ACCGGCTTCCCGAGTGAAAACGGTTTGTTAATATTCATAGCAGACCGTTTTCGCTCGGGAAGTTTT CATGTGTGACACCAACTG 2.42 -0.21 0.24 

SCR31.65180 ACCGGAGGCGGAAGGTTGTCGCCGTGGTTAATATTCATAGCCGCGGCGACGACCTTCCGCCTTTTT GTTGTGTGACACCATGGT -0.08 -0.74 -0.51 

SCR32.65181 ACCGGAGCGACCCGTATTGACCTTAAGTTAATATTCATAGCTTAGGGTCAATGCGGGTCGCTTTTT CATGTGTGACACCATGCA 0.79 -1.19 -0.94 

SCR33.65182 ACCGGGGGGATCTTGGTCGACTGTGAGTTAATATTCATAGCTCACGGTCGACCGAGATCCCCTTTT TGTGTGTGACACCATGAC 0.42 0.07 0.10 

SCR34.65183 ACCGGATAAGGTACGTCGTATAGTTAGTTAATATTCATAGCTAACTATGCGACGTACCTTATTTTT ACTGTGTGACACCATGTG -2.37 0.41 -0.16 

SCR35.65184 ACCGGTTTAACGCCGTGTGCTGTTTGGTTAATATTCATAGCCGAACAGCGCACGGCGTTAAATTTT GTTGTGTGACACACGTGT 1.05 -2.44 -0.62 

SCR36.65185 ACCGGGCAGTACGTTACGATGTGGATGTTAATATTCATAGCATCCGCATCGTGACGTACTGCTTTT CATGTGTGACACACGTCA -0.50 0.31 -0.15 

SCR37.65186 ACCGGGTTTAAACGCTGGTGCGCTAGGTTAATATTCATAGCCTGGCGCACCGGCGTTAAAACTTTT TGTGTGTGACACACGTAC 0.38 -0.74 0.43 

SCR38.65187 ACCGGCATCGAAGGTGAAGTGATTCTGTTAATATTCATAGCAGAATCGCTTCGCCTTCGATGTTTT ACTGTGTGACACACGTTG -3.72 0.45 -0.69 

SCR39.65188 ACCGGGAACAACGAAATCGGGATAGTGTTAATATTCATAGCACTGTCCCGGTTTCGTTGTTCTTTT CATGTGTGACACACCAGT -4.13 -2.94 -1.47 

SCR40.65189 ACCGGAACAACCGTGATCTGTGTGATGTTAATATTCATAGCATCACGCAGATCGCGGTTGTTTTTT ACTGTGTGACACACCACA -1.43 -2.12 -0.57 

SCR41.65190 ACCGGAGTACGGGACAGTATGAGTATGTTAATATTCATAGCGTACTCGTACTGTCCCGTACTTTTT GTTGTGTGACACACCAAC -2.87 2.99 1.69 

SCR42.65191 ACCGGCCAGGTGATGATTCCACGTAAGTTAATATTCATAGCTTGCGTGGAATCATCGCCTGGTTTT TGTGTGTGACACACCATG -2.19 1.04 0.02 

SCR43.65192 ACCGGGTCGATGGATCCCTGGGTTAAGTTAATATTCATAGCTTAACCCGGGGATCCGTCGACTTTT ACTGTGTGACACACACGT -0.19 -1.64 -0.39 

SCR44.65193 ACCGGGTGTAGGTTGTGCCGGTTGTGGTTAATATTCATAGCCACGACCGGCGCAACCTACACTTTT TGTGTGTGACACACACCA 1.35 -0.43 0.29 

SCR45.65194 ACCGGTTCGTCCGATTTGCTGGTGGCGTTAATATTCATAGCGCCGCCAGCAGATCGGACGAATTTT CATGTGTGACACACACAC 0.24 0.22 -0.14 

SCR46.65195 ACCGGGCCGGCAGTGCTGTTTATGTCGTTAATATTCATAGCGGCATAAACGGCACTGCCGGCTTTT GTTGTGTGACACACACTG 2.86 0.80 1.36 

SCR47.65196 ACCGGGGTGTGGAAGGCGTGAGAATTGTTAATATTCATAGCAATTCTCGCGCCTTCCGCACCTTTT TGTGTGTGACACACTGGT 3.11 -0.26 -0.98 

SCR48.65197 ACCGGAACCTTTCTGGTCGCGGTGATGTTAATATTCATAGCATCGCCGCGACCGGAAAGGTTTTTT GTTGTGTGACACACTGCA -0.66 2.10 0.38 

SCR49.65198 ACCGGGTGGCGCGGTGACTTCTAGTTGTTAATATTCATAGCAACTGGAAGTCGCCGCGCCACTTTT ACTGTGTGACACACTGAC -1.94 -3.04 -0.64 

SCR50.65199 ACCGGACGGCGCTAATTACGACGTGCGTTAATATTCATAGCGCGCGTCGTGATTAGCGCCGTTTTT CATGTGTGACACACTGTG 1.97 -0.13 0.35 
