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ABSTRACT 

Topical agents have been used by doctors and dermatologists for many decades to treat a 

variety of skin diseases. Systemic agents are also widely used to treat skin disorders 

because of the limited number of topical preparations and the poor absorption of these 

systemic drugs through the stratum corneum, the main barrier layer of the skin. To 

enhance the topical delivery of drugs many techniques have been developed including 

physical, chemical and cell-penetrable peptides based approaches. The main limitation of 

physical techniques (microneedle, electroporation and iontophoresis) is that delivery of 

the compound is restricted to a limited surface area of the body. Chemical penetration 

enhancers, although widely used, are not able to deliver many molecules, particularly 

compounds with a molecular weight >500 dalton. Cell penetrable peptides (CPP) such as 

penetratin, Tat and transportan can be used to deliver a range of compounds into cells in 

vitro but there is limited information on their ability to transport molecules across the 

stratum corneum into skin. We have developed a novel carrier molecule 

(polypseudolysine; PPL), and have investigated whether this compound has the ability to 

transport compounds into cells and skin. Initially, alpha-melanocyte stimulating hormone 

(αMSH) was selected as a cargo molecule. Later, a 19mer antisense oligonucleotide (ON) 

targeting the translational start site of the tyrosinase gene and a peptide nucleic acid 

(PNA) also targeting the tyrosinase gene were selected as cargo.  

The results in this thesis show that αMSH conjugated to PPL can bind to the MC1R 

receptor and stimulate pigmentation of melanoma cells, suggesting that the function of 

αMSH is not affected when attached to PPL. The antisense results demonstrated that 

15merPNA-SS-PPL and 12merPNA-PPL significantly inhibited αMSH-induced 

pigmentation of B16F10 melanoma cells whereas PNA alone did not. In addition, ON-

PPL also suppressed the increase in tyrosinase activity induced by αMSH. Confocal 

microscopy showed that αMSH-PPL and separately PNA-PPL compounds internalised in 

a range of cell lines, but αMSH and PNA without the carrier molecule did not penetrate 

into cells to a similar extent. Ex vivo skin penetrations studies performed in a Franz 

diffusion chamber demonstrated the penetration of fluoresceinated forms of αMSH-PPL 

and separately PNA-PPL into the skin and various other epithelial barriers (eyes, ileum 

and colon). The preliminary results indicate that PPL has the potential to be used as a 
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carrier molecule to deliver agents into skin and possible also into other epithelial organs. 
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 1 

Chapter 1; Introduction 

1.1 Skin barrier 

The skin is an important multicellular tissue of the body which is involved in 

thermoregulation, protection, metabolic functions and sensation. It protects our body 

from a vast array of pathogens, chemicals and UV induced DNA damage. It is comprised 

of two layers, the outer epidermis and the inner dermis (Haake et al. 2001). 

The outermost layer, the epidermis contains mainly keratinocytes but also has 

melanocytes, which synthesise melanin pigment, and Langerhans cells which are part of 

the cutaneous immune system. The epidermis is further subdivided into four layers. 

These layers are (arranged from the inner surface to the outer surface) the basal layer, the 

stratum spinosum (suprabasal layer), the stratum granulosum and the stratum corneum 

(Haake et al. 2001). In the basal layer keratinocytes proliferate and upon leaving the basal 

layer the cells start to differentiate. At the stage of reaching the stratum corneum final 

differentiation occurs in which cells have become dead cells called corneocytes. In the 

stratum granulosum there are two types of granules, one of which give this layer its name 

(keratohyaline granules) and the other which is important for the lipid component of the 

stratum corneum. Keratohyalin granules are basophilic, irregularly shaped structures 

without an outer membrane (Manabe & O'Guin 1992). Lamellar granules are small 

organelles which contain stacks of lipid lamellae composed of phospholipid, cholesterol 

and glucoceramides (Wertz & Downing 1982). At the stages of late differentiation, the 

lamellar granules are thought to fuse with the plasma membrane of the granular cell and 

discharge their content into the intercellular space. Lamellar granules also secrete acid 

hydrolases which break down phospholipids and transform glucosylceramide to 
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ceramide, the main lipid constituent accounting for 45-50% of the lipids of the stratum 

corneum.  It is the ceramide and free fatty acid components of the stratum corneum that 

allow for tight lateral packing and the formation of a highly ordered gel phase membrane 

domain which imparts less fluidity and less permeability to the stratum corneum than the 

cell membrane of living cells (Madison 2003). The barrier function role of lipids in the 

stratum corneum is clear from the increased transepidermal water loss following removal 

of the stratum corneum lipids by solvent extraction (Grubauer et al. 1989).  

The dermis plays an important role in the mechanical support, thermoregulation and 

supplying metabolites and oxygen to the epidermis and dermis. It is divided into two 

layers, the superficial papillary layer and the deeper reticular layer. The fibroblast is the 

principal cell type of the dermis and synthesises collagen, elastin and ground substance 

which give the support and elasticity to the skin (Haake et al. 2001). In dermis, cells of 

innate immunity (Dendritic cells, macrophages, mast cells) and adaptive immunity (T and 

B lymphocytes) component also present, which play an important role in cutaneous 

immune response against bacterial or viral antigen. 

             

Figure 1.1 Structure of epdermis. Diagram of human epidermis showing different cell 

layers. The melanocytes are pigment producing cells in the epidermis and transfer 

melanin to adjacent keratinocytes through dendritic processes. Langerhans cells are part 

of the cutaneous immune system.  
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1.2 Skin Pigmentation 

Melanocytes are pigment producing cells in the epidermis with long dendritic processes 

to enable the transfer of melanin into adjacent keratinocytes where it determines skin 

colour.  Melanoblasts are precursors of melanocytes and arise from the neural crest and 

migrate during embryogenesis through the mesenchyme to the ear, retina, leptomeninges 

and to the epidermis and hair follicle (Haake et al. 2001). In the epidermis a single 

melanocyte transfers melanin to approximately 36-40 adjacent keratinocytes and this 

grouping is referred as the epidermal–melanin unit (Fitzpatrick & Breathnach 1963; 

Haake et al. 2001). The melanocytes synthesise the melanin pigment within membrane 

bound organelles called melanosomes (Seiji et al. 1963).  

Melanosome transfer increases after exposure to UVR and in the presence of the hormone 

alpha-melanocyte stimulating hormone (αMSH) produced by the melanocytes and the 

keratinocytes (Virador et al. 2002). The size and the distribution of the melanosomes 

within keratinocytes varies according to the skin type with larger melanosomes present in 

dark skinned individuals (Szabo et al. 1969). Melanocytes synthesise two types of 

melanin pigment, a brown black eumelanin and a red yellow phaeomelanin (Hunt et al. 

1995). The melanosome shape varies between ellipsoid (eumelanin) and spherical 

(phaeomelanin) according to the type of melanin produced (Kono et al. 1984). The 

biochemical pathway for the synthesis of melanin is shown in figure 1.2. Tyrosinase is a 

key enzyme in the production of both types of melanin, as evidenced by the fact that 

humans and animals lacking functional tyrosinase are albino, i.e without pigment (Kwon 

et al. 1987). Similarly, tyrosinase activity is higher in skin from negroes than in 

Caucasian skin (Fitzpatrick 1965; Pomerantz & Ances 1975).  
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Variation in eumelanin and phaeomelanin content between individuals and across 

populations is responsible for the normal variation in skin and hair colour (Thody et al. 

1991; Hunt et al 1995). The difference in the number of melanocytes at similar body sites 

between individuals from different races is negligible, although the density of epidermal 

melanocytes varies slightly between skin sites (Szabo 1954). Dark skinned individuals 

have more eumelanin compared to the subjects with lighter skin (Hunt et al. 1995).  
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Figure 1.2. Melanin biosynthesis pathway. Diagram of melanogenesis pathway from 

tyrosine to eumelanin (the brown / black pigment) and to phaeomelanin (the red /yellow 

pigment). The enzyme tyrosinase catalyses the conversion of tyrosine to 3, 4 

dihydroxyphenylalanine (DOPA), DOPA to DOPAquinone and 5,6-dihydroxylindole 

(DHI) to indole-5,6 quinone. In the eumelanin pathway, DOPAquinone is converted to 

DOPAchrome which become isomerised to 5,6-dihydroxyindole-2-carboxylic acid 

(DHICA) via the enzyme DOPAchrome tautomerase (DCT). DHICA is oxidized by 

tyrosinase-related protein 1 (TRP1) to brown eumelanin. Alternatively, DOPAchrome is 

isomerised to 5,6-dihydroxyindole (DHI) which is converted to black eumelanin via 

tyrosinase. Phaeomelanin is generated from DOPAquinone via a separate pathway in 

which DOPAquinone incorporates cysteine residues (Nordlund & Boissy 2001). 
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Normal human skin pigmentation is a genetically complex process; approximately 4-5 

different genes are responsible for phenotypic variation in skin colour (McEvoy et al. 

2006). Polymorphisms in the human melanocortin 1 receptor (MC1R) gene have been 

shown to be responsible for some of this variation, resulting in fairer skin type (Valverde 

et al. 1995). Recently, it has been suggested that the human ortholog of a gene 

(SLC24A5) associated with a pigment alteration in zebrafish, plays an important role in 

human skin pigmentation. This gene is highly conserved in African and East Asian 

populations, whereas a variant allele is reported in European populations with lighter skin 

pigmentation (Lamason et al. 2005). Other genes such as the P gene (the human 

homologue of the murine pink-eyed dilution gene), beta-defensin gene (a defensin 

mutation leads to black coat colour of dog) and the agouti signalling protein (ASP) may 

also play an important part in the variation of pigmentation between individuals but 

further research is necessary to confirm this finding (Wilson et al. 1995; Orlow & 

Brilliant 1999; Kanetsky et al. 2002, Candille et al 2007). 

 

1.3 Ultraviolet radiation and its effects on skin 

 

Ultraviolet radiation (UVR) is part of the electromagnetic spectrum with a wavelength 

range of 10nm to 400nm., It is divided into UVA (400nm - 320nm), UVB (320nm – 

290nm), UVC (290nm – 200nm), and vaccum / extreme UVR below 200nm (Diffey 

1991). Solar radiation  is the main source of UVR in the earth’s atmosphere, in which 

UVR comprises of 5% of total solar radiation (Diffey 2004). However, the upper 

atmosphere absorbs most of the shorter wavelengths of UVR and the main proportion of 

UVR that reaches the earth’s surface on a sunny summer’s day is UVA (94%, depending 
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on altitude) which penetrates deep into the skin, whereas the UVB component (6%) is 

mainly absorbed by the epidermis (Diffey 2002; Kadekaro et al. 2003). UVR stimulates 

skin pigmentation (also referred as sun tanning), epidermal hyperplasia, vitamin D 

synthesis, and causes erythema, immunosuppression and skin cancer (Friedmann & 

Gilchrest 1987; Gilchrest et al. 1999; Diffey 2004). Initially, UVB was considered as the 

main culprit for the development of skin cancer, including melanoma, but Setlow et al 

proposed that UVA may be the primary cause of solar radiation induced melanoma based 

on results in a xiphophorus fish model (Setlow et al. 1993). The risk of developing 

melanoma relates to skin type, with skin type I or II individuals (who tan poorly) being 

more susceptible than people with darker skin types (table 1.0) (Fitzpatrick 1988; Agar & 

Young 2005).  UVB is able to induce the formation of DNA photoproducts (cyclobutane 

pyrimidine dimers and 6,4-photoproducts) which lead to mutation and skin cancer 

development if inadequately repaired (Gilchrest et al. 1999).  It has been suggested that 

generation of reactive oxygen species and double strand breaks are mainly responsible for 

UVA related skin cancer production, but Mouret et al recently reported that UVA can 

also generate cyclobutane pyrimidine dimers (but not 6,4-photoproducts), so this may be 

an alternative mechanism through which UVA may lead to the development of melanoma 

and non-melanoma skin cancer (Mouret et al. 2006).  
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Table 1.0. Human skin types. Classification of human skin types on the basis of acute 

and chronic responses to solar radiation (Fitzpatrick 1988; Dubin N et al 1989; Bliss JM 

et al 1995). 

 
Skin types Skin colour Tanning ability Cancer susceptibility 

I White  Very poor High  

II White Poor  High  

III White Good  Moderate  

IV Olive Very good Low  

V Brown Very good Very low 

VI Black Very good Very low 

 

The protective response of skin against UVR-induced DNA damage includes 

melanogenesis and upregulation of DNA repair enzymes (Friedmann & Gilchrest 1987; 

Eller et al. 1997; Tadokoro et al. 2003). Many commercially available sunscreen lotions 

can protect from UVR-induced DNA damage (Freeman et al. 1988). Most sunscreens 

contains organic chemicals (e.g. oxybenzone, para-aminobenzoic acid and cinnamates) 

which absorb UVR (Rosen 1999).  In addition, some sunscreens contain opaque material 

like titanium oxide and/or zinc oxide, thus protecting through the reflection of UVR 

(Rosen 1999). Many sunscreens work by a combination of absorption and reflection as a 

result of containing both types of ingredients, however, sunscreens often do not offer 

100% protection against sun damage and some individuals can become allergic to some 

of the active ingredients (e.g benzophenone) contained in sun lotions (Lautenschlager et 

al. 2007). αMSH and its analogues may have potential to be used as tanning agents in 

order to protect against UVR-induced DNA damage, for example, αMSH and melanotan-

1/NDP-αMSH (a superpotent αMSH analogue which was developed at the University of 
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Arizona), can stimulate tanning of human skin (Dorr et al. 2000; Lerner and McGuire 

1961). 

 

1.4 Cutaneous immunity 

The skin is a site where potentially harmful organisms like bacteria, viruses, parasites and 

fungi might enter the body. Thus, in the skin, the stratum corneum is the first line of 

defence against invasion by these organisms (Cruz 2001b). However, microorganisms 

can enter through the skin when epidermal integrity is lost following mechanical, 

physical, biological or chemical injury. Fortunately, the skin has a second line of defence 

in the skin immune system. Like elsewhere in the body, the cutaneous immune system is 

divided into the innate immunity (Langerhans cells, macrophages, mast cells) and 

adaptive immunity (T and B lymphocytes) components. Non-specific immunity against 

invading microorganisms includes phagocytosis of pathogens by macrophages and 

inflammatory responses by tissue mast cells which release histamine and other mediators 

which increase the blood flow to the affected area and cause infiltration of fluid and white 

blood cells (Gordon et al. 2001). Langerhans cells in the epidermis participate in the 

initiation and elicitation of specific immune responses by acting as antigen presenting 

cells which present antigen (usually in the form of processed peptides) to T cells (Salmon 

et al. 1994; Cruz 2001). Other skin antigen presenting cells include dermal dendritic cells 

and dermal macrophages (Valladeau & Saeland 2005). In human skin, the vast majority 

of T cells are located in the dermis and it is thought that the skin is a major reservoir of T 

cells in the body (Clark et al. 2006). In the case of the first exposure of Langerhans cells 

to the antigen, the Langerhans cells migrate to the local lymph nodes and prime “naïve” T 
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cells at that site, but during subsequent exposure with the same antigen the Langerhans 

cells can present the antigen to memory effector T cells in the dermis. Macrophages and 

Langerhans cells further regulate T cell mediated responses by secreting specific 

cytokines, including IL-1, TNF-α, IL-6 and IL-8 (Sauder et al. 1984; Lore et al. 1998).  

Keratinocytes also produce TNF-α to enable Langerhans cells to migrate to the local 

lymph nodes. In addition, keratinocytes produce antimicrobial peptides (e.g β defensin) 

(Harder et al. 1997) and express toll like receptors which recognise microorganism 

components (DNA, RNA, LPS etc) and lead to initiation of signalling cascades important 

in the generation of cytokines, chemokines, antimicrobial peptides and upregulation of 

costimulatory and adhesion molecules involved in the innate and adaptive immune 

responses (Song et al. 2002; Baker et al. 2003; Pivarcsi et al. 2003; Mempel et al. 2003).  

Many skin diseases (e.g psoriasis, eczema etc) are linked to alterations in the skin 

immune system, and a variety of topical and systemic drugs which target the immune 

system are frequently used to treat these disorders  (Lebwohl et al. 2004; Lowes et al. 

2007). 

 

1.5 Topical drug delivery 

There are a number of diseases which can affect the normal function of the skin, 

including diseases of the epidermis and the dermis, and a variety of drugs can be 

administered systemically (oral, intra-muscular, intra-venous) or less frequently topically 

through the skin to treat these disorders (British National Formulary). However, there are 

potential problems associated with the systemic administration of drugs for skin diseases, 

including inadequate therapeutic concentration of drugs in the target tissue and the 
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potential for systemic adverse effects. Topical drug delivery offers certain advantages 

over systemic routes. For example, compared to orally administered drugs, it avoids 

digestion within the gastrointestinal system and bypasses the detoxification metabolism 

in the liver.  Topical drug delivery also has the potential for sustained and controlled drug 

release at the target tissue site. In spite of the advantages of topical delivery, only a small 

percentage of drugs can be delivered in this way due to the barrier properties of the skin 

as a result of the presence of the  stratum corneum (Ranade 1991). 

There are three proposed pathways of drug absorption through the skin (Barry 2002).  

These routes are the 1) intercellular in which drug absorption occurs via lipid domains 

between the corneocytes, 2) transcellular where diffusion of drugs takes place across the 

corneocytes and lipid matrix and 3) appendagial in which the drug enters via the hair 

follicles and eccrine glands. The appendages (hair follicles and sweat ducts) cover only 

0.01 to 0.1 % of the total surface area of the stratum corneum and the efficiency of the 

drug absorption by this route is unclear. In the intercellular route, diffusion takes place 

through the lipid lamellae; this is proposed to be the main pathway of diffusion of 

hydrophobic drugs. In the transcellular route, diffusion occurs through both the 

keratinocytes and lipid lamellae; this is proposed to be involved in the diffusion of polar 

drugs (Scheuplein 1967). 

Topical drugs are usually dissolved in various types of bases (ointment, cream, hydrogel 

and lotion) with additives that can enhance their penetration (e.g. sulfoxide, azone, 

pyrrolidone). The topical delivery of certain therapeutic agents in some solvent 

formulations have been used successfully for several decades, for example topical 

steroids have been used to treat skin diseases since 1952 (Sulzberger & Witten 1952). 
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However, at present it is still a challenge to deliver many drugs topically so that they can 

permeate the stratum corneum at levels or rates that achieve significant therapeutic effect 

(Williams & Barry 2004).  

 

1.6 Drug penetration into skin 

Penetration of drugs or compounds into skin or cells depends mainly upon the molecular 

weight and hydrophobicity of the compound. Hydrophobicity is calculated from the 

octanol-water partition coefficient (Kow), which is the ratio of the concentration of a 

compound/chemical in octanol and in water at equilibrium and at a specified temperature. 

Kow values of many organic chemicals range from 10-3 to 107, where a compound with a 

low Kow value (less then 10) is hydrophilic and a high Kow value (greater than 104) is 

hydrophobic (Moss et al. 2002).  The lipophilicity nature of the stratum corneum allows 

the restricted diffusion of highly lipophilic (Kow >10
5
) compounds. In addition, the 

compound must have sufficient hydrophilicity to traverse through the epidermis to the 

dermis (Moss et al. 2002).  The ability of a compound to diffuse into the skin can be 

determined by Fick’s law which indicates that  J = -D(δc/δx), where J is the rate of 

transfer/ unit area of the surface (i.e the flux), D is the diffusion coefficient, C is the 

concentration of the diffusing substance and X is the spatial co-ordinate measured normal 

to the section. 

 

1.7 Other Epithelial Barriers 

1.7.1 The Gut  

In the gastrointestinal tract, absorption of molecules or nutrients from the lumen of the 
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gut to its outer surface (lamina propria) mainly takes place in the small intestine and 

colon.  This transport is highly regulated because of the presence of various layers and 

structures within the gut epithelium, including the microvilli, the glycocalyx, the mucus 

layer, the intercellular tight junction and the extracellular basement membrane (Siccardi 

et al. 2005). The transport of nutrients, ions, amino acids, vitamins and sugars across the 

gut epithelium involves an active mechanism in which various transporter protein 

families participate (Stenberg et al. 2000). The diffusion of small lipophilic molecules 

(less the 500 dalton) tends to be by the transcellular route (Maxton et al. 1986), whereas 

small hydrophilic molecules (200-400Da) tend to diffuse through the paracellular route 

which is regulated by tight junctions (Artursson et al. 1993).  The digestion of foodstuff 

by gastric juice, bile salts and pancreatic enzymes ensures that the nutrients and other 

molecules are available for absorption within the intestine.  Therefore, the delivery of 

drugs and therapeutic molecules via the intestine, and to the intestine itself, requires a 

protective covering on the drug to prevent its degradation from the gastric juice. 

However, successful delivery of proteins, peptides and oligonucleotides through an oral 

route to target a gastrointestinal disease is still a major challenge.  

 

1.7.2 The Eye  

Ocular diseases which affect the anterior part of the eye (cornea, conjuctiva, sclera and 

anterior uvea) are mainly treated by eyedrops. Because of rapid drainage (tears and 

systemic absorption) and the presence of the outer corneal barrier, only less then 5 % of 

the applied dose actually reaches the intraocular tissue. On the other hand, diseases in the 

posterior segment of the eye (retina, vitrous chroid) are targeted by intravenous or 
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intravitreal delivery of drugs because of the poor permeability of the drugs across the eye 

barriers (Urtti 2006). The commonly used ocular eyedrops in clinics are generally 

lipophilic compounds of small molecular weight (Tamilvanan & Benita 2004).  More 

recently, oligonucleotide and antibody-based approaches have been developed for the 

treatment of eye diseases such as macular degeneration and cytomegalovirus-induced 

retinitis. Fomivirsen sodium (ISIS pharmaceutical) is an antisense oligonucleotide which 

is approved for the treatment of cytomegalovirus induced retinitis but delivery of this and 

other antisense compounds into the eye requires intravitreal injection (Kurreck 2003).  

 

1.7.3 The Lungs 

The pulmonary tract is composed of the conducting region and the respiratory region. 

The nasal cavity, nasopharynx, bronchi and bronchioles form the conducting region, 

whereas the respiratory region mainly comprises of alveoli, where gas exchange takes 

place (Uchenna Agu et al. 2001). To treat diseases in the pulmonary system, direct 

delivery of drug to the lung is prefered to oral delivery because of rapid onset of action, 

less systemic side effects and requirement for low doses. However, the delivery of drugs 

into the lungs is affected by the presense of mucociliary clearance, respiratory mucous, 

alveolar epithelium, basement membrane and respiratory enzymes (Uchenna Agu et al. 

2001). Aerosol formulation is the most commonly used method to deliver drugs into the 

lung; this consists of small liquid droplets or solid particles in a gaseous suspension. The 

size of the aerosol particles must be 1µm-5µm for an efficient delivery of drug (Uchenna 

Agu et al 2001).  
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1.8 Models used to investigate drug penetration 

Topical drug penetration studies using human skin obtained from cosmetic surgery, 

punch biopsy or cadavers are a well-established and validated in vitro system to evaluate 

drug penetration (Schmook et al. 2001; Wagner et al. 2001). Skin from other animals 

(rats, mice, pigs, and monkeys) has also been employed as an alternative for human skin 

in these studies, among them rat and pig skin are commonly used because of the similar 

barrier characteristics of their stratum corneum to that of humans (Bronaugh & Maibach 

1985; Scott et al. 1986; Sekkat et al. 2002).  Indeed, pig’s ear skin is morphologically and 

histologically very similar to human skin, for example in terms of the epidermal thickness 

and lipid composition (Jacobi et al. 2007).  In addition, both active and passive drug 

diffusion characteristics of human and porcine skin are comparable (Dick & Scott 1992; 

Sekkat et al. 2002).  

The main drawback of some animal skin models is their higher permeability than human 

skin and the stringent regulations for the use of animals in drug delivery studies.  

Therefore, other non-animal drug delivery models (such as various skin 

substitutes/artificial skins, bioengineered human skin, polymeric membrane, shed snake 

skin, and epidermal lipidic bilayers) have been developed to provide an alternative 

system for drug delivery investigations (Asbill et al. 2000; Megrab et al. 1995). Skin 

substitutes are mainly subdivided into epidermal and full thickness types. The 

commercially available epidermal skin substitute (EpiEthic), in which keratinocytes are 

grown over a polycarbonate filter, is morphologically similar to human epidermis 

(Netzlaff et al. 2005). The EpiSkin has been marketed by L’Oreal as a full thickness skin 

substitute in which keratinocytes are laid over artificially constituted dermis (made up of 
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bovine and human collagen) (Netzlaff et al. 2005).  Both skin substitutes (EpiEthic and 

EpiSkin) are structurally and biochemically similar to human skin, therefore they have 

been used for testing the irritancy and penetration of chemicals, but one concern is that 

they seem to be more permeable than normal human skin (Ponec et al. 2000; Faller & 

Bracher 2002; Lotte et al. 2002; Netzlaff et al. 2005). 

 

1.9 Methods to enhance drug delivery 

Several techniques have been developed
 
to assist the delivery of drugs and compounds 

into cells and in some cases into skin. These approaches to enhance delivery are briefly 

reviewed here.  

 

1.9.1 Physical methods – Microinjection, Electroporation, Pulsed microjets and 

Iontophoresis.  

In microinjection techniques a solution of DNA/RNA is injected into a cell through a fine 

microcapillary needle (Gordon et al. 1980), but the main drawback of this technique is 

that the delivery is restricted to single cells. In the electroporation technique a transient 

aqueous pore is created in the lipid bilayer of the cell membrane by the application of 

short (microseconds to milliseconds) electrical pulses (Prausnitz et al. 1993), but the need 

for a high voltage and limited delivery are the main drawbacks to using this technique for 

skin diseases (Mehier-Humbert & Guy 2005). However, iontophoresis, whereby low 

voltage electrical current is used to enhance delivery of polar drugs across the stratum 

corneum, has been employed successfully to treat post operative pain with fentanyl 

hydrochloride (Mayes & Ferrone 2006). In addition, a modification of microinjection, 
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where nanolitre volume pulsed microjets allow entry of drugs into skin, has recently been 

reported and may have benefits for delivery of certain drugs (Arora et al. 2007). 

 

1.9.2. Supersaturation  - Binary solvent system, Ternary solvent system 

The concentration of drug at the site of application can be increased after evaporation of 

the volatile component in the drug mixture, making the solution on the skin a 

supersaturated solution (Kondo et al. 1987). In the binary solvent system, enhancement of 

percutaneous penetration is achieved by the combination of a volatile vehicle and non-

volatile vehicle, whereas in the ternary solvent system, a mixture of volatile/non-volatile-

hydrophile/non-volatile-lipophile solvent system is used (Kondo et al. 1987). Although 

supersaturation can improve penetration of some drugs into skin, supersaturated states are 

thermodynamically unstable and may precipitate out of the solution and crystallise on 

extended storage  (Finnin & Morgan 1999). 

 

1.9.3. Metabolic/ biochemical enhancers  

Metabolic/biochemical enhancer systems are based on the inhibition of the epidermal 

synthesis of key lipid constituents (ceramide, cholesterol and free fatty acids). It has been 

shown that the fatty acid synthesis inhibitor 5-(tetradecyloxy)-2-furancarboxylic acid, the 

cholesterol synthesis inhibitor fluvastatin and cholesterol sulphate separately increase the 

absorption of lignocaine through the stratum corneum (Tsai et al. 1996). However, the 

amount of drug delivered by using these techniques is still limited because the barrier 

properties of the stratum corneum do not change to a large degree at the concentrations 

suitable for use in humans (Brown et al. 2006).  
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1.9.4. Chemical penetration enhancers 

 Chemical penetration enhancers are pharmacologically inactive agents (in that they differ 

pharmacologically to the drug in the cream or ointment) but can interact with components 

of the stratum corneum (Marjukka Suhonen et al. 1999). Chemical penetration enhancers 

include dimethylsulfoxide (DMSO), azones, pyrrodilones, glycol, alcohols and alkanols 

and enhance permeation by altering the barrier properties of the skin (Marjukka Suhonen 

et al. 1999). They are used in many topical drug preparations but there are many side 

effects associated with potent chemical enhancers including irritant dermatitis secondary 

to reduced barrier function of the skin (Kligman 1965; Jungbauer et al. 2001; Williams & 

Barry 2004). Information on selected chemical penetration enhancers is included in table 

1.1.  

 

Table 1.1 Chemical penetration enhancers. Examples for chemical penetration 

enhancers and side effects associated with them. 
Chemicals Mode of action Side effects References 

DMSO Reacts with lipid 

component of stratum 

corneum. 

Irritant; high concentration 

(>60%) can cause 

erythema and wheal on 

skin and can denature 

some proteins. 

(Kligman 1965) 

Azones Unknown; may interact 

with lipid domain of 

stratum corneum.  

Irritant, but less toxic then 

DMSO. 

(Williams & Barry 

2004) 

Pyrrodillone Alters the solvent nature 

of lipid membrane and 

create reservoir of drugs 

within the skin 

Causes erythema of the 

skin. 

(Jungbauer et al. 

2001) 

 

1.9.5. “Delivery in an envelop” – viral and liposomal delivery systems   

Drugs and therapeutic compounds can be packaged in viral envelops (e.g. adenovirus) or 

spherical lipid structures called liposomes. Indeed, the enzyme T4 endonuclease has been 

admininstered topically using liposomes (Yarosh et al. 2001). Risks associated with the 
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use of viral vectors are the possibility for immune responses to expressed viral proteins 

(which may kill the cell that is producing the therapeutic gene effect) and for insertional 

mutagenesis caused by random integration of viral genes into the host genome (Pfeifer & 

Verma 2001). The similarities of the cationic lipids in liposomes to cellular membrane 

lipids in terms of physical and chemical properties offer advantages for drug delivery, but 

the major drawback of the liposomal based gene delivery is the poor transfection 

efficiencies in vivo  (Rao & Gopal 2006). 

 

1.10 Cell penetrable peptide based drug delivery 

In 1967, Ryser observed that mixing polylysine or other positively charged peptides with 

proteins greatly increased the internalisation of those proteins (Ryser 1967). In 1988, it 

was reported that Tat, a nuclear transcription activating protein of Human 

Immunodeficiency Virus (HIV), can cross cell membranes without seeming to adversely 

affect normal cell function (Frankel & Pabo 1988; Green & Loewenstein 1988). Later it 

was noted that the homeodomain of the Anntenapedia transcription factor (Dorsophilla 

spp) crosses the plasma membrane (Joliot et al. 1991). To date, many peptide sequences 

with an ability to cross cell membranes and deliver cargo molecules into cells have been 

discovered. These observations have opened up new approaches for potential drug 

delivery, in that cell-penetrable peptides (CPPs) can carry cargo molecules (drugs, 

proteins, and oligonucleotides) into cells and some have been reported to be capable of 

transporting cargo molecules into skin (see table 1.2).  
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Table 1.2. Examples of some common CPPs, which have been reported to deliver 

various conjugated cargo in vitro (Cells). 
 
Carrier Cargo Delivery into 

cell types/ skin 

Functional 

effects observed 

Topical  

delivery 

into skin 

References 

Tat and 

penetratin 

Oligonucleotide 

against 

p-glycoprotein  

NIH 3T3 Gene inhibition No  (Astriab-

Fisher et al. 

2000) 

Tat Ovalbumin  E.G7- Ova cell 

line 

Antigen 

presentation 

No  (Moy et al. 

1996) 

Tat srIkappaBalpha 

protein 

HeLa cell and 

Jurkat T cells 

Inhibition of 

NFkB 

No  (Kabouridis et 

al. 2002) 

Tat Nanoparticle  HeLa cells 

(Radiolabelled 

detection of 

conjugate inside 

cells) 

No No  (Bhorade et al. 

2000) 

Penetratin  CD44 derived 

phospho peptide 

RPM-MC cells Blocking of CD-4 

mediated cell 

migration 

No  (Peck & 

Isacke 1998) 

Penetratin  ICAM-1 

peptides 

Lewis rat brain 

microvascular 

EC line 

(GP8/3.9) 

Inhibition of 

trans-endothelial 

lymphocyte 

migration 

No  (Greenwood et 

al. 2003) 

Penetratin and 

transportan 

PNA against 

gelanin receptor 

Bowes cells Gene inhibition No  (Pooga et al. 

1998) 

Polylysine Reporter 

plasmid 

COS-1, BHK 

and 3T3 

β-Gal expression No  (Sosnowski et 

al. 1996) 

Polylysine 

 

 

Horseradish 

peroxidase 

(HRP) 

Fibroblast 

(Detection of 

HRP inside 

cells.) 

No No (Ryser et al. 

1982) 

Polylysine HRP and serum 

albumin 

Fibroblast  

(Radiolabelled 

detection of 

conjugated 

compounds) 

 

No No  (Shen & Ryser 

1978) 

Polylysine Methotrexate Chinese hamster 

ovary cell line  

(Intracellular 

detection of 

methotrexate) 

 

No 

 

No (Ryser & Shen 

1980) 

Polyarginine No cargo Jurkat T cells 

(Cellular uptake 

comparison of 

fluorescein-

linked 

polyarginine 

with other 

polycationic 

peptide) 

 

No No  (Mitchell et al. 

2000) 
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Carrier Cargo Delivery into 

cell types 

Functional 

effects 

Topical  

delivery 

into skin 

References 

Polyarginine, 

Tat, 

penetratin, 

SynB3 

Peptide nucleic 

acid (PNA) 

pLuc705HeLa Evaluation of 

CPPs for 

intracellular 

delivery of PNA 

by detection of 

fluorescence 

inside cells 

 

No  (Bendifallah et 

al. 2006) 

Transportan Double-stranded 

oligonucleotide 

NkappaB decoy 

Rat Rinm5F 

insulinoma cells 

Inhibition of  IL-

1β induced 

NFkappaB 

activation 

 

No  (Fisher et al. 

2004) 

Transportan Biotinyl group Melanoma cell   

(Fluorescence 

observed inside 

cells) 

 

No No  (Pooga et al. 

1998) 

Transportan GFP, avidin-

TRITC 

BRL and COS-7 

cells 

(Fluorescence 

observed inside 

cells) 

 

No No  (Pooga et al. 

2001) 

 

Transportan 

and penetratin  

siRNA  COS-7, C166-

GFP and 

EOMA-GFP 

cells 

(Fluorescence 

observed inside 

cells) 

 

No No  (Muratovska 

& Eccles 

2004) 

D and L 

SynB1 and 

SynB2, 

Penetratin  

NBD and 

TAMARA- 

fluorophore 

K562 

(Endocytotic 

localisation of 

fluorophore) 

 

No No  (Drin et al. 

2003) 

VP-22 GFP COS-7 cells 

(Detection of 

fusion protein 

inside cells) 

 

No No  (Derer et al. 

1999) 
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Table 1.3. Examples of some common CPPs, which have been reported to deliver 

various conjugated cargo in vivo. 

 
Carrier Cargo Delivery into 

cell types 

Functional 

effects 

Topical  

delivery 

into skin 

References 

Tat Tyrosinase 

related protein 2  

Specifically 

targeted 

dendritic cells 

 

Antigen 

presentation 

No  (Shibagaki & 

Udey 2003) 

Tat  β-galactosidase In vivo  by intra-

peritoneal 

injection 

(Fluorescence 

observed in 

different tissues) 

No No  (Schwarze et 

al. 1999) 

Tat Lipolytic 

peptide (GKH) 

Skin (Mice) 

(Skin 

penetration) 

No Yes (Lim et al. 

2003) 

Tat Superoxide 

dismutase 

Skin (Mice) 

(Ginsenoside 

enhances skin 

penetration  of 

Tat-SOD) 

No Yes (Kim  et al. 

2003) 

Tat Catalase and 

superoxide 

dismutase 

 

Skin (Mice) 

(Skin 

penetration) 

No Yes (Jin  et al. 

2003) 

Penetratin  Interferon-γ Skin (Mice) 

(Skin 

penetration) 

No 

 

Yes (Lee et al. 

2005) 

Penetratin Antigenic 

peptide (OVA) 

Tape stripped 

skin (Mice) 

Epicutaneous 

immunisation 

Yes  (Schutze-

Redelmeier et 

al. 2004) 

Polylysine Superoxide 

dismutase 

(SOD) 

Skin (Mice) 

(Increase 

viability of 

paraquat treated 

fibroblast and 

detection of 

SOD in skin by 

anti-SOD 

antibody) 

No Yes  (Park et al. 

2002) 

Polyarginine  Cyclosporine A Skin (Mice and 

grafted human 

skin) 

Inhibition of 

inflammation and 

transdermal 

detection of 

fluorescein-linked 

cyclosporine. 

Yes  (Rothbard et 

al. 2000) 

Polyarginine Tumour antigen 

derived peptide  

Subcutaneous 

injection 

polyarginine 

conjugated 

peptide 

 

Antigen 

presentation 

No  (Mattner et al. 

2002) 
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Carrier Cargo Delivery into 

cell types 

Functional 

effects 

Topical  

delivery 

into skin 

References 

Polyarginine  Hemagglutinin 

epitope 

Skin 

(Skin delivery) 

No Yes  (Robbins et al. 

2002) 

VP-22 GFP Neuron 

(Expression of 

GFP observed 

in neuron, retina 

etc) 

No No  (Kretz et al. 

2003) 

 

Table 1.3. Examples of some common CPPs, which have been reported to deliver 

various conjugated cargo ex vivo. 

 
Carrier Cargo Delivery into 

cell types 

Effects Topical  

delivery 

into skin 

References 

Tat and 

YARA  

Peptide (P20) Skin (Pig)  

(Skin 

penetration 

comparison) 

No Yes (Lopes et al. 

2005) 

Penetratin  Caveolin-1 Microvessels 

endothelial cells 

Inhibition of 

microvessels 

permeability. 

No  (Zhu et al. 

2004) 

Polyarginine Hydrophilic 

macromolecule 

(dextran) 

Excised rabbit 

nasal epithelium 

(Paracellular 

delivery) 

No No  (Ohtake et al. 

2003) 

Polyarginine PKCepsilon Isolated cardiac 

myocytes 

Reduced 

ischaemic  

damage 

No  (Chen et al. 