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Table A. 8 List of the 103 genes, specifically de-regulated in NRAS-mutated patients. 
 

Gene Symbol Description NCBI Gene ID 
Fold change 

MM16 
Adjusted p-value 

MM16 
Fold change 

MM13 
Adjusted p-value 

MM13 
Fold change 

MM27 
Adjusted p-value 

MM27 

ABCC2 ATP binding cassette subfamily C member 2 1244 -2.01 3.7E-04 -4.12 9.3E-05 -1.3 7.3E-01 

ADGRL2 adhesion G protein-coupled receptor L2 23266  2.1 2.2E-05 1.91 1.9E-02 1.31 1.7E-01 

ALK anaplastic lymphoma receptor tyrosine kinase 238 -4.15 1.2E-03 -8.3 3.9E-03 -2.41 9.7E-02 

AMMECR1 
Alport syndrome, mental retardation, midface 

hypoplasia and elliptocytosis chromosomal 
region gene 1 

9949 2.09 5.7E-05 2.02 8.8E-03 1.29 1.8E-01 

ANKRD28 ankyrin repeat domain 28 23243  -1.56 2.3E-02 -2.07 1.0E-02 -1.22 4.1E-01 

AQP1 aquaporin 1 (Colton blood group) 358 -2.09 6.4E-04 -4.84 2.2E-04 1.58 7.2E-01 

AQP3 aquaporin 3 (Gill blood group) 360 -3.42 3.8E-04 -6.74 2.3E-03 -2.29 2.2E-01 

ARID3A AT-rich interaction domain 3A 1820 1.69 1.4E-02 2.88 6.1E-04 2.45 1.3E-01 

ATAD2B ATPase family, AAA domain containing 2B 54454  1.8 2.8E-02 1.92 1.7E-02 1.38 3.4E-01 

BACH2 BTB domain and CNC homolog 2 60468  -2.56 1.7E-02 -3.18 1.6E-04 -1.15 7.6E-01 

BRWD3 
bromodomain and WD repeat domain 

containing 3 
254065  2.08 2.8E-02 2.81 3.3E-02 1.8 2.0E-01 

C8orf46 chromosome 8 open reading frame 46 254778  -1.8 2.7E-03 -2.08 4.0E-02 -1.03 1.0E+00 

C8orf58 chromosome 8 open reading frame 58 541565  -1.77 2.4E-03 -1.85 2.2E-02 -1.08 9.5E-01 

CAND2 
cullin-associated and neddylation-dissociated 

2 (putative) 
23066  -2.06 3.5E-04 -3.99 5.2E-07 -1.18 8.6E-01 

CCDC126 coiled-coil domain containing 126 90693  1.61 4.3E-02 1.8 4.6E-02 1.32 2.2E-01 

CD22 CD22 molecule 933 -1.75 2.0E-02 -2.18 6.2E-03 1.06 1.0E+00 

CDK15 cyclin-dependent kinase 15 65061  -5.13 4.7E-02 -3.58 4.8E-03 -1.16 1.0E+00 

CEMIP cell migration inducing protein 57214  -3.33 4.1E-04 -3.61 2.4E-02 2.36 2.4E-01 

CLU clusterin 1191 -2.78 4.8E-06 -2.79 5.4E-06 -1.7 7.7E-01 

COL9A2 collagen type IX alpha 2 1298 -2.51 1.5E-04 -2.86 3.0E-02 -1.48 1.5E-01 

COPRS 
coordinator of PRMT5, differentiation 

stimulator 
55352  -1.71 4.3E-02 -1.94 1.1E-02 -1.4 7.9E-02 

CRABP2 cellular retinoic acid binding protein 2 1382 -2.66 1.4E-02 -4.67 3.9E-04 -1.4 6.6E-01 