2001) 

 

1.10.1 Penetratin 

Homeoproteins are a class of transcription factors that bind to the DNA and play a role in 

multiple biological processes (Gehring et al. 1990).  It has been shown that the DNA 

binding domain (homeodomain) of the Drosophila transcription factor Antenapedia 

crosses the cell membrane (Joliot et al. 1991). Furthermore, investigations have revealed 

that the third helix of the three helices homeodomain is responsible for translocation 

through biological membranes (see figure 1.3); this 3
rd

 helix has been named penetratin 

(Derossi et al. 1994; Derossi et al. 1996). 
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Figure 1.3. DNA binding domain of antenapedia. DNA binding domain of 

anntenapedia consists of three alpha helices. The 16 amino-acid sequence of the third 

helix, named penetratin, has been shown to contain the membrane translocating property. 

 

The homeodomain of antennapedia was the first CPP reported to deliver a cargo molecule 

(C terminus of Rab3, a small GTP binding protein) into myoblast and neuronal cells 

(Perez et al. 1992). Since then penetratin has been shown to deliver a vast array of 

molecules, including proteins, peptides and oligonucleotides into various types of cells 

(as shown in table 1.2). Tryptophans at position 48 and 56 of the penetratin sequence 

seem to plays an important role in the transport across the cell membranes as evidenced 

by a decrease in the translocation efficiency when this amino acid is replaced with 

phenylalanine (Letoha et al. 2005). In comparison to other CPPs (Tat, polyarginine and 

transportan), penetratin showed a better cellular uptake and less toxicity in an in vitro cell 

culture-based investigation (Jones et al. 2005).  However, in another study which 

evaluated the ability of different CPPs to deliver PNA, penetratin was found to have the 

least or minimal activity (Bendifallah et al. 2006). One study to date has indicated an 

ability of penetratin to deliver cargo into intact skin, however, it is unclear how good 

penetratin is at performing this role because the single paper failed to report on 

reproducibility and showed only one image to indicate penetratin mediated transport of 

helix -1 helix -2 helix -3 

RQIKIWFQNRRMKWKK 
Penetratin  

43 58 
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interferon-γ into skin as detected by an anti-interferon-γ antibody (Lee et al. 2005).  

 

1.10.2. Tat 

Tat is a transcription-activating factor of HIV varying from 86-101 amino acids in length 

depending on the viral strain (Dingwall et al. 1989; Rusnati et al. 2000). Tat binds to the 

trans-acting response element of the viral RNA to activate the viral promoter and is 

composed of several functional domains, namely the acidic region, DNA binding region, 

the core region and the basic region (see figure 1.4; (Vives et al. 1997). 

 

Figure 1.4. Structure of Tat protein. Structure of tat protein consists of acidic region, 

DNA binding region, core region, basic region and C terminal region. It is the amino acid 

sequence in the basic region, which is responsible for internalisation.  

 

It is the arginine rich basic region (amino acids 49-57), which is responsible for the 

internalisation of Tat  (Futaki 2005; Al Taei et al. 2006). In this part of the Tat amino 

acid sequence, there are six arginine and two lysine molecules, which impart a highly 

basic and hydrophobic character to the Tat protein. Deletion of the arginines from this 

part of the sequence resulted in a significant decrease (up to 80%) in cell penetration (as 

observed by reduced cellular fluorescence) (Wender et al. 2000). Like penetratin, Tat has 

1 21 37 48 57 72 101 

RKKRRQRRR 

 Acidic region 
DNAbinding 

region 

 

Core  

region 

2nd exon 

Basic  

region 
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been shown to deliver a large number of compounds in vitro and in vivo (table 1.3).  

However, Tat is a short polypeptide of viral origin and can act as a powerful 

transactivator of gene expression and several studies have shown that Tat protein 

upregulates several cytokines including IL-2, IL-6 and TGF-β which may  restrict usage 

of the Tat protein as a CPP for drug delivery in humans (Zauli et al. 1992; Zauli et al. 

1993; Scala et al. 1994; Westendorp et al. 1994; Westendorp et al. 1995).  

 

1.10.3 Polyarginine 

A number of studies have been carried out with arginine rich carriers to investigate the 

cell penetration ability of these compounds; for example Tat, flock house virus coat 

protein, brome mosaic virus (BMV) gag protein and HIV-1 Rev protein, each of which 

contains more than 5-6 arginine residues in their amino acid sequence, have been 

examined in this way (Futaki et al. 2001).  Interestingly internalisation of polyarginine 

seems highly dependent on the number of arginine residues in the sequences (Wender et 

al. 2000a; Futaki et al. 2001), with efficient internalisation observed with a longer chain 

length of more than 4 arginines. The chain length of polyarginine for optimum transport 

was found to be in between 5-11 amino acids, with octa-arginine and nona-arginine 

shown to translocate most efficiently (Mitchell et al. 2000; Suzuki et al. 2002). 

Polyarginine has been reported to be capable of delivering proteins, peptides, 

oligonucleotides and PNAs into various cell lines (table 1.3) and has been documented as 

being able to transport cyclosporine and hemagglutinin epitope into skin (Rothbard et al. 

2000; Robbins et al. 2002). 
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1.10.4 Transportan 

Transportan is a chimeric peptide (27 amino acids in length, see figure 1.5) generated 

from the fusion of the first twelve amino acids of the N-terminus of galanin (a 

neuropeptide which modulates gastric smooth muscle activity) and the 14 amino acids of 

the wasp venom peptide, mastoparan, with an additional lysine linker between the two 

peptides (Pooga et al. 1998).  

It has been reported that internalisation of transportan is not inhibited by low temperature 

(4
0
C), but the transduction kinetics of transportan in some cases are faster than those of 

Tat and penetratin (Lindgren et al. 2000).  Transportan has been reported to translocate 

proteins and PNAs in vitro into various cell lines (see table 1.3). However, transportan 

may generates undesirable effects due to its ability to lower GTPase activity and because 

of the distribution and function of galanin and its receptor in the nervous system (Kask et 

al. 1997).  

 

Figure 1.5  Structure of transportan. Amino acids sequence of transportan, derived 

from first 12 amino acids of the neuropeptidide, galanin, and all amino acids sequence of 

the wasp venom peptide, mastoparan, linked by a lysine linker. 

INLKALAALAKKIL GWTLNSAGYLLGPHAVGNHRSFSDKNGLT 

N-terminus C-terminus 

Galanin Mastoparan 

GWTLNSAGYLLG INLKALAALAKKIL 

Lysine linker 

Transportan  
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1.10.5 Polylysine / Poly-L-lysine 

Poly-L-lysine (L optical isomer of lysine) can facilitate the delivery of methotrexate, 

serum albumin and horseradish peroxidase into various cell lines (Shen & Ryser 1978; 

Ryser & Shen 1978; Ryser et al. 1982). Poly-D-lysine (D optical isomer of lysine) has 

also been shown to transport methotrexate into cells and seems to do so more efficiently 

then poly-L-lysine, possibly because it is more resistant to protease degradation (Shen & 

Ryser 1979).  The size of poly-L-lysine used in the studies to date has ranged from 3.1 to 

130kDa, but it has been reported that an increase in chain length of poly-L-lysine greater 

than 10 lysine residues increases the toxicity of compounds (Lv H et al 2006). In one 

study, poly-L-lysine demonstrated more efficient transport of β-galactosidase in 

comparison to polyarginine and Tat (Mai et al. 2002). Moreover, poly-L-lysine has been 

reported to enhance the penetration efficency of  superoxide dismutase into cells and into 

skin (Park et al. 2002). Although most studies have noted little toxicity with poly-L-

lysine, the degranulation of mast cells by poly-L-lysine has been observed, and could lead 

to inflammation if used in vivo  (Church et al. 1991).  

 

Other CPPs which have been used to deliver compounds into cells include VP22 (derived 

from herpes simplex virus), PEP-1 consisting of a hydrophobic and a lysine rich nuclear 

localization signal and model amphipathic peptide (MAP) (Oehlke et al. 1998; Morris et 

al. 2001).  Most of the work carried out with commonly used CPPs has been done in vitro 

with few in vivo studies performed. To date, very few CPPs capable of transporting 

molecules into skin have been identified; these include polyarginine, Tat, penetratin and 

poly-L-lysine (Rothbard et al. 2000; Park et al. 2002; Lee et al. 2005). 
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1.11 Mechanisms of translocation of cell-penetrable peptides 

Translocation across the cell membrane by CPPs takes place through an unidentified 

mechanism. Two main possibilities exist, that is through endocytosis or via direct passage 

across the cell membrane. Some early studies (before 2002) have suggested endocytosis 

of the CPP as the major mechanism based on inhibition of internalization at 4
0
C and the 

reduction in cellular entry in the presence of inhibitors of endocytosis (Vives 2003; 

Lundberg et al. 2003). However, other later studies have suggested that direct penetration 

through the cell membrane is more relevant because of a lack of effects of temperature 

alteration and energy dependence mechanisms in CPP translocation (Mitchell et al. 2000; 

Thoren et al. 2003). The lack of entry of certain CPP into membrane bound organelles 

such as mitochondria supports endocytosis as a possible means of cellular entry but it 

should be kept in mind that different CPPs may get into cells by different mechanisms 

and it is possible that the some CPPs could enter into different cell types by different 

mechanisms (Ross & Murphy 2004). Regarding direct penetration into cells by CPPs, 

there are a few hypotheses as to the exact interaction between CPPs and the cell 

membrane, including the formation of micelles, the carpet model and the formation of 

pores. In the former, the CPP causes the membrane to invert into itself so that lipid 

capsule (micelle) is formed within the membrane and following the trafficking of the 

micelle across to the opposite side of the membrane, it discharges the CPP with its cargo 

molecule (Derrosi et al 1996; Lundberg & Langel 2003).  In the carpet model, the 

interaction between the CPP and the membrane lipids allows the CPP to glide with the 

membrane lipids from the outer to the inner face of the membrane (Pouny et al 1992; 

Lundberg & Langel 2003). In the pore model, the CPPs form a membrane pore, similar to 
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a connexin channel, through which the CPP and cargo passes (Lundberg and Langel 

2003). For those CPPs which have been reported to carry cargo molecules into skin, no 

group to date has addressed whether similar mechanisms of penetration would apply in 

skin or whether alternative additional transport mechanisms are likely to be relevant.  

 

1.12 A novel new carrier molecule: -  Polypseudolysine (PPL) 

In collaboration with the Department of Chemistry in the University of Southampton and 

subsequently with the members of the same group when they moved to Edinburgh, a 

novel carrier molecule, polypseudolysine (PPL) was developed.  This molecule, 

according to the chemists, is comparatively easy to synthesize and is stable / relatively 

resistant to degradation.  Pseudolysine is structurally different from lysine in that the 

chain length is slightly longer plus the carbon side chain is linked to an amino group 

instead of a methyl group as per figure 1.6.      

 

Figure 1.6. Structure of lysine and pseudolysine. The chain length is longer in 

pseudolysine and the carbon chain is linked to the amino group. The site of cargo 

molecule attachment also showed in figure. 
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Both lysine and pseudolysine are positively charged basic molecules at certain 

physiological condition.  PPL consists of seven pseudolysines in which the nitrogen 

closest to the COO- group of one pseudolysine is covalently bound to the COO- group of 

the next pseudolysine and the (CH2)6-NH2 of each pseudolysine branches off as a side-

chain.  The cargo molecules used in this thesis were αMSH and antisense compounds 

targeting tyrosinase and the structures for each compound are shown in the appendix. 

 

1.13  αMSH 

αMSH is a tridecapeptide (Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-

NH2) derived from the cleavage product of the preprohormone, propiomelanocortin

 (POMC) peptide. Other cleavage products of POMC are adrenocorticotropic 

hormone (ACTH),  ß-
 
and γ-melanocyte-stimulating hormone, ß-lipotropic hormone and 

ß-endorphin (see figure 1.7) (Hadley & Haskell-Luevano 1999). 

 

 

 

 

 

 

Figure 1.7. POMC derivatives. Synthesis of αMSH and related peptides from POMC. 

 

1.13.1 αMSH and pigmentation 

αMSH can stimulate pigmentation (tanning) in human skin (Lerner & McGuire 1961) 

and could have a potential use as a treatment for post-inflammatory hypopigmentation 

POMC 

γMSH ACTH β-Lipoprotein 

αMSH CLIP γ- lipoprotein β-Endorphin 

βMSH 
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and / or inducing a protective tan in some people prior to sun exposure (Barnetson et al. 

2006). In addition, αMSH has anti-inflammatory and immunomodulatory roles and could 

have the ability to be employed for skin diseases in which inflammation plays a 

predominant role (Lipton & Catania 1997; Getting 2002; Donnarumma et al. 2004; 

Cooper et al. 2005).  

The pigmentary action of αMSH is mediated through the melanocortin 1 receptor (Mc1r / 

MC1R) (Chhajlani and Wikberg 1992; Mountjoy et al. 1992; Gantz & Fong 2003). 

MC1R is a 7 transmembrane G-protein coupled receptor, and is one of five separate 

melanocortin receptors. These include the ACTH receptor (MC2R), melanocortin-3 

(MC3R), melanocortin-4 (MC4R) and melanocortin-5 receptors (MC5-R) (Gantz et al. 

1993; Roselli-Rehfuss et al. 1993; Vamvakopoulos et al. 1993; Gantz et al. 1994).  Both 

αMSH and ACTH bind to MC1R with the same affinity and activate the receptor (Suzuki 

et al 1996). As a result of MC1R activation, the
 
activity of tyrosinase, the rate-limiting 

enzyme in melanin synthesis, is increased and skin pigmentation is promoted by a 

complex series of reactions in which tyrosine is transformed into a mixture of eumelanin 

(black) and pheomelanin (yellow) pigment which determines skin colour (Prota & 

Thomson 1976; Thody et al. 1991). 
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Figure 1.8. MC1R signalling cascade. αMSH binds to MC1R and activates cAMP 

resulting in activation of protein kinase A (PKA) and MAPkinase signalling pathways, 

causing microphthalmia (MITF) gene expression. MITF subsequently binds to the 

promoters (M box) of tyrosinase, TRP1 and TRP2, the synthesised tyrosinase, TRP-1 and 

TRP-2 then migrates to the melanosomes (in figure only shown tyrosinase) and catalyses 

the pigmentation reaction (Del Marmol & Beermann 1996). 

 

αMSH and its superpotent analogue Nle4,D-Phe7-alpha-MSH (NDP-αMSH) do not 

seem capable of penetrating the stratum corneum and entering into skin (J Coyne & E 

Healy, unpublished data). However, topical application of NDP-αMSH induces a 

darkening of mouse hair (Hadley et al. 1987).  It has been reported that topical NDP-

αMSH does not penetrate into the skin of rats, thus although the exact mechanism was 

not investigated in the NDP-αMSH  and mouse hair darkening study, it seems likely that 

the stratum corneum of mice is much thinner than rat skin. 
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1.13.2 αMSH and anti-inflammatory effects 

αMSH mediates its anti-inflammatory function by downregulating proinflamatory 

cytokines (IL-1, IL-6 and TNF-α) and upregulation of IL-10 (Martin et al 1991 Bhardwaj 

et al 1996; Eves et al. 2006). In addition, αMSH can inhibit TNF-α induced upregulation 

of ICAM-1, which plays an important role in controlling immunological and 

inflammatory reactions by coordinating the intercellular interaction between T 

lymphocytes and other cells (Hedley et al. 1998).  Furthermore, αMSH can suppress NF-

kB activation induced by various inflammatory agents (Manna & Aggarwal 1998) and 

can inhibit TNF-α and hydrogen peroxide activated glutathione peroxidase activity (a key 

enzyme important to ameliorate oxidative stress) (Haycock et al. 2000).  

 

1.13.3 αMSH and antimicrobial activity 

Many natural antimicrobial peptides, for example defensins and cathelicidins are an 

important component of the innate immune system and form part of the first response 

against invading microbial agents (Hancock 2001). In fact, more than 500 different 

antimicrobial peptides are produced in many tissues/cell types of a range of animal and 

plant species (Hancock & Scott 2000).  The presence of αMSH in the mucosal barrier of 

the gastrointestinal tract and in the skin means that it could be encountered by many 

organisms invading into these tissues (Catania & Lipton 1993; Cutuli et al. 2000; Catania 

et al. 2006). Indeed, many investigations have suggested that αMSH has antimicrobial 

effects. For example, αMSH and its terminal peptide (KPV) showed inhibitory activity 

against Staphylococus aureus and Candida albicans at a wide range of concentrations 

including at the normal plasma concentration (picomolar) of αMSH (Catania et al. 2000; 
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Catania et al. 2006). Furthermore, a recent study has shown that αMSH reduces the 

internalisation of Staphylococcus aureus in human keratinocyte cell lines (Donnarumma 

et al. 2004). However, the ability of αMSH to kill Staphylococus aureus is low in 

comparison with penicillins and so αMSH alone would not be a useful exogenous 

treatment for infections with this organism.  

 

1.14 Antisense agents  

Oligonucleotides (ONs), small interference RNA (siRNA) and peptide nucleic acids 

(PNA) are examples of some commonly used antisense agents which interfere with gene 

function. ONs are small single stranded DNAs which, upon internalisation, bind to the 

complementary strand of DNA / RNA to inhibit gene expression (Stephenson & 

Zamecnik 1978). For an antigene application, an ON must enter the cell nucleus, bind to 

the target strand of DNA thereby inhibiting transcription (McShan et al. 1992). However, 

for an antisense strategy the ON forms a duplex with a specific mRNA sequence in the 

cytoplasm and then prevents its translation (Stephenson & Zamecnik 1978; Braasch & 

Corey 2002). The efficacy of an ON depends upon its design. The length and ratio of 

purine and pyrimidine bases in its structure are critical factors for an optimum efficacy. 

For example selective inhibition of mutant Ha-ras mRNA expression by a ON was 

correlated with ON length in which those less than 15 nucleotides in length showed less 

activity, and ONs larger than 14 nucleotides gave good inhibition (Monia et al. 1992). 

Furthermore, Flanagan et al showed that a decrease in length of an ON from 13mer to 

9mer significantly reduced (from 54 % to 10%) the luciferase enzyme activity in a 

tetracycline-responsive promotor (Flanagan et al. 1996).  PNA is a DNA analogue, first 
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developed by Nielson and co-workers in 1991, in which the deoxyribose sugar and 

phosphate backbone is replaced by a peptide backbone (uncharged N-(2-aminomethyl)-

glycine) to which the purine / pyrimidine bases are attached by methylenecarbonyl 

linkers; figure 1.9 (Nielsen et al. 1991).  

 

 

Figure 1.9. Structure of PNA. PNA is a DNA analogue in which the phosphate 

deoxyribose backbone is replaced by uncharged N-(2-aminomethyl)-glycine. B is 

nucleotide base. 

 

The most commonly used target site for the antisense activity of ONs or PNA is the 

translational start region of the mRNA. For example, Sun et al showed that a PNA 

targeted to the translational start site, or to a sequence nearby to this site, of the n-Myc 

oncogene resulted in maximum inhibition of proliferation of IMR32 (human 

neuroblastoma) cells, whereas a PNA against the middle of the coding region caused no 

inhibition (Sun et al. 2002). 

A pharmacokinetic study has suggested that an ON has very short plasma half-life (30 

minutes to 1 hour) following intravenous injection into mice (Agrawal et al. 1991). 

During systemic administration the ON localises to the liver, kidney, bone marrow and 

the spleen to a greater extent compared to other organs and the primary mechanism of 

ON clearance is via tissue metabolism and cleavage by nucleases (Temsamani et al. 

1992; Yu et al. 2001). Although the urinary elimination of ON is not the principal 

pathway for its clearance, its excretion in urine seems dose dependent, which is evident 
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by a study performed by Yu et al, where an increase in urinary excretion of ON from 3 to 

29% was observed after 24 hours when an intravenous dose of ON in mice was increased 

from 5 to 50mg/kg (Yu et al. 2001).  Furthermore, the tissue distribution of an ON 

following intraperitonial or subcutaneous injection is similar to that following 

intravenous injection, however the plasma concentrations of an ON are higher when 

given intravenously (Agrawal et al. 1995).  As compared to unmodified ON, PNA seems 

to be a more stable compound, and its binding affinity to a complementary DNA 

sequence was reported to be two fold higher than for a ON (Nielsen et al. 1991).  A study 

by McMohan et al reported that 2 hours after intraperitoneal injection into rat, PNA was 

detected (amount in decreasing order) in the kidney, liver, heart, brain and spleen and 

90% of the dose was recovered from urine as unchanged PNA after 24 hours of injection 

(McMahon et al. 2002). Unmodified negatively charged ONs and non-charged PNAs are 

not able to penetrate the cell membrane and skin (Chan et al. 2006), therefore a variety of 

delivery techniques (eletroporation, liposomes and CPPs) have been employed to enhance 

cellular (and skin) uptake (Pooga et al. 1998; Hamilton et al. 1999; Shammas et al. 

1999). Although, CPPs have been shown to be able to deliver PNA into various cells (see 

table 1.3), to date no one has investigated the ability of a CPP to transport PNA into skin.  

 

1.15 Tyrosinase 

Tyrosinase is a key enzyme for the biosynthesis of melanin, and is encoded by the 

tyrosinase gene which is located at the c locus of mouse chromosome 7 and chromosome 

number 11 in the human (Barton et al. 1988). Tyrosinase plays an important role in 

visible colour of the skin and hair (Kwon et al. 1988). For example, a mutation in this 



 

 38

gene results in a lack of pigmentation (albino phenotype), whereas introduction of a 

functional tyrosinase gene into fertilized eggs of albino mice rescues the albino 

phenotype (Kwon et al. 1987; Beermann et al. 1990). Albino mice have a normal life 

span (similar to wild type mice), however loss of tyrosinase function is associated with 

visual abnormalities including an underdeveloped central retina and an abnormal pattern 

of connections between the eyes and the brain. The tyrosinase enzyme plays an important 

role in normal retinal development as confirmed by a tyrosinase transgenic animal model 

which exhibited a correction of all visual abnormalities associated with the albino 

phenotype (Gimenez et al. 2004). Oculocutaneous albinism type 1 (OCA1) in humans is 

caused by a loss of function mutation in the tyrosinase gene and is further subdivided into 

OCA1A, characterised by no tyrosinase or inactive tyrosinase with an absence of pigment 

from birth which continues throughout life (Halaban et al. 2000; Giebel et al. 1991), and 

OCA1B showing different levels of ocular and cutaneous pigment depending on the rate 

of partial activity of the tyrosinase enzyme (Giebel et al. 1991). More than 100 mutations 

of the tyrosinase gene have been reported to associate with albinism, in which missense 

mutations are very common (Giebel et al. 1991). In the normal wild type pigmentation 

phenotype, following synthesis and post synthesis modification in the endoplasmic 

reticulum, the tyrosinase enzyme migrates through the trans-golgi network to the 

melanosome, where melanin synthesis takes place. In OCA1, the trafficking of tyrosinase 

from the endoplasmic reticulum to the melanosomes is disrupted and immature tyrosinase 

is retained in the endoplasmic reticulum (Halaban et al. 2000).   

A number of natural (flavonoids, kojic acid) and synthetic (captropril, hydroquinone, 

arbutin, aloesin) tyrosinase inhibitors exist, some which can depigment cells in vitro and 
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some which can reduce skin colour in vivo (Solano et al. 2006). However, hydroquinone 

is cytotoxic, arbutin contain a hydroquinone moiety in its structure which may cause 

toxicity over long term use and the in vivo efficacy of kojic acid is still under 

investigation (Kasraee et al. 2004). Targeting tyrosinase using an antisense approach 

could potentially be used to decrease mammalian pigmentation in vivo because 

Boonanuntanasarn et al showed that injecting morpholino oligonucleotides (targeted to 

the translational start site of tyrosinase) into trout embryos resulted  in a significant 

decrease in tyrosinase activity and reduced levels of pigmentation in the skin and eye 

(Boonanuntanasarn et al. 2004). 

 

1.16 Aims of this study 

Based on the relative scarcity of topical agents for skin diseases, and based on the 

reported ability of some CPPs to carry cargo molecules into skin, the ability of PPL to 

transport agents into cells and skin has been investigated in this thesis. The ability of this 

carrier molecule to deliver molecules across other epithelial barriers was also analysed in 

this thesis. Specifically the aims were 

1) To determine whether PPL could carry a hormone peptide, αMSH, into cells, skin and 

through other epithelial barriers (gut, eyes and trachea). 

2) To examine whether the covalent addition of PPL to αMSH affects the function of 

αMSH. 

3) To investigate whether PPL could transport antisense molecules targeted against 

tyrosinase into cells, skin and across other epithelial barriers. 

4) To identify whether PPL-conjugated anti tyrosinase agents could inhibit melanin 
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pigmentation. 
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Chapter 2: Materials and Methods 

2.1 Chemical compounds, synthesis and purity 

For this project, chemical synthesis and conjugation of αMSH and antisense compounds 

with PPL was carried out in collaboration with Prof Mark Bradley (initially in the the 

Department of Chemistry, University of Southampton and later in the Department of 

Chemistry, University of Edinburgh).  The αMSH compounds used are as follows – for 

detailed structure see appendices. 

1. αMSH-PPL[98] (see A.1.6 in appendix) 

2. Fluorescein-αMSH-PPL[98] (see A.1.7 in appendix) 

3. αMSH-PPL[99] (see A.1.8 in appendix) 

4. αMSH-PPL[99]-Fluorescein (see A.1.9 in appendix) 

5. Fluorescein-αMSH (see A.1.2 in appendix) 

6. αMSH (see A.1.1 in appendix) 

The PPL molecule was linked to αMSH in two different ways using two different linkers, 

therefore these compounds were given separate names, PPL[98] and PPL[99]. In the case 

of PPL[99], a lysine molecule was used to link αMSH to the PPL, whereas PPL[98] 

linked to αMSH using a 6-aminohexanoic acid linker.  In addition, fluorescein molecule 

was linked to N-terminal of αMSH in case of Fluo-αMSH-PPL[98], whereas in αMSH-

PPL[99]-Fluo it was linked to PPL. The following PNA and ON compounds were used to 

target the translational start sites of the tyrosinase mRNA – for detailed structure see 

appendices.  

1. PNA; including 15mer, 12mer and 9mer PNA (see A.1.12 in appendix) 

2. 15mer PNA-S-PPL, where S is a sulphide linker (see A.1.18 in appendix) 
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3. 15merPNA-SS-PPL, where SS is a disulfide linker (see A.1.17 in appendix) 

4. 15mer PNA-M-PPL, where M is a maleimide linker 

5. 19merON (see fig 4.1 in chapter 4) 

6. 19merON-S-PPL (see A.1.11 in appendix) 

7. 19merON-SS-PPL (see A.1.10 in appendix) 

8. PNA-PPL; including 15mer, 12mer and 9mer PNA directly linked to PPL 

  (see A.1.14 in appendix) 

9. Fluo-PNA; including 15mer, 12mer and 9mer PNA (see A.1.13 in appendix) 

10. Fluo-PNA-PPL; including 15mer, 12mer and 9mer PNA directly linked to 

PNA (see A.1.15 in appendix) 

All the compounds used in this study were synthesized (initially in the Department of 

Chemistry, University of Southampton and later in the Department of Chemistry, 

University of Edinburgh) using solid phase chemistry and further purified by high 

performance liquid chromatography (HPLC) by Antonio M Fara as a part of his doctoral 

thesis (Submitted at University of Ediburgh). Some of this work has been published (Fara 

MA et al 2006).  

  

2.2 Cell lines  

The following cell lines were used in the investigations; - S91 Cloudman mouse 

melanoma cell line (American type culture collection, ATCC), B16F10 mouse melanoma 

cell line (kindly gifted by Dr. Dott Bennett, United kingdom), B16G4F mouse melanoma 

cell line (kindly gifted by Prof. Alex Eberle, Switzerland) which is amelanotic, 

B16UWT-3 which is a human MC1R transfected B16G4F cell line (transfection carried 
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out by Dr Sam Robinson), RPMI 7951 human melanoma cell line (ATCC), HaCaT 

human keratinocyte cell line (kindly gifted by Norbert Fusenig), HEK-293 human 

embryonic kidney cell line (kindly gifted by Dr. Paul Lambden, Southampton) and 

HT1080 human fibrosarcoma cell line (kindly gifted by Dr. Markus Bohm, Germany). 

 

2.3 Cell culture 

S91, B16G4F, B16F10, HaCaT and HEK-293 cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) (Invitrogen, Paisley,UK) with 10% heat inactivated 

foetal bovine serum (FBS) (Invitrogen, Paisley,UK), 2mM L-Glutamine, 100 U/mls
 

penicillin and 100 µg/mls streptomycin at 370C and 5% CO2.  Whereas the B16UWT-3 

cell culture medium and conditions were the same as the above, geniticin (1.5 mg/mls) 

was added in order to prevent any untransfected cells proliferating; geneticin is an 

analogue of neomycin and is commonly used for selection of cells which have been 

transfected with DNA containing a neomycin resistance plasmid. HT1080 cells were 

cultured in similar conditions as above except that Roswell Park Memorial Institute 

(RPMI-1640) medium (Invitrogen, Paisley,UK) was used instead of DMEM. 

Once the cells reached 60-70% confluency they were dissociated from the flask (75cm2) 

using 2mls of non-enzymatic 1x cell dissociation solution prepared in Hanks’ balanced 

salt solution (containing EDTA, glycerol and sodium citrate, without calcium and 

magnesium; Sigma-Aldrich, Dorset, UK). Complete medium (cell culture medium with 

FBS and antibiotics) was added to the subsequent cell suspension and the solution 

transferred into 15mls falcon tubes. Cell counts were performed using a haemocytometer.  

In some experiments with fluorescein labelled compounds, cells were dissociated with 
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0.05% trypsin-0.02% EDTA solution (Invitrogen, Paisley, UK) because trypsin is more 

effective in removing non-internalised, surface bound fluorescencent compound (Mai et 

al. 2002);  trypsin is a proteolytic enzyme which in combination with the chelating agent 

EDTA (which removes divalent cations such as calcium and magnesium) dissociates the 

cells from flasks and wells. 

For storage of cells at -80
0
C, following dissociation with non-enzymatic cell dissociation 

solution, the cell suspension was centrifuged at 120 x g for 5 minutes to pellet the cells. 

The supernatant was discarded and the cell pellet (from 75cm
2 

flask) was dissolved in 

1mls FBS containing 10% DMSO (Sigma-Aldrich, Dorset, UK). Cells were stored in 

500µl aliquots at -800C. 

 

2.4 Melanin assay  

S91 cells were seeded at 4 x 10
4
 cells per well in 6-well plates. The compounds were 

added to triplicates wells and the plates incubated for 5 days at 37
0
C. Cell numbers were 

counted on the 5
th

 day of culture
 
following detachment with cell dissociation solution. 

The cells were transferred into 1.5ml ependroffs and centrifuged at 800 x g for 5 minutes. 

Supernatants were discarded and the cell pellets containing the intracellular melanin were 

dissolved in 200 µl of 0.1N NaOH. The suspension from each eppendorf was then 

transferred into a single well of a flat bottomed 96-well plate. The melanin content was 

determined spectrophotometrically at 450nm and 500nm and compared against a series of 

dilutions of standard mushroom melanin (Sigma-Aldrich, Dorset, UK) in 0.1N NaOH.  
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2.4.1 Melanin assay for antisense investigation 

B16F10 cells were seeded at 2 x 104 cells per well in 12-well plates. Cells were treated 

with the tyrosinase antisense compounds in the presence or absence of αMSH (10-10M) 

for 48 hours. The remaining protocol for the assessment of the intracellular melanin was 

the same as for the pigmentation assay above.  

 

2.5  Ligand binding assay 

B16UWT-3 cells were seeded in 96-well plates at 4 x 10
4
 cells per well and incubated at 

37
0
C overnight to allow the cells to attach to the wells. The following day, the cells were 

washed with 1 x binding buffer (see solutions section in appendix), and incubated for 2 

hours at room temperature with 50µl of binding buffer containing 15,000 count per 

minute of 
125

I-NDP-αMSH (Nle
4
, D-Phe

7
-α-melanocytes stimulating hormone), and a 

series of incremental concentrations of unlabelled ligand for competition binding assays. 

The cells were washed twice with 200µl of ice cold binding buffer and lysed using 100µl 

of 0.1 N NaOH. The lysates were transferred to tubes containing 900µl of 0.1N NaOH. 

Radioactivity was counted using an auto-Gamma Counter (Packard Bioscience Ltd., UK) 

and the data analysed using the Graphpad package (Graphpad Software, Inc. San Diego, 

USA).  

 

2.6 Fluorescence and Confocal microscopy 

2.6.1 Fixed cells 

To ensure a similar level of cell confluency at the time of addition of the investigational 

compounds, cells were seeded at 1 x 10
5
 cells per well for 3 hours exposure to the 

compounds or 5 x 10
4
 cells per well for 24 hours exposure.  Cells were seeded onto poly-
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L-lysine (1% w/v) (Sigma-Aldrich, Dorset, UK) coated coverslips (16mm), which had 

been placed into each well of 12-well plates, and incubated overnight at 370C with 5% 

CO2.  The following day the culture medium was removed and cells were washed twice 

with PBS prior to being incubated with the various concentrations of the investigational 

compounds for the desired time points. Following treatment with the test compounds, the 

culture medium was taken off and the cells washed twice with PBS. Cells were fixed with 

4% paraformaldehyde (PFA) for 7 minutes. The PFA was removed and 50mM of 

ammonium chloride was added for 10 minutes to stop fixation followed by two washes 

with PBS. Coverslips containing fixed cells were inverted onto 100µl of the nuclear 

counterstain TO-PRO-3 (diluted 1 in1000) (Invitrogen, Paisley, UK) on a sheet of 

parafilm and incubated at room temperature for 5 minutes. The coverslips were then 

washed twice (cell side up) in a clean well of a 12-well plate with PBS, before being 

mounted onto a slide (with cells facing downward) containing a small drop of vectashield 

(Vector Laboratories, Ltd Peterborough, UK) which is a transparent non-fluorescent 

mountant with fluorophore protective action (the latter prevent the samples from photo 

bleaching as a result of exposure to a light source). Each coverslip was sealed to the glass 

slide using clear nail varnish which was applied to the edge of the cover slip. Cells were 

visualized on a Leica SP2 laser scanning confocal microscope or by fluorescence 

microscopy. Confocal images were captured at different magnifications (40x, 63x and 

100x) with resolution 1024 x 1024 pixels and 400Hz laser speed. Three dimensional (3D) 

images were generated by capturing individual cross sections every 1µm (4 repeat scan, 

setting Airy 1) throughout the Z plane of the samples . The middle image of the Z series 
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was selected for evaluation of penetration. The excitation and emission spectra of 

fluorescein was 488 and 530nm respectively. 

 

2.6.2 Live cells  

Cells were seeded at a density of 1 x 10
5
 cells on poly-l-lysine coated coverslips in the 

wells of a 12-well plate and incubated overnight at 37
0
C with 5% CO2.  The following 

day cells were treated with fluorescein labeled compounds for a required time. After 

exposure to the compounds for a desired time point, cells were washed three times with 

PBS and immediately analysed for penetration using a water immersion lens (50x 

magnification) on a Leica SP2 laser scanning confocal microscope. 

 

2.7 Toxicity investigations 

 2.7.1 Lactate dehydrogenase assay 

Cell cytotoxicity was determined using a lactate dehydrogenase (LDH) kit (Roche 

Applied Bioscience, East Sussex, UK). LDH is a stable cytosolic enzyme which is 

released upon cell lysis or from leaky cells. Cells were seeded at 2 x 10
4 

cells per well in 

96-well plates and incubated overnight at 370C with 5% CO2. After overnight incubation 

the culture medium was taken off and cells washed twice with PBS to remove the LDH 

released during the incubation period.  The test compounds in fresh culture medium were 

added to triplicate wells for the desired time points. Triplicate wells were also set up for 

background control (culture medium, no cells), low control (cells, but no investigational 

compound) and high control (cells with 100µl of 1% Triton X-100 (to kill all the cells)). 

Following exposure to the test compounds, 100µl of supernatant from each well was 
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transferred into an optically cleared flat bottom 96-well plate. The LDH reaction mixture 

was prepared; this contained a dye solution (iodotetrazolium chloride (ITN) and sodium 

lactate) and the catalyst (Diaphorase/NAD+). 100µl of this LDH reaction mixture was 

added to the wells containing the cells and the plate was incubated for 30 minutes at room 

temperature in the dark. The plate was then read at 490nm using an ELISA plate reader 

(spectra Max 340 pc, Molecular device, UK) to obtain the released LDH values for the 

cells under investigation.  The cytotoxicity result was calculated from the LDH values as 

follows:  

 

Experimental value – low control 

                      % Cytotoxicity = ----------------------------------------------- X 100 

High control – low control  

 

 

2.7.2 Flow cytometry (FACS) analysis for dead cells 

Cells were seeded at 1x 105 cells per well in 6-well plates and incubated overnight. The 

following day cells were treated with different concentrations of the investigational 

compounds for various time points. Following treatment, the culture medium was 

removed and cells washed twice with PBS. Cells were dissociated with 0.05% trypsin-

0.02% EDTA solution and after detachment, fresh culture media containing FBS was 

added to stop the trypsin reaction. Cells were washed twice in PBS and pelleted at 170 x 

g for 5 minutes. The cell pellets were dissolved in 300µl of FACS buffer (see solutions 

section in appendix) and 5µl (50µg/mls) propidium iodide was added;  propidium iodide, 

a red fluorescence nuclear dye which is excluded by live cells, was used to detect dead 

cells within the whole population. Cells (10,000 events) were analysed using a Becton 
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Dickinson FACS caliber flow cytometer. The excitation and emission spectra of 

propidium iodide was 488 and 617nm respectively. 

 

2.7.3.Toxicity analysis following ultraviolet radiation (UVR) 

Cells were seeded at 1 x 10
5
 cells per well in 6-well plates and cultured until they reached 

60-70% confluency. Cells were then pretreated with different concentrations of the test 

compounds and incubated overnight at 37
0
C. The following day culture medium was 

removed and kept in separate ependroffs, the cells were then washed twice with PBS and 

irradiated with UVR (735mJ/cm
2
of UVR) in 1ml PBS using a TL12 lamp (emitting a 

broad spectrum (280-360nm) of UVB and UVA). After UVR irradiation, the cells were 

washed with PBS and the same culture medium (in which cells were grown before UV 

irradiation and containing the same investigational compound) added back into the 

respective wells. The cells (10,000 events) were further incubated for either 4 hours or 24 

hours before carrying out the toxicity analysis using propidium iodide as a marker of cell 

death as per section 2.7.2. 