CREB3L1 
cAMP responsive element binding protein 3-

like 1 
90993  -3.04 5.8E-05 -6.44 1.7E-09 -2.86 4.2E-01 

CTC1 
CTS telomere maintenance complex 

component 1 
80169  1.88 2.5E-03 1.89 3.0E-02 1.35 1.5E-01 

CTH cystathionine gamma-lyase 1491 1.71 2.3E-02 2.72 1.4E-04 1.06 9.8E-01 

CTHRC1 collagen triple helix repeat containing 1 115908  -1.58 1.8E-02 -2.39 5.0E-04 -1.13 8.3E-01 

CTNNAL1 catenin alpha-like 1 8727 -2.84 2.1E-09 -2.53 2.3E-04 -1.35 1.4E-01 

CXADR coxsackie virus and adenovirus receptor 1525 2.54 9.2E-03 1.78 2.4E-02 -1.03 1.0E+00 

CYGB cytoglobin 114757  -3.91 1.4E-06 -1.88 4.7E-02 -1.32 6.5E-01 

DBP 
D site of albumin promoter (albumin D-box) 

binding protein 
1628 -1.79 1.4E-02 -2.24 1.4E-02 -1.37 1.4E-01 

DDAH1 dimethylarginine dimethylaminohydrolase 1 23576  5.34 2.5E-14 1.8 3.8E-02 1.42 7.9E-02 

DENND2A DENN domain containing 2A 27147  -2.65 1.4E-06 -2.33 1.1E-03 1.16 8.4E-01 

DMKN dermokine 93099  -6.24 4.6E-17 -2.04 1.3E-02 -1.03 1.0E+00 

DYRK3 
dual specificity tyrosine phosphorylation 

regulated kinase 3 
8444 2.06 1.3E-02 1.85 2.9E-02 1.7 1.1E-01 

E2F7 E2F transcription factor 7 144455  2.02 2.1E-03 2.88 4.2E-06 -1.64 4.3E-03 

EEPD1 
endonuclease/exonuclease/phosphatase 

family domain containing 1 
80820  -2.2 1.4E-03 -1.92 3.4E-02 1.01 1.0E+00 

ESM1 endothelial cell specific molecule 1 11082  9.56 1.5E-05 2.16 8.0E-03 NA 4.8E-01 

FAM227A family with sequence similarity 227 member A 646851  2.92 2.7E-03 2.04 3.0E-02 2.12 1.5E-01 

FCRLA Fc receptor-like A 84824  -4.99 2.4E-06 -7.64 5.5E-03 -1.35 6.7E-01 

FLJ42627 uncharacterized LOC645644 645644  1.51 4.9E-02 2.02 1.2E-02 1.44 3.0E-01 

FLVCR2 
feline leukemia virus subgroup C cellular 

receptor family member 2 
55640  -1.84 3.3E-03 -2.72 2.6E-02 -1.84 3.1E-01 

FUT4 fucosyltransferase 4 2526 2.44 1.7E-06 1.86 2.8E-02 1.35 1.4E-01 

GATSL3 GATS protein-like 3 652968  2.45 6.8E-04 5.35 5.3E-09 2.39 5.8E-02 

GDPD1 
glycerophosphodiester phosphodiesterase 

domain containing 1 
284161  2.56 1.4E-05 2.13 3.9E-02 1.37 1.7E-01 

GLCCI1 glucocorticoid induced 1 113263  1.98 7.1E-04 2.14 5.9E-03 1.13 7.0E-01 

GPRC5A 
G protein-coupled receptor class C group 5 

member A 
9052 -2.38 8.2E-05 -1.89 2.1E-02 -1.06 1.0E+00 

GPRC5B 
G protein-coupled receptor class C group 5 

member B 
51704  -2.28 2.5E-06 -2.32 3.8E-03 -1.24 5.1E-01 

GPX3 glutathione peroxidase 3 2878 -2.01 2.5E-04 -3.69 7.4E-07 -1.48 4.7E-01 
GSAP gamma-secretase activating protein 54103  3.18 2.3E-08 2.2 2.3E-02 1.39 2.3E-01 
HIC2 hypermethylated in cancer 2 23119  1.95 5.2E-04 1.96 4.0E-02 2.35 7.0E-02 