 

2.8 Quantification of half life of fluorecsceinated compounds in vitro  

To assess the half life of the fluoresceinated compounds within cells, cells were incubated 

with the fluorophore conjugated compound for 3 hours. Following this, the culture 

medium was removed, the cells washed twice with PBS, and then placed into fresh media 

for various time points (3 hours – 24 hours). At the end of each time point, cells were 

washed twice with PBS and dissociated with 0.05% trypsin-0.02% EDTA solution. The 

dissociated cells were transferred into FACS tubes, washed twice with PBS and pelleted 

at 170 x g for 5 minutes. The cell pellets were resuspended in 300µl of FACS buffer (see 
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solutions section in appendix) and analysed (10,000 events) for fluorescence using a 

FACS caliber (Becton Dickinson). FACS data were analysed using Win MDI5.8 

computer software (Variety House Software, Inc). The excitation and emission spectra of 

fluorescein was 488 and 530nm respectively. 

 

2. 9 FACS analysis to determine presence of the compounds 

Cells were seeded at 1 x 10
5
 cells per well in 6-well plates and incubated overnight to 

allow the cells to attach. The fluorescein labelled compounds were added to the cells for 

various time points. Following this treatment, cells were washed twice with PBS and 

dissociated with 0.05% trypsin-0.02% EDTA solution. The cells were transferred to 

FACS tubes and analysed as per section 2.8. The excitation and emission spectra of 

fluorescein was 488 and 530 respectively. 

 

2.10 Lymphocyte transformation test (LTT)  

2.10.1 Isolation of peripheral blood mononuclear cells (PBMC) 

Venous blood from healthy volunteers was collected in vacutainer tubes containing tri-

potassium EDTA (BD Biosciences, Oxford UK). To isolate PBMCs, 10ml of venous 

blood was layered onto 10mls of lymphoprep (Axis-Shield, Cambridgeshire, UK). Tubes 

were centrifuged at 500 x g for 20 minutes. Following centrifugation the intermediate 

(middle layer) “buffy” coat containing the PBMCs was transferred to another tube and 

diluted in 5 volumes of PBS. Cells were washed twice in ice cold PBS by centrifugation 

at 170 x g for 7 minutes.  The PBMC pellet was resuspended in RPMI 1640 medium 

(Invitrogen, Paisley, UK) enriched with L-glutamine and supplemented with
 
5% heat-
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inactivated human AB serum (Sigma-Aldrich, Dorset, UK), 100 U/mls
 
penicillin, 100 

µg/mls streptomycin, and 1% sodium pyruvate (Invitrogen, Paisley, UK)  

2.10.2 PBMC / lymphocyte proliferation (LTT) assay 

1.4 x 10
6
 cells/ml per well were seeded into 48-well plates

 
and incubated with various 

concentrations of the investigational compounds (in triplicate wells). By way of a positive 

control PBMCs were also stimulated by the addition of the
 
streptococcal antigen mixture, 

streptokinase-streptodornase (SK/SD;
 

0.5/0.125 U/mls) (Phoenix Pharmaceuticals, 

Karlsrule, Germany) or phytohemagglutinin (PHA-P; 4µg/mls) (Sigma-Aldrich, Dorset, 

UK).  Cells were cultured for
 
6 days during challenge with SK/SD or for 3 days during 

challenge with PHA-P. Lymphocyte proliferation was assessed by the incorporation of 

3H-thymidine which was added for last 6 hours of the culture period. Proliferation was 

quantified using a gamma scintillation counter and expressed as count per minute (cpm).  

 

2.11 Ex vivo skin penetration assay using a Franz diffusion chamber 

In this study a home office licence was not required to use mouse skin as it was collected 

after killing (schedule 1 killing), which was carried out under home office regulations. 

Regarding the pig skin, there was no ethics required as we used skin from pigs that had 

been euthanased for other reasons. Human skin was collected after surgical removal 

under approval of generic trust ethics committee to the Dermatopharmacology 

department, covering excess tissue which would otherwise be disposed of. 

 Special minaturised Franz diffusion chambers were obtained through Dr Marc Brown, 

King’s College London; his group have studied the penetration of schistosomiasis into 

skin and thus he had links with an in-house technician who manufactured Franz diffusion 
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chambers (Bartlett et al 2000).  The Franz diffusion system is composed of two parts, the 

upper donor compartment and the lower receptor compartment. In order to set up a Franz’ 

chamber experiment, cell culture medium (DMEM) was added to the receptor 

compartment. To hold the skin tightly in the chamber, two polytetrafluoroethylene 

(PTFE) coated rubber rings of 6mm diameter with a small hole (2.5mm) in the centre and 

two rubber ‘O’ ring (6mm diameter) were prepared; note that the PTFE rings are 

generally resistant to a wide variety of chemicals and are used to prevent leakage around 

the side of the skin and contamination of the lower compartment.  Skin (6mm diameter) 

was placed in between the two PTFE rings, with the epidermal surface facing towards the 

donor chamber. The donor and recipient chamber were held together by two springs, one 

on each side (see figure 2.0). The fluorescinated compounds were added (20µl) to the 

donor compartment, i.e. onto the outer epidermal surface of the skin.  Note that skin from 

mice and pigs was excised and used immediately following euthanasia; however, human 

skin was kept in physiological saline for up to 4 hours during transport from the 

dermatology department in the Royal South Hants hospital to the laboratory in 

Southampton General Hospital. 



 

 53

 

 

Figure 2.0 Franz’s diffusion chamber set up. The Franz’s diffusion chamber skin 

penetration system consists of two parts, the upper donor chamber and the lower recipient 

chamber. Skin (with the epidermis facing towards the donor chamber) was mounted in 

between two polytetrafluoroethylene (PTFE) coated rubber rings and ‘O’ rings as shown 

in the figure. Fluoresceinated compounds were added to the donor chamber.  

 

Because of the limited size of the hole in the PTFE rings, the diffusion of the 

investigational compound takes place only in the central exposed area of the skin, by 

moving through the epidermis and into the dermis (i.e. from the donor chamber towards 

the recipient chamber). After treatment with the investigational compounds, the skin 

samples were washed three times with PBS before gently removing from the chamber 

and then bisected vertically. One half of skin was snap-frozen in liquid nitrogen for 

cryosection and the other half was fixed in 4% PFA (3 hours) for paraffin embedding. 

Following paraffin embedding, 4µm sections of skin were cut on a microtome and air                               
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dried on aminopropyltriethoxysilane (APS)-coated slides at 37
0
C for 24 hours. Sections 

were then deparaffinised by two changes of xylene (5 minutes each), transfered to 100% 

ethanol for 5 minutes and then 70% ethanol for 5 minutes. After evaporation of ethanol, 

the skin section were then mounted in Vectashield and visualized under a fluorescence 

microscope. Skin sections were analysed and graded visually as (i) no, (ii) very weak, 

(iii) weak, (iv) moderate, (v) strong and (vi) very strong penetration. 

 

2.12 Ex vivo gut, trachea and eye penetration studies. 

The eye, ileum, colon and trachea were also chosen for ex vivo penetration studies. These 

organs were taken after healthy mice were sacrificed as per “schedule one” cervical 

dislocation; the organs were carefully excised to avoid accidental damage of the tissues. 

Following excision, the ileum and colon were cut into small pieces (approximately 2 cm) 

and then washed thoroughly with 1 x PBS to remove undigested food and faeces. Trachea 

was separated from lung and washed with PBS. One end of the colon, ileum and trachea 

was tied with a surgical suture and the investigational compound (5µl) was placed in the 

centre of the tube from the other open end. Then, the open end was also closed with a 

surgical suture and the organ was incubated for a required time in complete medium 

(DMEM with serum and antibiotics) at room temperature. Following treatment with the 

investigational compound, one suture was removed and the organ was flushed with the 

PBS to wash the tube thoroughly. The organs were then either fixed in 4% PFA for 3 

hours or snap-frozen in liquid nitrogen. The paraformaldehyde fixed organs were 

embedded and blocked in paraffin and 4µm sections were cut for further analysis; the 

remaining protocol for deparaffinisation is similar to that in section 2.11. Frozen tissues 
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were cut as 8µm sections and dried for 1 hour at room temperature. The sections were 

then mounted in Vectashield and visualised under a fluorescent microscope.  

For assessment of penetration of the investigational compounds into the eye, the eyes 

were excised from the orbit of the euthanased healthy mice. Immediately after excision, 

the eyes were placed (cornea facing downward) in the respective wells of a round bottom 

96-well plate containing 5µl drug and left at room temperature for the required time.  

Following this the eyes were washed with PBS by transferring them along a series of 

wells (4-6) containing PBS. After washing, the eyes were either fixed in PFA for 3 hours 

or snap-frozen in liquid nitrogen. The remaining protocol for deparaffinisation and/or 

visualisation under fluorescence microscopy was as for the skin (section 2.11) and the 

other internal organs (see above).  

 

2.13 Western blotting 

2.13.1. Protein sample preparation 

Cells were grown in T175 flasks until 60-70% confluency was obtained. Cells were 

washed twice with PBS and detached from the flask using cell dissociation solution 

(3mls). Cells numbers were adjusted to 1 million cells/ml and pelleted by centrifugation 

at 800 x g for 5 minutes. The cells were lysed with 100µl lysis buffer (see solutions in 

appendix) and the protein concentration was estimated using a Bio-Rad Dc protein assay 

kit (Bio-Rad, Hertfordshire, UK) as per the manufacturer’s instructions.  
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2.13.2 SDS-polyacrylamide gel preparation and electrophoresis 

SDS-polyacrylamide gels (10%) were prepared and mixed in the following proportions; 

2.5mls of 40% acrylamide (Sigma-Aldrich, Dorset, UK), 2.0mls of separating buffer (2.0 

M Tris-HCl, pH 8.9), 100µl of 10% (w/v) SDS and 4.38mls of dH2O.   Polymerisation 

was initiated by adding 18.75µl TEMED (Sigma-Aldrich, Dorset, UK) and 1ml 

(50mg/10mls) ammonium persulphate (Sigma-Aldrich, Dorset, UK). 

Stacking gels were prepared using 500µl of 40% acrylamide (Sigma-Aldrich, Dorset, 

UK), 0.5mls of stacking gel buffer (0.5 M Tris-HCl, pH 6.7), 50µl of 10% (w/v) SDS and 

3.46mls of dH2O.  The stacking gels were polymerised by adding 12.5µl TEMED 

(Sigma-Aldrich, Dorset, UK) and 500µl of 50mg/10mls (w/v) ammonium persulphate 

(Sigma-Aldrich, Dorset, UK). 50µl of denatured loading buffer (see solutions section in 

appendix) was added to the 100µl protein samples, heated at 100
o
C for 5 minutes and 

then the samples were loaded into the wells; pre-stained full range Rainbow molecular 

weight markers (GE Healthcare, Bukinghamshire, UK) were also loaded into one well for 

estimation of molecular size of positive bands on the subsequent Western blot.  Gels were 

subjected to electrophoresis at 0.02A for 60-90 minutes until the dye front reached the 

bottom of the gel. 

 

2.13.3 Immunoblotting 

Following electrophoresis, the semi-dry samples were electrotransferred (at 25V and 

0.18A for 30 minutes) from SDS-PAGE gels onto hybond ECL nitrocellulose membrane 

(GE Healthcare, Bukinghamshire, UK). After transfer the membrane was washed with 

Tris-buffer saline (TBS) (0.02M tris, 0.5M NaCl, pH 7.5) for 5 minutes and subsequently 
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in 20mls 5% (w/v) dried milk powder (Marvel) in TBS containing 0.05% Tween 20 

(GE Healthcare, Bukinghamshire, UK) for 1 hour at room temperature with gentle 

agitation. Membranes were incubated with the primary antibody in 20mls of TBS 

containing 0.05% Tween 20 and 5% (w/v) milk powder at room temperature for 

approximately 1 hour with gentle agitation.  Membranes were then washed three times 

for 5 minutes each in TTBS (TBS containing 0.05% Tween 20) and then incubated with 

the appropriate secondary antibody conjugated with horseradish peroxidase.  Following 

secondary antibody incubation, the membrane was washed three times for 5 minutes each 

in TTBS and kept moist until detection. 

The membrane was incubated with freshly prepared ECL plus western blotting reaction 

mixture (GE healthcare, Buckinghamshire, UK), which causes a light signal from the 

reporter molecule when in contact with the horseradish peroxidise on the secondary 

antibody. Photographic film was used to detect the light; this detection system resulted in 

dark bands on the photographic film at the site of light production (i.e. at the site adjacent 

to the secondary antibody/primary antibody/protein complex). 

 

2.14 Tyrosinase assay 

This protocol is adapted from Dutkiewicz R et al (Dutkiewicz et al. 2000). Tyrosinase 

actvity was measured spectrophotometrically based on its DOPA oxidase activity which 

caused the oxidation of L-DOPA to dopaquinone.  In the presence of 3-methyl-

benzothiazolinonehydazone (MBTH) (Sigma-Aldrich, Dorset, UK), dopaquinone forms a 

pink product with absorbance at 505nm.  
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L-DOPA  dopaquinone + MBTH  Pink Product. 

 

For this assay, cells were seeded at 5 x 10
3 

per well in 96-well plates. Test compounds 

were added to the respective triplicate wells and the plate was left in the incubator for the 

required time point. Cells were then washed twice with PBS and lysed with 20µl of 

50mM sodium phosphate buffer (Na2HPO4 + NaH2PO4, pH 6.9) containing 0.05% Triton 

X-100. The cells lysates were frozen at -80
0
C until further analysis. In order to determine 

tyrosinase activity, the cell lysates were thawed at room temperature for 25 minutes, then 

incubated at 370C for 5 minutes. 180µl of freshly prepared reaction mixture (6.3mM 

MBTH, 1.1 mM L-DOPA in 48mM sodium phosphate buffer at pH 7.1) containing 4% 

v/v N,N’-dimethylformamide was added to 20µl of cell lysate. The kinetic study of 

tyrosinase activity was performed spectrophometrically by measuring absorbance at 

508nm over 60 minutes at a constant temperature of 37
0
C.  A final absorbance value at 1 

hour was used to compare tyrosinase activity between samples and also to compare 

against the activity of standard mushroom tyrosinase (Sigma-aldrich, Dorset, UK).  

 

2.15 Anti-microbial activity measurement 

S. aureus (all strains) were grown on supplemented proteose-peptone agar (see appendix 

section) incubated at 37
0
C in air containing 5% (vol/vol) CO2. The next day “a loop of 

bacterial colony” was taken from the subculture plate and dissolved in 1ml of PBS to 

make a bacterial suspension for spectrophotometric reading. Spectrophotometric readings 

allowed the estimation of the bacterial concentratioin and were taken to enable a 

Tyrosinase 
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suspension of 1 x 10
7
/ml colony forming units (cfu) of bacteria to be made. In each well 

of a 12 well plate, 100µl of 1 x 107/ml cfu were added to 900µl of proteose-peptone broth 

containing the different investigational compounds. The plates (with the bacteria and 

investigational compounds) were then put in an incubator maintained at 37
0
C with 5% 

CO2  for various time points. Following this, 15µl of the bacterial suspension from each 

well was spread onto three separate proteose-peptone agar plates and incubated further at 

37
0
C with 5% CO2 until colonies become visible. Colonies were counted using a 

ProtoCol automated bacterial colony counter. 

 

2.16 Haematoxylin and Eosin (H & E) staining 

For H & E staining of PFA-fixed paraffin embedded sections, the tissue section/slide was 

passed through 2 changes of 100% xylene and one further change in 100% and 70% 

alcohol to water respectively in order to deparaffinise the sections. For H & E staining of 

un-fixed frozen tissue sections, the tissues were fixed in ice cold acetone before the 

staining steps. Samples were then stained in Mayer’s Haematoxylin solution (Sigma-

Aldrich, Dorset, UK) for 5 minutes followed by washing in running tap water for 5 

minutes. Following haematoxylin staining, the sections were dipped in 1% acid alcohol 

(see solutions in appendix) for 5 seconds and washed in running tap water for 5 minutes. 

The sections were then immersed in Eosin solution (Sigma-Aldrich, Dorset, UK; see 

appendix) for 5 minutes followed by two changes in 100% alcohol (3-5 minutes each) 

and 100% xylene (3-5 minutes each). The samples were then mounted under glass 

coverslips and looked at using bright field microscopy.  
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2.17 Statistical analysis – Standard deviation was employed for experiments performed 

once or twice, whereas standard error of the mean was used to for experiments which 

were performed three or more times. Graph pad prism was used to depict the data in 

graph form and to analyse the difference between groups using a variety of parametric 

and non-parametric statistical tests, including paired t-test, One Way ANOVA and 

Fisher’s exact tests where appropriate. In this study paired t-test was employed when 

there is one measurement variable in two different treatment groups. One way ANOVA 

was used to test the significant difference in the mean of two or more treatment groups, 

analysed by using variance. Fisher exact test was used to see if there are non random 

associations between two treatment groups. 
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Chapter 3; PPL-ααααMSH and skin 

3.1 Introduction 

The delivery of many therapeutics compounds (like hydrophilic drugs, peptides and 

oligonucleotides) through the skin is restricted by the stratum corneum. However, many 

classes of topical agents are available to treat skin disorders.  These include topical local 

anaesthetics, topical antipruritics, topical corticosteroids and other topical preparations 

for eczema and psoriasis, topical preparations for acne, warts, calluses and topical anti-

infective preparations such as antibacterial, antifungal, antiviral and parasiticidal 

preparations (British National Formulary 50
th 

edition).  Many drugs (e.g. azathioprine, 

methotrexate, ciclosporin, efalizumab), which are poorly absorbed through the stratum 

corneum, are given systemically to treat cutaneous disorders, however, this can result in a 

number of adverse effects (Lebwohl & Ali 2001). The main limiting factors of drug 

penetration into skin include the chemical nature of the compound (its hydrophobic or 

hydrophilic nature) and its molecular size. The molecular weight of the compound is a 

critical factor for penetration into skin. According to the “500 dalton hypothesis”, 

molecules less than 500 daltons generally penetrate the stratum corneum of normal skin 

(Bos & Meinardi 2000), although, in some disease conditions, such as atopic dermatitis, 

where the integrity of skin is compromised, molecules larger then 500 dalton can 

permeate the stratum corneum (Jakasa et al. 2007). Furthermore some comounds such as 

neomycin sulphate and tacrolimus whose molecular weight are greater than 500 dalton 

can penetrate the stratum corneum (Bos & Meinardi 2000). Neomycin sulphate consists 

of two neomycine molecules, therefore penetrate the stratum corneum, however the 

mechanisms of  penetration of tacrolimus is not clear yet. 
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To assist the penetration of larger drugs through the stratum corneum, several techniques 

including ultrasonication, microinjection, electroporation, iontophoresis and the use of 

cell-penetrable peptides (CPPs), have been developed (Kondo et al. 1987; Tsai et al. 

1996; Prausnitz 2004; Mehier-Humbert & Guy 2005). Sonication (20kHz frequency) 

generates cavities within the stratum corneum thus allowing the diffusion of drugs (Kost 

et al. 2000). Recent advancements in microinjection techniques have allowed the delivery 

of oligonucleotides, DNA and protein vaccines into the skin. In the “poke with patch” 

technique, a microneedle (poke) makes a hole in the skin and then the oligonucleotide is 

applied to the skin surface (Lin et al. 2001).  Whereas the “dip and scrape” method the 

microneedle is first dipped into a DNA vaccine solution and scraped across skin surface 

(Mikszta et al. 2002). In the “coat and poke” method the needle is coated with the protein 

vaccine and then inserted into skin (Matriano et al. 2002).  Electroporation has also 

proved to be an effective method for the delivery of DNA across phospholipid bilayers, 

and it has been demonstrated that the application of 100-1500V of electrical current 

sufficiently perturbs the intercellular lipid layer of the stratum corneum, allowing the 

delivery of many agents into the skin (Denet & Preat 2003; Sung et al. 2003). The main 

limitation of these physical techniques (ultrasonication, electroporation and 

microinjection) is that many skin conditions affect large areas of the body, thereby 

requiring multiple injections or electrical currents to deliver the compounds, and this may 

be poorly tolerated by the patient.  

CPPs have also been reported to transport drugs into skin, such as the delivery of 

cyclosporine by polyarginine (Rothbard et al. 2000), interferon-γ by penetratin (Lee et al. 

2005) and superoxide dismutase by tat and polylysine (Park et al. 2002). At present there 
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is a paucity of data describing the use of CPP-based carrier molecules for the efficient 

delivery of drugs into skin, and it is possible that some existing CPPs may not be able to 

transport drugs into this organ as failures tend to go unreported.  In addition, there are 

potential drawbacks associated with the use of certain CPPs that seem capable of carrying 

cargo molecules into skin. For example, it has been reported that tat (derived from HIV) 

can upregulate some pro-inflammatory cytokines (Zauli et al. 1993), polylysine can cause 

degranulation of mast cells (Church et al. 1991) and penetratin (part of the antennapedia 

transcription factor) may interfere with endogenous biological processes. Furthermore, in 

a recent study, polyarginine failed to release its cargo sufficiently rapidly to be effective 

in a phase II clinical trial (presented by Paul Wender at the Society for Investigative 

Dermatology conference 2007). 

In this study, we investigated the ability of a new cell-penetrable peptide, 

polypseudolysine (PPL), to deliver αMSH into cells and skin. αMSH is a 13 amino acid 

hormone, which is reported to play an important role in pigmentation and 

immunomodulation (Lerner & Mcguire 1961; Ichiyama et al. 2000; Cooper et al. 2005). 

The pigmentary action of αMSH is thought to be mediated through the binding of this 

compound to the melanocortin 1 receptor (MC1R) on the cell surface of the melanocyte 

(Mountjoy et al. 1992; Robbins et al. 1993). In addition, αMSH has been reported to have 

anti-inflammatory activity and to have antimicrobial activity particularly to S. aureus, a 

bacterium which is found in certain skin conditions such as impetigo and impetiginised 

eczema (Cutuli et al. 2000; Cooper et al. 2005).  Therefore, αMSH could be a useful 

agent to use topically either as a possible tanning agent or as an effective treatment for 

inflammatory skin disorders, especially where infection with S. aureus and inflammation 



 

 64

co-exist. Therefore, in this study the ability of PPL to deliver αMSH into cells and skin 

was investigated. 

 

3.2 Materials and Methods 

3.2.1 Melanin assay:  The cloudmann mouse melanoma (S91) cell line was used for the 

melanin assay, in which intracellular melanin was measured spectrophotometrically at 

absorbance 450nm and 492nm against standard mushroom melanin (as per section 2.4). 

 

3.2.2. Ligand Binding assay:  Competitive ligand binding assays were performed on 

MC1R transfected B16G4F cells to compare the surface receptor (MC1R) binding 

characteristics of αMSH, NDP-αMSH and PPL[98]-conjugated αMSH as described in 

section 2.5.  

 

3.2.3. Lymphocyte transformation test (LTT):  The LTT assay was performed on 

peripheral blood mononuclear cells (PBMCs), to investigate the immunosuppressive 

properties of αMSH, αMSH-PPL[98] and αMSH-PPL[99] following challenge with PHA 

and separately with streptokinase/streptodornase (see section 2.10). 

 

3.2.4. Flow cytometry:  B16G4F, B16UWT-3 and HEK-293 cell lines were analysed by 

flow cytometry in order to investigate the penetration of αMSH and αMSH-PPL[98], and 

to investigate toxicity using the cell death marker dye propidium iodide as per materials 

and methods sections 2.7.2 and 2.9. 
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3.2.5 Fluorescence Microscopy:  Fluorescence microscopy was performed on various 

cell lines (B16G4F, B16UWT-3, HEK-293, HT1080, HaCaT, RPMI-7951 and S91) with 

fluorescein conjugated αMSH, αMSH-PPL[98] and αMSH-PPL[99] using a Leica 

fluorescence microscope as per material and methods section 2.6. 

3.2.6. Confocal microscopy:  Confocal microscopy was used to investigate the pattern of 

intracellular staining of fluorescence labelled αMSH, and αMSH-PPL[98] and αMSH-

PPL[99] in cells to determine whether penetration by the compound had occurred. The 

SP2 Leica laser scanning confocal microscope was used to obtain a central Z plane image 

at the midpoint of the cells; see section 2.6 for details. 

 

3.2.7. Ex vivo skin penetration assay:  Franz’s diffusion chambers were employed for 

detection of ex-vivo skin penetration by compounds αMSH-PPL[99]-Fluo and Fluo-

αMSH into mouse, pig and human skin as per section 2.11. 

 

3.2.8. LDH assay:  Toxicity of the investigational compounds on B16G4F, B16UWT-3 

and HEK-293 cells was investigated using a lactate dehydrogenase (LDH) kit following 

treatment of the cells with αMSH and αMSH-PPL[98] as per materials and methods 

2.7.1.  

 

3.2.9 Effects of compounds on S aureus viability:  S. aureus was obtained from the 

Health Protection Agency, Southampton.  Bacteria were grown on proteose-peptone  agar 

plates (recipe in appendix) and the effect of αMSH, αMSH analogues (SHU9119, NDP-

αMSH and MTII) and αMSH-PPL[98] on bacterial colony forming units was determined 
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after 6 and 24 hours treatment.  

 

3.2.10 Haematoxylin and Eosin staining: The Fluo-αMSH and αMSH-PPL[99]-Fluo 

treated skin sections were stained for haematoxylin and eosin as per section 2.16. 

 

3.3 Results 

3.3.1 Functional studies  

To investigate the pigmentation efficiency of PPL-linked αMSH, a melanin assay was 

performed on S91 cells. Two different concentrations (10
-6

M and 10
-8

M) of αMSH, 

αMSH–PPL[98], αMSH–PPL[99] and fluorescein-linked αMSH–PPL (i.e. Fluo-αMSH-

PPL) were tested for their ability to induce melanin production.  All of these compounds 

caused an significant increase in melanin pigmentation at 10
-8

M and 10
-6

M (p = 0.014, 

αMSH; p = 0.021, αMSH-PPL[98];  p = 0.024, αMSH-PPL[99];  p = 0.015, fluorescein-

linked αMSH; p = 0.018, fluorescein-linked αMSH-PPL[98] and p = 0.026, fluorescein-

linked αMSH-PPL[99]; One way ANOVA), indicating that all four PPL conjugated 

αMSH compounds could stimulate melanogenesis (figure 3.1). Additionally, with the 

exception of Fluo-αMSH there was no significant difference in pigmentation with any of 

the compounds as compared to αMSH alone. 
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Figure 3.1. Melanin synthesis in S91 cells following treatment with different 

compounds.  An increase in intracellular melanin was observed on day 5th following 

treatment with αMSH and Fluo and / or PPL linked αMSH compounds (10-8M and 10-

6M). The data shown are the mean value of ratio + SEM of three experiments performed 

each in triplicates 

 

S91 cell pigmentation was also clearly visualised using phase contrast microscopy on the 

5
th

 day of the melanin assay following treatment with the compounds.  Representative 

images of αMSH and αMSH-PPL[98] treated S91 cells are shown in figure 3.2.  The 

αMSH-PPL[98] treated S91 cells pigmented to a similar extent as the αMSH treated 

cells. 

    A    B         C  

 

 

 

 

 

 

Figure 3.2. Pigmented and non-pigmented S91 cells. Images of S91 cells (on day 5) 

without treatment (A), treated with αMSH 10
-6

M (B) and αMSH-PPL[98] 10
-6

M (C). 
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The pigmentary action of αMSH is mediated through its binding to the MC1R on the cell 

surface of melanocytes and melanoma cells. Previously, it has been shown that NDP-

αMSH (a very potent αMSH analogue) binds to MC1R more efficiently than αMSH 

(Sawyer et al. 1980). A competitive ligand binding assay was performed to investigate 

the receptor binding efficiency of αMSH alone and αMSH in conjugation with PPL 

(αMSH-PPL[98]). In this experiment, the binding affinity of a single concentration of 

radiolabeled ligand (
125

I-NDP-αMSH) was compared against various concentrations of 

unlabeled ligand (NDP-αMSH, αMSH, Fluo-αMSH-PPL[98] and αMSH-PPL[98]) on 

MC1R transfected B16G4F cells.  The results shown in figure 3.3 suggest that the NDP-

αMSH binds to MC1R more efficiently than the other compounds. αMSH–PPL[98] also 

binds to the receptor and its binding affinity is slightly greater than that observed for 

αMSH alone. 
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Figure 3.3 Receptor (MC1R) binding affinity of αMSH and PPL linked αMSH. 
Competitive ligand binding experiments performed on MC1R transfected B16G4F 

melanoma cells.   The results show that each of the compounds (αMSH, NDP-αMSH, 

αMSH-PPL[98] and Fluo-αMSH-PPL[98]) bind to MC1R and that the binding of αMSH-

PPL[98] is intermediate to that of αMSH and NDP-αMSH. The data shown are the mean 

value of ratio + SEM of three experiments performed each in triplicates. 

 

Apart from its main role in pigmentation, αMSH has also been reported to have an 

immunomodulatory role in mice and humans (Raap et al. 2003; Cooper et al. 2005). The 

immunomodulatory effect of αMSH and αMSH-PPL[98] and separately αMSH-PPL[99] 

was investigated using a lymphocyte transformation (LTT) assay where the incorporation 

of [
3
H] thymidine into the DNA of dividing cells is a widely used technique to assess cell 

proliferation.  Briefly, PBMCs were isolated, and challenged with either the mitogen 

phytohemagglutinin (PHA-P) or the antigen streptokinase/streptodornase (SK/SD) to 

induce lymphocyte proliferation. αMSH and separately αMSH-PPL were added to the 
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culture at various concentrations and on day 6 after challenge with SK/SD or on day 3 

after challenge with PHA-P, proliferation was assessed in triplicate wells.  There was a 

slight inhibition of PHA-P stimulated lymphocyte proliferation with all tested 

concentrations of αMSH and αMSH-PPL[99], whereas there seemed to be a greater effect 

of αMSH and αMSH-PPL[98] on SK/SD stimulated lymphocyte proliferation (although 

these varied according to the concentration of the compounds within the same experiment 

and between the experiments) (figure 3.4).  

A. 
            

 

 

 

 

 

 

B. 

 

 

 

 

 

 

 

 

 

Figure 3.4 – Efeect of αMSH and αMSH-PPL[99]  on lymphocytes proliferation. 
Results of LTT assay performed in the presence of various concentrations of αMSH and 

αMSH-PPL[99] following challenge with PHA-P (4µg/ml) (A) and with αMSH and 

αMSH-PPL[98] after challenge with SK/SD (0.5/0.125U/ml) (B). Each graph represents 
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a single experiment performed in triplicate wells and presented as standard deviation of 

the mean. 

 

3.3.2 In vitro penetration studies 

In vitro cell penetration studies were carried out with Fluo-αMSH-PPL[98] and αMSH–

PPL[99]-Fluo to investigate the ability of PPL to deliver αMSH into cells. HEK-293 (no 

MC1R receptor) cells and two subtypes of B16G4F melanoma cell lines were selected for 

investigation; one B16G4F line that had been transfected with wild type MC1R 

(B16UWT-3) and the original parental line lacked the MC1R receptor (B16G4F). Cell 

penetration was determined by confocal microscopy, but flow cytometry and 

fluorescence microscopy were used initially to assess the concentrations of the 

investigational compounds which might penetrate into the cells and which would be 

subsequently examined with confocal microscopy.  Therefore, cells were treated with 

various concentrations (10-5M to 10-15M) of the Fluo-αMSH and Fluo-αMSH–PPL[98] 

for 3 hours and analysed by flow cytometry for a shift in fluorescence intensity as 

compared to control cells which had not received any investigational compound. The 

FACS results showed a log shift in fluorescence at 10
-5

M of Fluo-αMSH–PPL[98] in all 

cell lines (B16G4F, B16UWT-3 and HEK-293), with HEK-293 demostrating a greater 

shift as compared to the other two cell lines (figure 3.5).   
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A. B16G4F     B. B16UWT-3 

 

 

C. B16G4F 

   FL-1      FL-1 

   
  FL-1       FL-1  

 

C. HEK-293 

 

 

 

 

 
FL-1 

 

Figure 3.5. Flow cytometric (FACS) shift in fluorescence in response to increasing 

doses of Fluo-αMSH-PPL[98].  FACS analysis results indicating the shift in 

fluorescence in B16G4F (A),  B16UWT-3 (B) and HEK-293 (C) cells following 

treatment with Fluo-αMSH-PPL[98] at 10
-5

M (green), 10
-6

M (light blue), 10
-7

M (dark 

blue) and 10
-8

M (violet) for 3 hours. Red filled histogram represents untreated cells. 
 

There was also a definite increase in fluorescence in each of these lines at 10-6M Fluo-

αMSH–PPL[98], but while there was a shift in fluorescence at 10
-7

M Fluo-αMSH–

PPL[98] in the HEK-293, this was less obvious in the B16G4F and B16UWT-3 lines 

(figure 3.5).  For Fluo-αMSH-PPL[98] concentrations lower than 10
-7

M there was a 

negligible shift in fluorescence in all three cell lines as compared to the untreated cells 

(figures 3.5 and 3.6). After 24 hours culture of the HEK-293 and B16G4F cell lines with 

10
-5

M of Fluo-αMSH–PPL[98], the shift in fluorescence was similar to that seen at the 3 

hours time point on these cells (see figure 3.7 in comparison with figure 3.5). 
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A. B16G4F      B. B16UWT-3    C. HEK-293 

 

 

 

 

 

 

Figure 3.6. Flow cytometric (FACS) shift in fluorescence in response to decreasing 

doses (less than 10
-8

M) of Fluo-αMSH-PPL[98].  FACS analysis results showing 

negligible shift in fluorescence in B16G4F (A), B16UWT-3 (B) and HEK-293 (C) cells 

treated with Fluo-αMSH-PPL[98] at 10-9M (black), 10-10M (green), 10-11M (dark blue), 

10-12M (violet), 10-13M (light blue), 10-14M (yellow) and 10-15M (orange) for 3 hours. 

 

 

A. B16G4F      B. HEK-293 

 

 

 

   FL-1      FL-1 

Figure 3.7. Flow cytometric (FACS) shift in fluorescence after 24 hours treatment. 

FACS analysis of the shift in fluorescence in B16G4F (A) and HEK-293 (B) cells 

following 24 hours treatment with Fluo-αMSH-PPL[98] at 10-5M (green), 10-6M (violet), 

10-7M (dark blue) and 10-8M (light purple) 

 

In comparison to Fluo-αMSH, Fluo-αMSH–PPL[98]  showed more than a log shift in 

fluorescence at 10
-5

M (24 hours incubation) in HEK-293 and B16G4F cell lines (figure 

3.8). B16UWT-3 cells were not included in subsequent FACS analysis because of 

presence of MC1R receptor, which may enhance the intensity of fluorescence. 
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A. B16G4F         B. HEK-293 
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Figure 3.8. Comparison of flow cytometric shift in fluorescence following treatment 

with Fluo-αMSH, Fluo-PPL[98] and  Fluo-αMSH-PPL[98]. FACS analysis for the 

shift in fluorescence following 24 hours incubation at 10-5M concentration of Fluo-αMSH 

(violet), Fluo-PPL[98] (light blue) and Fluo-αMSH-PPL[98] (green) on B16G4F (A) and 

HEK-293 (B) cells. 

 

Based on the FACS results, the 10
-5

M concentration was chosen for further investigations 

in fluorescence and confocal microscopy experiments. Following a 3 hour incubation 

with 10
-5

M Fluo-αMSH-PPL[98] and separately with 10
-5

M Fluo-αMSH, there was an 

enhanced fluorescence signal during fluorescence microscopy from the HEK-293 and 

B16G4F cells which had received the Fluo-αMSH-PPL[98], whereas cells cultured with 

fluorescein conjugated αMSH without PPL showed a very weak signal (Figure 3.9).  

Fluo-αMSH-PPL[98] and Fluo-αMSH treated cells images were taken with identical 

microscope setting at same session, where experimental conditions were analysed first 

followed by negative control. 
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    C) TO-PRO-3             Fluo-αMSH       TO-PRO-3                Fluo-αMSH-PPL[98]. 

 

 

 

 

 

 

Figure 3.9 Visualisation of Fluo-αMSH and Fluo-αMSH-PPL[98] treated cells under 

fluorescence microscope. Fluorescence microscopy results obtained from HEK-293 (A) 

and B16G4F (B) and B16UWT-3 (C) cells following 3 hours incubation with 10
-5

M 

concentrations of Fluo-αMSH and Fluo-αMSH-PPL[98]. TO-PRO-3 was used as nuclear 

counter stain (seen as red) to identify the cells and the TO-PRO-3 cells in the figure 

indicate where the cells are in the adjacent right panel for each of the investigational 

compounds.  

 

After visualisation of Fluo-αMSH-PPL[98] fluorescence in B16G4F, B16UWT-3 and 

HEK-293 cells, various other cell lines were investigated for the penetration/visualisation 

of fluorescein linked PPL-αMSH. Indeed, at 10
-5

M, Fluo-αMSH-PPL and αMSH-

PPL[99]-Fluo gave a similar fluorescence signal in a range of cell lines (HT1080, S91 

and RPMI-7951); see figure 3.10 for results from HT1080 and S91 cells. 

 

 

A) TO-PRO-3              Fluo-αMSH  TO-PRO-3         Fluo-αMSH-PPL[98]. 

B) TO-PRO-3           Fluo-αMSH  TO-PRO-3          Fluo-αMSH-PPL[98]. 
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A)  TO-PRO-3   Fluo-αMSH-PPL[98]  TO-PRO-3           αMSH-PPL[99]-Fluo 

         

B ) TO-PRO-3    Fluo-αMSH-PPL[98] TO-PRO-3         αMSH-PPL[99]-Fluo   

       

Figure 3.10. Comparison of Fluo-αMSH-PPL and αMSH-PPL[99]-Fluo.  