HMGA2 high mobility group AT-hook 2 8091 4.99 5.4E-18 2.04 2.0E-03 2.32 1.4E-01 
HOGA1 4-hydroxy-2-oxoglutarate aldolase 1 112817  -1.92 7.5E-03 -2.38 1.3E-02 -1.17 7.1E-01 
HSPB7 heat shock protein family B (small) member 7 27129  -7.82 1.7E-04 -3.49 1.4E-05 -13.07 1.0E-01 
IP6K3 inositol hexakisphosphate kinase 3 117283  -3.1 4.0E-09 -3.64 4.8E-03 -1.12 9.8E-01 
ITPKB inositol-trisphosphate 3-kinase B 3707 -2.31 3.3E-03 -3.95 2.7E-08 1.3 4.1E-01 

KCNC1 
potassium voltage-gated channel subfamily C 

member 1 
3746 -2.25 3.5E-02 -4.61 1.7E-02 -1.23 1.0E+00 

KIT KIT proto-oncogene receptor tyrosine kinase 3815 -2.29 5.0E-03 -4.03 4.0E-04 1.41 4.5E-01 
LINC00341 long intergenic non-protein coding RNA 341 79686  -2.18 2.9E-02 -2.49 1.4E-02 -2.18 6.9E-02 

LMBR1L limb development membrane protein 1-like 55716  1.63 2.0E-02 2.51 1.3E-04 2 2.6E-01 
LRP11 LDL receptor related protein 11 84918  -1.85 2.3E-03 -1.83 4.6E-02 -1.21 4.8E-01 

LTB4R2 leukotriene B4 receptor 2 56413  2.79 2.1E-05 2.17 2.7E-02 2.06 1.3E-01 
LZTS1 leucine zipper, putative tumor suppressor 1 11178  -1.82 3.4E-03 -2.37 9.9E-04 -1.03 1.0E+00 

MATN2 matrilin 2 4147 -1.63 1.1E-02 -4.59 2.1E-04 1.08 9.7E-01 
MFGE8 milk fat globule-EGF factor 8 protein 4240 -1.82 3.0E-03 -1.81 3.6E-02 -1.26 2.4E-01 

MGAT5B 
mannosyl (alpha-1,6-)-glycoprotein beta-1,6-
N-acetyl-glucosaminyltransferase, isozyme B 

146664  -2.62 1.0E-06 -2.22 1.4E-02 -1.01 1.0E+00 

MMP3 matrix metallopeptidase 3 4314 2.79 1.6E-04 6.5 5.1E-06 1.65 5.1E-01 

MTMR11 myotubularin related protein 11 10903  -1.73 1.1E-02 -2.05 7.7E-03 -1.98 1.6E-01 

MXD1 MAX dimerization protein 1 4084 1.65 2.4E-02 1.99 2.2E-02 1.58 2.0E-01 

NCCRP1 
non-specific cytotoxic cell receptor protein 1 

homolog (zebrafish) 
342897  -5.06 3.8E-04 -4.74 8.4E-05 -1.36 8.7E-01 

NES nestin 10763  -1.69 5.5E-03 -1.98 1.1E-02 1.07 9.7E-01 

NXPH3 neurexophilin 3 11248  -2.88 3.8E-03 -4.62 6.9E-03 -2.88 2.0E-01 

OLFM1 olfactomedin 1 10439  -2.06 1.4E-02 -2.1 7.0E-03 -2.79 6.7E-01 

PAPPA 
pregnancy-associated plasma protein A, 

pappalysin 1 
5069 8.65 4.1E-07 1.97 4.0E-02 9.23 7.9E-02 

PCDH10 protocadherin 10 57575  3.11 2.8E-05 4.3 4.5E-04 3.53 5.5E-01 

PCDH9 protocadherin 9 5101 4.03 8.2E-06 3.43 1.4E-02 1.05 9.9E-01 

PDGFRB platelet derived growth factor receptor beta 5159 -2.32 1.1E-05 -6.4 4.9E-08 1.08 1.0E+00 

PDLIM3 PDZ and LIM domain 3 27295  -2.08 4.4E-05 -2.79 4.9E-04 1.28 3.1E-01 

PKD1L2 polycystin 1 like 2 (gene/pseudogene) 114780  -2.19 3.8E-02 -3.21 2.9E-06 1.38 6.3E-01 

PLEKHA4 pleckstrin homology domain containing A4 57664  -1.8 2.5E-03 -2.67 2.4E-02 -1.46 1.3E-01 