Fluorescence microscopy results with Fluo-αMSH-PPL[98] and αMSH-PPL[99]-Fluo (at 

10
-5

M for 3 hours) treated S91 (A) and HT1080 (B) cells. TO-PRO-3 was used as nuclear 

counter stain (seen as red) and indicates where the cells are in the adjacent right panel for 

each of the investigational compounds 

 

A similar fluorescence intensity was seen with cells cultured with 10-5M Fluo-PPL as 

with the cells that had received the αMSH-PPL[99]-Fluo and Fluo-αMSH-PPL[98] 

compounds at this concentration for 3 hours (see figures 3.11 and 3.10).  Cells treated for 

3 hours with concentrations lower than 10
-5

M Fluo-PPL and Fluo-αMSH-PPL[98] 

demonstrated less visible fluorescence (figures 3.11 and 3.12).  
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   A. no treatment   10
-5

M    10
-6

M  

    

 

 

 
  B. no treatment    10

-5
M    10

-6
M 

 

 

 

 

Figure 3.11. Fluorescent microscopy based visualisation of cells following treatment 

with Fluo-PPL.  Results showed that B16G4F (A) and B16UWT-3 (B) cells treated with 

10-5M and 10-6M Fluo-PPL for 3 hours exhibits different intensity of fluorescence. 

 

A. no treatment   10
-5

M    10
-6

M 

 

 

 

B. no treatment   10
-5

M    10
-6

M 

 

 

 

 

 

 

Figure 3.12 Intensity of cell fluorescence following two different doses of Fluo-

αMSH-PPL[98]. Fluorescence microscopy results on B16G4F (A) and B16UWT-3 (B) 

cells treated with Fluo-αMSH-PPL[98] (at 10
-5

M and  10
-6

M concentrations for 3 hours).  
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Because the FACS and fluorescent microscopy results cannot adequately discriminate 

between surface staining and intracellular staining, confocal microscopy (which provides 

Z-plane optical sections of cells) was used to examine whether PPL was allowing the 

penetration of αMSH into the cells.  Initially, confocal microscopy experiments were 

performed on the B16G4F cells, which were incubated with 10
-5

M Fluo-αMSH-PPL[98] 

and  Fluo-αMSH separately at different time points (10 minutes, 30 minutes, 3 hour and 

24 hours). The mid-cell Z-plane results (i.e. the Z-plane section mid way between the top 

and bottom of the cell) demonstrated that Fluo-αMSH-PPL[98] was present in the 

cytoplasm of B16G4F cells, especially after 3 hours incubation.  In contrast, Fluo-αMSH 

poorly penetrated into the cells (figure 3.13). The images presented in figure 3.13 were 

generated from single experiment performed on same day and similar confocal 

microscopy set up was used for generating the data.  
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 3-D    Z-Plane              Trans-illuminated image 
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B. 

 

 

 

 

C. 

 

 

 

 

 

 

 

 D.  

 

 

 
 

 

 

  E 

 

 

 

 
  Figure 3.13 Cell penetration of Fluo-αMSH-PPL[98]. Confocal microscopy result on B16G4F cells 

following treatment with Fluo-αMSH-PPL[98] at 10
-5

M concentration for 10 minutes (A), 30 minutes (B), 

3 hours (C), 24 hours (D) or  with Fluo-αMSH at10
-5

M concentration for 3 hours (E). In each part of the 

figure 3-D images are on the left hand side, Z-plane images are in the middle and on the right hand side are 

the trans-illuminated images. Scale bar are 75µm in each image. 
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As compared to Fluo-αMSH-PPL[98], B16G4F cells following 3 hours incubation with  

10-5M Fluo-PPL (without cargo) showed a similar fluorescence intensity to that seen in 

cells cultured with 10-5M Fluo-αMSH-PPL[98] for 3 hours in B16G4F cell following 3 

hours incubation at 10
-5

M concentration (see figures 3.13 and 3.14). 

3-D image   Z-Plane   Transilluminated 

 

 

 

 

 

Figure 3.14. Cell penetration of Fluo-PPL. Confocal microscopy of  B16G4F cells 

following treatment with Fluo-PPL at 10
-5

M for 3 hours showed internalisation of 

compound. Scale bar are 75µm in each image. 

 
 

Confocal microscopy also demonstrated successful penetration of 10
-5

M Fluo-αMSH-

PPL[98] into B16UWT-3 cells at 3 hours incubation (figure 3.15). 
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3-D Image+transilluminated     Z-Plane 

    

Figure 3.15. Internalisation of Fluo-αMSH-PPL[98] into B16UWT-3 cells. Confocal 

microscopy results on B16UWT-3 cells treated with 10
-5

M Fluo-αMSH-PPL[98] 

indicated penetration of conjugated peptide; left panel shows 3-D and transilluminated 

images combined and right panel shows mid-cell Z-plane image. Scale bar are 75µm in 

each image. 

 

 

Using TO-PRO-3 as a nuclear counterstain indicated that αMSH-PPL[99]-PPL and Fluo-

αMSH-PPL[98] had penetrated into the cytoplasm of the cell lines treated with these 

compounds and that Fluo-αMSH did not penetrate into the cells (figure 3.16).  
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A.   Z-Plane    Z-Plane 

    

B.  Z-Plane    Z-Plane 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Internalisation of αMSH-PPL[99]-Fluo into the cell cytoplasm. Confocal 

microscope Z-plane results of A) HEK-293 (40x) and B) RPMI -7951 (63x) cell lines 

treated with αMSH-PPL[99]-Fluo (left panels) and Fluo-αMSH (right panels) at 10-5M 

for 3 hours showed mainly cytoplasmic staining.  TO-PRO-3 has been used as a nuclear 

counter-stain (seen as red). Scale bar are 75µm in top panel image and 47.3µm in bottom 

panel. 

 

Similar cell penetration investigations were carried out on a range of cell lines with Fluo-

αMSH–PPL[98] or αMSH-PPL[99]-PPL at 10
-5

M for 3 hours. A summary of all the cell 

lines used in the penetration studies can be seen in table 3.0.  
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Table 3.0 List of cell lines used for penetration study. Cell lines/cells used for in vitro 

penetration investigations on fixed cells with Fluo-αMSH, Fluo-αMSH-PPL[98] and 

αMSH-PPL[99]-Fluo (10-5M for 3 hours).  

 

 Fluo-αMSH Fluo-αMSH-PPL[98] αMSH-PPL[99]-Fluo n* 

B16G4F no* yes* yes n=3 

B16UWT-3 no yes yes n=2 

HEK-293 no yes yes n=3 

HT1080 no yes yes n=2 

RPMI-7951 no yes yes n=2 

HaCaT no yes yes n=2 

B cells no yes not tested n=1 

 *no = not penetrated, yes = penetrated, n is the number of times experiments were 

performed for each cell type. 

 

The cell penetration investigations were also carried out on live non-fixed cells to ensure 

that the penetration of the compounds into fixed cells had not been as a result of the 

fixation process. Live cell confocal microscopy penetration studies were performed in 

duplicate on HaCaT and B16G4F cell lines which had been incubated for 3 hours with 

Fluo-αMSH and αMSH-PPL[99]-Fluo at two different concentrations (10
-5

M and 3x 10
-

5
M).  Strong intracellular staining was detected in both cell lines with 3x10

-5
M αMSH-

PPL[99]-Fluo.  The PPL also enhanced the penetration of αMSH at a concentration of 10
-

5
M, but the intracellular fluorescence was not as strong as that seen with 3x10

-5
M 

treatment (figure 3.17). The penetration of Fluo- αMSH was very weak in both cell lines.  
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Figure 3.17. Penetration of αMSH-PPL[99]-Fluo into live unfixed cells.  Confocal 

microscopy results showed that PPL conjugation enhances the penetration of αMSH into 

B16G4F (b) and HaCaT cells (d) at 3x10-5M, whereas penetration of Fluo-αMSH at 

similar concentration (a and c) was very weak in both cell lines. The trans-illuminated 

images are also shown for each treatment. Scale bar are 75µm in each image. 

 

 

3.3.3 Ex vivo skin penetration 

To investigate the ability of PPL to transport αMSH into skin, an ex vivo skin penetration 

assay was performed using Franz diffusion chambers.  Initially, different concentrations 

of αMSH–PPL[99]-Fluo were used to determine the optimum concentration of 

compound required to permeate the stratum corneum. Freshly excised back skin (6mm 

diameter) from hairless mice was mounted on each Franz diffusion chamber and the 

investigational compounds were applied topically (epidermal side) via the donor 

chambers.  Fluorescence microscopy visualisation of the skin sections showed that 

αMSH–PPL[99]-Fluo penetrated the stratum corneum when applied at a concentration of 

10-3M.  However, the penetration results with αMSH–PPL[99]-Fluo were variable, with 

the intensity of fluorescence indicating weak penetration in some cases to very strong 
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staining in other cases, therefore the results of the αMSH–PPL[99]-Fluo and Fluo-αMSH 

treated skin samples were graded as no penetration, very weak, weak, moderate, strong 

and very strong penetration according to the different amounts of fluorescence observed 

(as demonstrated in figure 3.18).  The results of all the penetration experiments on mouse 

skin are listed in figure 3.19. Several batches of αMSH–PPL[99]-Fluo were tested for 

skin penetration experiments, which may account for the variation in the results. 

Compare to different batches of αMSH–PPL[99]-Fluo, first batch showed better 

penetration and reproducibility.  

A.    B    C    

     

    

                                                                                               

   
D    E    F 

 

 

 

 

 

 

 
G    H    I 

 

 

 

 

 

 

 

 

Figure 3.18 Penetration of αMSH-PPL[99]-Fluo and Fluo-ααααMSH into mouse skin.  

Fluorescence microscopy based analysis of skin penetration by αMSH-PPL[99]-Fluo 

showing samples of no penetration (A), very weak (B), weak (C), moderate (D), strong 

(E) and very strong (F) penetration.  Images G – H represent Fluo-αMSH treated skin 

samples which demonstrate no (G), weak (H) and moderate penetration (I). 
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Figure 3.19. Summary of mouse skin penetration with αMSH-PPL[99]-Fluo and 

Fluo-αMSH.  Results of penetration into hairless mouse skin by αMSH-PPL[99]-Fluo 

and Fluo-αMSH. The table include all the batches of αMSH-PPL[99]-Fluo used for skin 

penetration analysis. αMSH-PPL[99]-Fluo penetrated into murine skin in 35 of 60 

(58.3%) cases, whereas Fluo-αMSH only penetrated in 5 of 36 (13.9%) samples (p = 

0.001, Fisher exact test).   

 

Haematoxylin and eosin staining of several αMSH and αMSH–PPL[99]-Fluo treated 

mouse skin samples demonstrated a normal skin histology with an intact stratum corneum 

(figure 3.20), suggesting that the penetration of the αMSH–PPL[99]-Fluo compound had 

not been achieved as a result of a disrupted stratum corneum. 

      A.      B. 

             

    

 

 

 

 

 

 

 

Figure 3.20. Haematoxylin and eosin staining of Fluo-αMSH and α α α αMSH–PPL[99]-
Fluo treated mouse skin. Result showed that stratum corneum is not disrupted following 

treatment with Fluo-αMSH (A) and αMSH–PPL[99]-Fluo (B). 

 

 

Ex vivo skin penetration studies were also performed on human and pig skin using the 
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Franz’s diffusion chamber system.  Although these were carried out on a limited number 

of specimens, the results demonstrated that PPL was also able to transport αMSH into 

pig’s skin (only in few cases, see table 3.2) at a concentration of 10-3M following 3 hours 

incubation (figures 3.21 and 3.22).   

     Α.                    Β. 

 

 

 

 

 

    

 

 

 

  

       

Figure 3.21 Penetration of αMSH-PPL[99]-Fluo and Fluo-ααααMSH into pig skin.   

Fluorescence microscopy shows penetration of 10-3M αMSH-PPL[99]-Fluo (B) 

visualisation into pig’s skin following 3 hours culture with this compound but no visible 

penetration by 10
-3

M Fluo-αMSH (A). 
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Figure 3.22. Summary of pig skin penetration with αMSH-PPL[99]-Fluo and Fluo-

αMSH.  Results of penetration into pig’s skin by αMSH-PPL[99]-Fluo and Fluo-αMSH. 

αMSH-PPL[99]-Fluo penetrated into pig skin in 6 of 16 (37.5%) cases, whereas Fluo-

αMSH only penetrated in 1 of 6 (16.2%) samples (p=0.6158, Fisher exact test). 
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Similarly, fluorescein labelled αMSH-PPL[99] penetrated into human skin, whereas 

fluorescein labelled αMSH did not penetrate to the same extent (figures 3.23 and 3.24).  

    A.      B. 

   

     

 

 

 

 

 

 

 

 

  

Figure 3.23 Penetration of αMSH-PPL[99]-Fluo and Fluo-ααααMSH into human skin.    

Fluorescence microscopy demonstrates poor penetration of 10
-3

M Fluo-αMSH (A) into 

human skin following 3 hours incubation but good penetration by 10
-3

M αMSH–

PPL[99]-Fluo (B). 
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Figure 3.24 Summary of human skin penetration with αMSH-PPL[99]-Fluo and 
Fluo-αMSH.  Results of overall skin penetration into human skin by Fluo-αMSH and by 

αMSH-PPL[99]-Fluo. αMSH-PPL[99]-Fluo entered into human skin in 6 of 12 (50%) 

cases whereas Fluo-αMSH did not penetrate into the human skin samples (0 of 6 cases; p 

= 0.0498, Fisher exact test). 
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The skin penetration was also investigated by fluorescence microscopy using mouse skin 

which was frozen instead of fixed in paraformaldehyde following treatment with Fluo-

αMSH and separately αMSH-PPL[99]-Fluo in order to confirm that the previous skin 

penetration results were not due to a fixation artefact.  The results in the frozen skin 

sections showed that the αMSH-PPL[99]-Fluo penetrated into the epidermis and the 

dermis at 10
-3

M concentration, whereas Fluo-αMSH did not penetrate (Figure 3.25). 

A)      B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25. Penetration of fluoresceinated αMSH with or without PPL into mouse 

skin. Following treatment with investigational compounds mouse skin was frozen prior 

to the sections being cut. αMSH-PPL[99]-Fluo (B) penetrated into mouse skin which had 

not been fixed following culture with the investigational compound, whereas Fluo-αMSH 

(A) did not penetrate.  

 

In fact, the skin penetration results obtained from frozen skin sections indicated that 7 of 

12 skin samples were positive with weak to moderate staining for αMSH-PPL[99]-Fluo, 

whereas Fluo-αMSH did not penetrate into the skin except in one case which exhibited 

very weak staining. 

For statistical analysis, a fluorescence intensity of weak or greater taken to indicate entry 

of the substance into the skin.  Investigations on murine and human skin demonstrated 

that the PPL-conjugated αMSH penetrated to a greater extent than the αMSH in the 
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absence of the PPL carrier. Specifically, αMSH-PPL[99]-Fluo penetrated into murine 

skin in 35 of 60 (58.3%) cases, whereas Fluo-αMSH only penetrated in 5 of 36 (13.9%) 

samples (p = 0.001, Fisher exact test).  Similarly, αMSH-PPL[99]-Fluo entered into 

human skin in 6 of 12 (50%) cases whereas Fluo-αMSH did not penetrate into the human 

skin samples (0 of 6 cases; p = 0.0498, Fisher exact test). However, data obtained from 

pig’s skin penetration were not statistically significant (p=0.6158, Fisher exact test). 

 

3.3.4 Cytotoxicity analysis 

3.3.4.1.LDH assay 

 

To investigate the cytotoxicity of the test compounds a lactate dehydogenase (LDH) 

assay was performed; this assay measures the activity of LDH released from any sick or 

damaged cells. The assay was performed on B16G4F, HEK-293 and B16UWT-3 cell 

lines following 3 hours treatment with different concentrations of Fluo-αMSH–PPL[98], 

αMSH–PPL[98], αMSH, Fluo-PPL and Fluo-αMSH.  
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Figure 3.26. Cytotoxicity analysis.  LDH assay on A) B16UWT-3, B) HEK-293 and C) 

B16G4F cells following treatment with αMSH alone, αMSH-PPL[98], Fluo-αMSH 

(except B16G4F), Fluo-PPL and Fluo-αMSH–PPL. The assay was performed following 

3 hours incubation with the compounds at concentrations ranging from 10-5M to 10-8M. 

The data shown are the mean value of ratio + SEM of three experiments performed each 

in triplicates for B16UWT-3 and HEK-293, whereas in case of B16G4F data shown are 

mean value of ratio + SD of two experiments performed each in triplicates. 

 

 

Minimal toxicity was observed on all three cell lines with each of the compounds at 10
-

6
M to 10

-8
M, with slightly more cytotoxicity at 10

-5
M with some of the fluoresceinated 

compounds, however, there was no significant difference between the PPL-linked and the 

unconjugated αMSH compounds at this concentration (p = 0.184 and p=0.717, paired t-

test, for 10-5M αMSH-PPL[98] versus 10-5M αMSH alone in the case of the B16CWT-3 

and HEK-293 cells respectively (figure 3.26). 

 

3.3.4.2 Cells death analysis with propidium iodide (PI) 

Cell death was also determined with propidium iodide which is an exclusion dye 
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commonly used to stain dead cells, where it binds to DNA and after binding its 

fluorescence increases by 20-30 fold and can be detected by flow cytometry.  B16G4F 

and HEK-293 cells were incubated with various concentrations (10-7M to10-5M) of 

αMSH or αMSH-PPL[99] for 4 hours and 24 hours. Total 10,000 events were analysed 

and cell death was measured by the number of PI positive cells (figure 3.27).     

 

     

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27. Flow cytometry based toxicity investigation in B16G4F cells. Percentage 

of dead cells (propidium iodide positive cells) in cultures of B16G4F cells treated for 4 

hours (A) or 24 hours (B) with αMSH or αMSH-PPL[99] at concentrations ranging from 

10
-5

M to 10
-7

M. Ethanol was used as a positive control. The data shown are the mean 

value of ratio + SEM of three (right panel figure) or two (left panel figure) independent 

experiments performed each in duplicate. 

Following 4 hours treatment with the various concentration of αMSH-PPL[99] (n=3 

experiments), there was no significant increase in cell death as compared to αMSH (p = 

0.366, one way anova) (figure 3.27).  In addition, after 24 hours treatment no obvious 

difference in cell death was observed between the αMSH-PPL[99] and αMSH treated 

B16G4F cells; statistical analysis could not be performed because of the low number of 

repeats at this time point (n=2). HEK-293 cells showed a comparatively higher 

percentage of dead cells at 10
-5

M concentration of αMSH compared to αMSH-PPL[99];  
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again statistical analysis was not possible because of the low number of repeats (figure 

3.28). 

A.       B. 

 
 

Figure 3.28. Flow cytometry based toxicity investigation in HEK-293 cells. 

Percentage of dead cells (propidium iodide positive cells) in cultures of HEK-293 cells 

treated for 4 hours (A) or 24 hours (B) with αMSH or αMSH-PPL[99] at concentrations 

ranging from 10
-5

M to 10
-7

M. Ethanol was used as a positive control. The data shown are 

the mean value of ratio + SEM of two (right panel figure) or one (left panel figure) 

experiment performed each in duplicates. 
 