PRR5L proline rich 5 like 79899  -2.46 8.7E-03 -2.43 5.8E-03 -1.4 5.8E-01 

PTPRH protein tyrosine phosphatase, receptor type H 5794 -2.47 1.3E-03 -4.14 3.9E-09 1.11 9.2E-01 

RASGRP3 RAS guanyl releasing protein 3 25780  -3.57 1.2E-11 -1.98 4.2E-02 -1.26 7.1E-01 

RDH10 retinol dehydrogenase 10 (all-trans) 157506  1.79 1.8E-03 2.18 1.6E-03 1.42 1.1E-01 

http://www.ncbi.nlm.nih.gov/gene/1244
http://www.ncbi.nlm.nih.gov/gene/23266
http://www.ncbi.nlm.nih.gov/gene/238
http://www.ncbi.nlm.nih.gov/gene/9949
http://www.ncbi.nlm.nih.gov/gene/23243
http://www.ncbi.nlm.nih.gov/gene/358
http://www.ncbi.nlm.nih.gov/gene/360
http://www.ncbi.nlm.nih.gov/gene/1820
http://www.ncbi.nlm.nih.gov/gene/54454
http://www.ncbi.nlm.nih.gov/gene/60468
http://www.ncbi.nlm.nih.gov/gene/254065
http://www.ncbi.nlm.nih.gov/gene/254778
http://www.ncbi.nlm.nih.gov/gene/541565
http://www.ncbi.nlm.nih.gov/gene/23066
http://www.ncbi.nlm.nih.gov/gene/90693
http://www.ncbi.nlm.nih.gov/gene/933
http://www.ncbi.nlm.nih.gov/gene/65061
http://www.ncbi.nlm.nih.gov/gene/57214
http://www.ncbi.nlm.nih.gov/gene/1191
http://www.ncbi.nlm.nih.gov/gene/1298
http://www.ncbi.nlm.nih.gov/gene/55352
http://www.ncbi.nlm.nih.gov/gene/1382
http://www.ncbi.nlm.nih.gov/gene/90993
http://www.ncbi.nlm.nih.gov/gene/80169
http://www.ncbi.nlm.nih.gov/gene/1491
http://www.ncbi.nlm.nih.gov/gene/115908
http://www.ncbi.nlm.nih.gov/gene/8727
http://www.ncbi.nlm.nih.gov/gene/1525
http://www.ncbi.nlm.nih.gov/gene/114757
http://www.ncbi.nlm.nih.gov/gene/1628
http://www.ncbi.nlm.nih.gov/gene/23576
http://www.ncbi.nlm.nih.gov/gene/27147
http://www.ncbi.nlm.nih.gov/gene/93099
http://www.ncbi.nlm.nih.gov/gene/8444
http://www.ncbi.nlm.nih.gov/gene/144455
http://www.ncbi.nlm.nih.gov/gene/80820
http://www.ncbi.nlm.nih.gov/gene/11082
http://www.ncbi.nlm.nih.gov/gene/646851
http://www.ncbi.nlm.nih.gov/gene/84824
http://www.ncbi.nlm.nih.gov/gene/645644
http://www.ncbi.nlm.nih.gov/gene/55640
http://www.ncbi.nlm.nih.gov/gene/2526
http://www.ncbi.nlm.nih.gov/gene/652968
http://www.ncbi.nlm.nih.gov/gene/284161
http://www.ncbi.nlm.nih.gov/gene/113263
http://www.ncbi.nlm.nih.gov/gene/9052
http://www.ncbi.nlm.nih.gov/gene/51704
http://www.ncbi.nlm.nih.gov/gene/2878
http://www.ncbi.nlm.nih.gov/gene/54103
http://www.ncbi.nlm.nih.gov/gene/23119
http://www.ncbi.nlm.nih.gov/gene/8091
http://www.ncbi.nlm.nih.gov/gene/112817
http://www.ncbi.nlm.nih.gov/gene/27129
http://www.ncbi.nlm.nih.gov/gene/117283
http://www.ncbi.nlm.nih.gov/gene/3707
http://www.ncbi.nlm.nih.gov/gene/3746
http://www.ncbi.nlm.nih.gov/gene/3815
http://www.ncbi.nlm.nih.gov/gene/79686
http://www.ncbi.nlm.nih.gov/gene/55716
http://www.ncbi.nlm.nih.gov/gene/84918
http://www.ncbi.nlm.nih.gov/gene/56413
http://www.ncbi.nlm.nih.gov/gene/11178
http://www.ncbi.nlm.nih.gov/gene/4147
http://www.ncbi.nlm.nih.gov/gene/4240
http://www.ncbi.nlm.nih.gov/gene/146664
http://www.ncbi.nlm.nih.gov/gene/4314
http://www.ncbi.nlm.nih.gov/gene/10903
http://www.ncbi.nlm.nih.gov/gene/4084
http://www.ncbi.nlm.nih.gov/gene/342897
http://www.ncbi.nlm.nih.gov/gene/10763
http://www.ncbi.nlm.nih.gov/gene/11248
http://www.ncbi.nlm.nih.gov/gene/10439
http://www.ncbi.nlm.nih.gov/gene/5069
http://www.ncbi.nlm.nih.gov/gene/57575
http://www.ncbi.nlm.nih.gov/gene/5101
http://www.ncbi.nlm.nih.gov/gene/5159
http://www.ncbi.nlm.nih.gov/gene/27295
http://www.ncbi.nlm.nih.gov/gene/114780
http://www.ncbi.nlm.nih.gov/gene/57664
http://www.ncbi.nlm.nih.gov/gene/79899
http://www.ncbi.nlm.nih.gov/gene/5794
http://www.ncbi.nlm.nih.gov/gene/25780
http://www.ncbi.nlm.nih.gov/gene/157506


Appendix 

283 

RGS11 regulator of G-protein signaling 11 8786 2.17 7.3E-03 3.37 3.7E-02 1.68 3.7E-01 

RIPK4 receptor interacting serine/threonine kinase 4 54101  2.39 7.3E-05 2.24 4.1E-03 1.32 3.8E-01 

RPL39L ribosomal protein L39 like 116832  -2.32 4.5E-03 -4.3 1.5E-06 -2.89 1.6E-01 

RRAD Ras-related associated with diabetes 6236 -2.99 7.9E-03 -3.88 1.8E-02 -1.02 1.0E+00 

RTP4 
receptor (chemosensory) transporter protein 

4 
64108  -2.17 8.3E-04 -2.73 8.4E-03 -1.9 1.3E-01 

SERPINE2 
serpin peptidase inhibitor, clade E (nexin, 
plasminogen activator inhibitor type 1), 

member 2 
5270 2.83 3.0E-10 1.97 2.4E-02 1.23 6.7E-01 

SH3GL2 SH3-domain GRB2-like 2 6456 2.11 2.1E-02 2.54 8.0E-04 NA 9.6E-01 

SHC4 
SHC (Src homology 2 domain-containing) 

family member 4 
399694  -1.64 8.6E-03 -2.44 1.3E-02 -1.5 5.2E-02 

SORCS2 
sortilin related VPS10 domain containing 

receptor 2 
57537  -11.04 5.0E-13 -2.58 2.3E-02 -1.31 9.8E-01 

SORD sorbitol dehydrogenase 6652 -1.9 2.6E-04 -1.92 4.0E-02 -1.55 8.1E-02 

ST3GAL5 
ST3 beta-galactoside alpha-2,3-

sialyltransferase 5 
8869 -1.71 3.8E-03 -2.69 1.5E-03 -1.42 1.9E-01 

SYT1 synaptotagmin 1 6857 3.26 1.1E-04 1.98 1.7E-02 2.04 4.6E-01 

TET3 tet methylcytosine dioxygenase 3 200424  2.71 6.4E-09 2.07 4.0E-03 1.4 6.6E-02 

TMEM132A transmembrane protein 132A 54972  1.75 4.3E-02 3.15 5.5E-06 1.1 9.2E-01 

TNFAIP3 TNF alpha-induced protein 3 7128 1.76 1.1E-02 1.94 2.7E-02 1.3 7.1E-01 

TRIM14 tripartite motif containing 14 9830 -1.87 1.2E-03 -2.22 2.2E-02 -1.04 1.0E+00 

TRIM2 tripartite motif containing 2 23321  -3.76 2.0E-03 -2.52 1.5E-02 -1.61 1.3E-01 

TSPAN5 tetraspanin 5 10098  -1.91 6.8E-04 -1.96 2.6E-02 -1.03 1.0E+00 

TTC39A tetratricopeptide repeat domain 39A 22996  -2.82 1.4E-02 -2.2 3.7E-02 -3.15 7.0E-02 

ZCCHC18 zinc finger CCHC-type containing 18 644353  2.33 2.5E-02 3.43 3.5E-02 1.15 9.8E-01 
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