3.3.4.3 Cell death analysis after ultraviolet (UV) irradiation  

Skin can be exposed to UVR in sunshine and UVR can have various effects in the skin 

depending upon the dose/lenght of exposure.  Because PPL may have the potential to 

deliver compounds into skin; it was considered useful to know whether UVR exposure 

would increase the toxicity of the test compounds.  The effect of different concentration 

of αMSH or αMSH-PPL[99] on B16G4F cell viability following UVR treatment (TL-12 

lamp, 15 minutes ~ 735mJ/cm
2 

a moderate UVR dose, chosen after a series of different 

doses) was assessed by flow cytometry. B16G4F cells were treated with αMSH or 
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αMSH-PPL[99] at a concentration ranging from 10-5M - 10-7M for 3 hours, followed by 

irradiation with UVB for 15 minutes in PBS.  After UVB irradiation, the αMSH or 

αMSH-PPL [99] containing culture media was then added back and the cells were further 

incubated for 24 hours. The percentage of cell death was determined by the number of 

propidium iodide positive cells detected by flow cytometry. The results showed no 

obvious increase in toxicity following UV irradiation in αMSH- or αMSH-PPL[99]-

treated B16G4F cells (figure 3.29); statistical analysis was not performed because of low 

number of repeats. Cells were incubated with ethanol (as a positive control) for 5 minutes 

following detachment. 

 

 

 

 

 

 

 

 

Figure 3.29. Flow cytometry based toxicity investigation in B16G4F cells following 

UVR irradiation. Percentage of B16G4F cell death as measured by PI positive cells in 

the presence of various concentrations of αMSH or αMSH-PPL[99]. The data shown are 

the mean value of ratio + SEM of two experiments performed each in duplicates. 
 

3.3.5 Quantification of half life of fluorecsceinated compounds in vitro / “pulse 

chase” experiment 

The half life of the fluoresceinated compounds was assessed in vitro. Briefly, B16G4F 

cells were treated with αMSH-PPL[99]-Fluo for 3 hours, the cells were then washed and 
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left in fresh culture media (without test compound) for 1, 3, 5 and 24 hours and cells were 

analysed on FACS for intensity of fluorescence. The results based on shift in 

fluorescence suggested that approximately 60% of the compound was degraded or lost 

from the cell at 24 hours (half life approximately 18 hours) after removal of compound 

from the medium (figure 3.30).  

A.      B. (n=2) mean; +/- SD.  

 

  
 

 

Figure 3.30. Pulse chase/ half life quantification of αMSH-PPL[99]-Fluo.  A) 

B16G4F cells were treated with αMSH-PPL[99]-Fluo for 3 hours then mean fluorescence 

intensity of cells was measured following 1 hour (green empty histogram), 3 hour (blue 

empty histogram), 5 hour (violet empty histogram) and 24 hour (orange empty histogram) 

after removal of the compound from the medium and compared against 3 hours treatment 

(black empty histogram) with αMSH-PPL[99]-Fluo but without a washout period. Red 

filled histogram shows the untreated cells. B) Graph showing the percentage mean 

fluorescence intensity of cells following various periods after washout of compound in 

comparison with 3 hour treatment without washout (which was considered as 100%). 

 

3.3.6 Anti-staphylococcal activity of αMSH, αMSH analogues and αMSH-PPL[99] 

S aureus can infect skin and cause impetigo and staphylococcal scalded skin syndrome.  

αMSH is reported to have anti-staphylococcal activity (Cutuli et al. 2000), therefore PPL 

might be useful to deliver αMSH into skin to target this organism and might even have 

greater anti-staphylococcal activity if the toxicity against S aureus is dependent on the 

ability of αMSH to get inside the organism.  For comparison, the anti-staphylococcal 
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properties of αMSH and αMSH analogues (SHU9119, NDP-αMSH and MTII) were 

investigated as well as αMSH-PPL[99].  Briefly, one million colony forming unit (CFU) 

of bacteria were incubated with 10-5M concentration of the appropriate compounds for 6 

hours and 24 hours in proteose-peptone broth.   

With the exception of αMSH and 6 hours treatment with NDP-αMSH, all compounds 

significantly (one way anova) inhibited the growth of S aureus at 6 hours and 24 hours;  

αMSH-PPL[99] had a greater effect than αMSH alone but did not seem any more 

effective than some of the other compounds (e.g. SHU9119 at 24 hours) (figure 3.31).  

   

Figure 3.31. Anti-staphylococcal activity of various compounds.  Effects of αMSH, its 

analogues and αMSH-PPL[99] on Staphylococcal aureus viability (measured as number 

of colony forming units) at 6 hours (A) and 24 hours (B). The data shown are the mean 

value of ratio + SEM of three experiments performed each in triplicates (*p≤0.05, ** 

p≤0.001,*** p≤0.0001). 

 

3.4 Discussion 

In this chapter the ability of a new carrier molecule, polypseudolysine (PPL), to deliver 

the neuropeptide αMSH into cells and skin was investigated. The results suggest that PPL 
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can deliver αMSH into various cells and skin and the limited toxicity investigations imply 

that PPL is not particularly toxic. Initially, in the skin penetration studies both Fluo-

αMSH-PPL[98] and  αMSH-PPL[99]-Fluo were used, however, αMSH-PPL[99]-Fluo 

was found to be more efficient at entering into the skin.  Co-localisation studies with 

different cell markers would be necessary to confirm which cell types of the skin it gets 

in. Thus it is possible that the structure of the linked compounds, in particular the way the 

compound is attached to the cargo molecule, plays an important role in the efficiency of 

the transport of the cargo molecule.  It is notable that the concentrations of the 

compounds required for the skin penetration studies were higher than the concentrations 

in the cell penetration investigations.  However, many existing commercially available 

topical formulations contain concentrations of drugs which are likely to be in the 10-1M 

to 10
-3

M range.  For example, pimecrolimus which is used to treat atopic eczema is 

available as a 1% cream (trade name Elidel as listed in the British National Formulary 

50
th

 edition).  In addition, a landmark paper on CPP based skin delivery using 

polyarginine as a carrier molecule also reported the delivery of cyclosporine into mouse 

skin at 10
-3

M concentration (Rothbard et al. 2000). It is possible that concentrations 

lower than 10-3M of αMSH-PPL[99]-Fluo may also penetrate the skin, however, the 

detection methods used in this study were not sensitive enough to measure this.  In most 

of the previous published work on CPP based topical delivery, an immunohistochemical 

detection method was used for the detection of the conjugate within skin (Rothbard et al 

2000, Park et al 2002, Robbins et al 2002, Lim et al 2003, Lee et al 2005, Lopes et al 

2005). By contrast, in this study a fluorescence signal was used for the detection of the 

compounds, however, fluorescein (molecular weight 332 Daltons) itself is an additional 
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molecule which might also have an effect on the structure of the compound.  Because of 

the reliance on a fluorescence signal and the limitations of detection by microscopy, it 

was difficult to know in cases where very weak or no fluorescence was observed if the 

compound had penetrated, so it is possible that this might explain some of the variability 

in the skin penetration results. Additional investigations such as mass spectrometric 

examination of epidermal and dermal skin sections for the presence of the compound or 

immunohistochemical detection of the compounds using specific antibodies against the 

cargo molecule might increase the sensitivity.  The variation in the skin penetration 

results observed in the mouse, pig and human skin studies was unlikely to be due to 

experimental error because measures were taken to minimise variation (such as using the 

same set-up, including pre-incubation of the skin in the chamber with PBS before adding 

the investigational compound and incubating at the same temperature in each 

experiment). Another source of variation could be because a few different batches of PPL 

compounds were used in this project, and the penetration observed with the first batch of 

PPL was better than that seen with the remaining batches. According to the chemist who 

was involved in the synthesis and purification of the PPL compound, each time the PPL 

conjugated compound was synthesised differently (because the synthesis formed part of a 

PhD thesis for the chemist).  However, while that might explain some of the differences 

in penetration between the mouse, pig and human skin studies (the pig and human skin 

work was performed later than the mouse skin experiments), it would not explain much 

of the variability within the same experiment and between successive experiments.   

One potential obstacle in CPP mediated delivery is the fact that the peptide should ideally 

transport the cargo into the cell and/or skin before they are metabolically 
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cleaved/degraded and the active (cargo) molecule should ideally remain in the cell/skin 

long enough to reduce the requirement for multiple daily dosing (Trehin et al. 2004).  

There are few studies published examining the metabolic stability of CPPs and their half-

lives.  Shen and Ryser have shown that poly-D-lysine is more stable than poly-L-lysine in 

respect of methotrexate delivery (Shen & Ryser 1979). Lindgren et al showed metabolic 

stability of peptides in the following order transportan>transportan10 (a analogue of 

transporter)>penetratin (Lindgren et al. 2004). Recently another investigation of the half-

life of Tat, penetratin and human calcitonin derived sequences (hCT) was performed by 

Trehin et al on epithelial models (MDCK, Calu-3 and the TR146) using mass 

spectrometry (Trehin et al. 2004). In their study the half life of the compounds varied 

(Tat = 9-20 hours, penetratin= 1-8 hours and hCT= 30 minutes – 6 hours) depending on 

the epithelial model used.  The fluorescence results of the αMSH-PPL[99]-Fluo 

compound in the B16G4F cell line in this study suggests that the compound was fairly 

stable with a half-life estimated to be approximately 17 hours. However, this assumes that 

the decrease in the intracellular fluorescence following wash-out of the compound is an 

indicator of the degradation of the full compound, but it is possible that only the 

fluorescein degrades and the αMSH-PPL remains stable for a longer period or 

alternatively that the αMSH was cleaved from the carrier at an earlier stage and has or has 

not already been degraded.  Therefore, more studies would be required to test this, for 

example mass spectrometry of cell lysates following wash-out of the compound to 

determine the amount of αMSH, αMSH-PPL and αMSH-PPL-Fluo remaining in the cell.  

In addition, the stability of the investigational compounds in skin has not yet been 

examined;  it could be assumed that, once the compounds penetrate the stratum corneum 
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barrier, the half-life of the compounds within the skin cells would be similar to the in 

vitro cell results, but it is possible that this would not be the case. 

The preliminary toxicity results based on the LDH assay and PI staining of cells indicated 

that the PPL conjugated compound has little or no toxicity greater than that of αMSH 

alone. Although the skin penetration of Fluo-linked αMSH-PPL[99] was evident at 10
-

3
M, the toxicity analysis of the compound at this concentration was not performed 

because it was thought that only a small fraction of the compound actually penetrated the 

stratum corneum and translocated into the epidermis and dermis; this assumption was 

based on the fact that the intensity of fluorescence observed with 10
-5

M of the compound 

in the cells was comparable to that seen with 10-3M in the skin. However, in order to 

investigate the toxicity of the compound in greater detail, in vivo studies (e.g. applying 

the test compounds topically to mouse skin in vivo) will be required.  

Several studies has been published on the anti-staphylococcal and anti-candidal activity 

of αMSH (Catania et al. 2000; Cutuli et al. 2000; Grieco et al. 2003). Because of the poor 

ability of αMSH to cross the stratum corneum, experiments were performed to investigate 

whether a PPL based approach might be useful to target S. aureus within the skin. 

Despite the observation that αMSH-PPL has more anti-staphylococcal activity compared 

to αMSH alone, the anti-staphylococcal activity was probably not sufficient to make it 

useful as a therapeutic compound.   

In summary, the work in this chapter indicates that PPL can transport αMSH into cells 

and skin, suggesting that PPL may also have the potential to enable the topical delivery of 

other molecules and compounds.  Investigations using another cargo molecule attached to 

PPL (as outlined in the next chapter) could determine whether the ability of PPL to 
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transport αMSH into cells and skin was based on the unique chemistry / structure of the 

αMSH-PPL compounds or due to a more universal ability of PPL to deliver cargo 

molecules across cell membranes and the stratum corneum. 
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Chapter 4: PPL-PNA targeted against tyrosinase 

4.1 Introduction 
It was shown in the previous chapter (chapter 3) that the novel CPP-based carrier 

molecule, PPL, delivered αMSH into cells and skin.  The aim of the work presented in 

this chapter is to investigate the ability of PPL to transport another type of cargo 

molecule, i.e. an antisense agent, into cells and skin.  Topical delivery of an antisense 

agent could be a useful approach to treat many skin diseases. For example, Citro et al 

have shown that a combination of cisplatin (a chemotherapeutic drug) and an antisense 

targeting c-myc led to a profound inhibition of the growth of melanoma cells in vitro, thus 

the topical treatment of secondary melanomas with antisense agents such as this might be 

an effective treatment in the longer term future (Citro et al. 1998). Interestingly, Mehta et 

al showed that the topical application of an oligonucleotide (ON) antisense to human skin 

which had been grafted onto SCID mice downregulated the expression of its target gene, 

intercellular adhesion molecule-1 (Mehta et al. 2000). Sakamoto et al also demonstrated 

that iontophoretic delivery of an oligonucleotide (ON) targeted to the IL-10 mRNA 

improved the skin lesions in a murine atopic dermatitis model (Sakamoto et al. 2004).  

The advantages of the cutaneous delivery of ONs over systemic delivery include direct 

access to the target cells within the skin and the potential for less toxicity.  Amongst the 

many functions of skin, one function is to generate melanin pigmentation to protect the 

skin from UVR.  Tyrosinase is one of the main enzymes responsible for melanin 

pigmentation and is encoded by the tyrosinase (Tyr, TYR) gene.  The benefits of targeting 

the Tyr gene in an assessment of the ability of PPL to transport an antisense compound 

into cells and skin include the fact that, in the adult, this gene is not thought to be 
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involved in controlling any other vital cell functions, its activity is restricted to the skin 

and an antisense effect could be observed directly as a decrease in cell pigmentation.  It is 

also possible that an anti-tyrosinase agent could be useful to treat hyperpigmentation and 

skin disorders like melasma in the clinic or as a skin lightening agent for cosmetic 

reasons.  Therefore tyrosinase mRNA was selected as the target to assess the efficacy of 

PPL to deliver an antisense peptide nucleic acid (PNA) into melanoma cells and into skin.   

In most of the antisense investigations in the literature to date, the translational start site 

is the most frequently targeted site for optimum gene inhibition.  For example, in one 

study, 11mer PNA that targeted the translational start region of the death-signalling p75 

neutrotrophin receptor (p75NTR) mRNA significantly downregulated its expression 

(Bonham et al. 1995). Another study by Mologni et al showed an 80% and 54% 

inhibition of bcl-2 gene expression with PNA targeting the start codon and the 5’ 

untranslated region (UTR) respectively (Mologni et al. 1999).  The translational start site 

was also used by Boonanuntanasarn et al (2004) to target tyrosinase mRNA for the 

successful inhibition of pigmentation in a fish model.  Although CPPs (such as penetratin, 

transportan and Tat) have been shown to deliver antisense agents into cells, no one has 

reported on a CPP-based delivery of an antisense agent into the skin.  However, more 

efficient delivery of antisense molecules into skin might be possible with the use of a 

CPP-based approach, therefore a PPL-conjugated antisense ON and a PPL-conjugated 

antisense PNA were generated with the aim of switching off tyrosinase gene function.  
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4.2 Materials and Methods 

4.2.1 Antisense compounds:  The compounds used in this study to target the 

translational start site of the mouse tyrosinase mRNA are listed in chapter 2 under section 

2.1, and include a 19mer-antisense ON (with and without PPL) and 9mer-, 12mer- and 

15mer-antisense PNAs (with and without PPL, and with and without fluorescein to 

visualise the compound as required).  The antisense sequences were complementary to 

the sense strand of the murine Tyr gene so that it would target the Tyr mRNA sequence 

(see figure 4.1) because the work in chapter 3 suggested that PPL carries its cargo into the 

cytoplasm (where it would meet the mature mRNA going to the ribosome) but not into 

the nucleus or only to a limited extent into the nucleus. 

 

Tyrosinase mRNA  

 

 

 
Figure 4.1. Target sequence within tyrosinase mRNA. Sequence within the 1st exon of 

tyrosinase mRNA targeted by the 9merPNA, 12merPNA, 15merPNA and 19merON 

complementary sequences.  

exon1 exon3 exon4 exon5 exon2 

5’-AAGGAGAAAATGTTCTTGGCTGTTTTGTAT-3’  

3’-TTCCTCTTTTACAAGAACC-5’ Antisense 19mer 

3’-TTCCTCTTT-5’ 

3’-TTCCTCTTTTAC-5’ 

3’-TTCCTCTTTTACAAG-5’ Antisense 15mer 

Antisense 12mer 

Antisense 9mer 

Antisense 19mer 
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4.2.2 Melanin assay: The intracellular melanin content of B16F10 cells was measured 

spectrophotometrically and compared against standard synthetic mushroom melanin as 

per sections 2.4 and 2.4.1. The effects of the 12merPNA, 15merPNA, 12merPNA-PPL 

and 15merPNA-PPL on melanin synthesis were measured after 48 hours of culture with 

these compounds. 

 

4.2.3 Tyrosinase assay: Tyrosinase enzyme activity was measured 

spectrophotometrically and compared against standard mushroom tyrosinase. The effects 

of the 15merPNA and 19merON (with and without PPL) were measured after 48 hours 

and 96 hours of culture with these compounds on B16F10 and S91 cell lines respectively 

(as per material and methods section 2.14). 

 

4.2.4 Western Blotting: B16F10 and S91 cells were analysed for the presence of 

tyrosinase protein using western blotting. For detailed protocol, see material and methods 

section 2.13. 

 

4.2.5 Confocal microscopy:  Confocal microscopy was used for the detection of the 

penetration of fluorescein-conjugated PNA-PPL into a B16F10 cell line in vitro (as per 

material and methods section 2.6). 

 

4.2.6 Franz diffusion chamber / Fluorescence microscopy: Franz diffusion chamber 

was employed for the detection of ex vivo skin penetration of fluorescein-conjugated 

PNA-PPL into mouse and human skin (as outlined in material and methods section 2.11). 
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4.3 Results 
 

4.3.1 Design of antisense compounds 

In the designing of an antisense compound, it is critical to choose a sequence that binds 

efficiently to the target mRNA sequence of interest and to make sure that the sequence 

has no significant homology or complimentarity with other DNA/mRNA sequences. As 

outlined above in the introduction to this chapter, literature searches indicated that the 

translational start site of an mRNA is the most commonly used target for optimum 

inhibition by an antisense agent.  However, the length of an antisense sequence is also a 

critical factor for efficient inhibition, for example, a 20merPNA complementary to the 

SV40 large T antigen mRNA showed 50% inhibition in its expression compared to 40% 

for a 15merPNA and no inhibition for a 10mer PNA (Hanvey et al 1992).  Another 

parameter which was also considered in designing an effective antisense agent included 

the avoidance of four contiguous guanosine residues in the sequence because these might 

form an G-quartet and result in undesirable side effects (Matveeva et al. 2000).  In 

addition, CG dinucleotides are frequently found in viral and bacterial DNA, therefore 

CpG motifs were avoided,in the sequence because the CG motif might stimulate immune 

responses during later in vivo experiments (Krieg et al. 1995; Cowdery et al. 1996).  

Furthermore, PNAs rich in GC (purine) motifs should be avoided because it might 

adversely affect its solubility (Koppelhus & Nielsen 2003).  Following consideration of 

all these points, several antisense sequences were designed to target the translational start 

site of the tyrosinase mRNA and a BLAST database search was carried out on each 

sequence to avoid significant similarity with other known mRNA / DNA sequences.   
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4.3.2 Tyrosinase activity of melanoma cell lines  

In order to develop a suitable system to measure the antisense activity of the PPL-

conjugated compounds, initially the tyrosinase activity of two mouse melanoma (S91 and 

B16F10) cell lines was investigated in the presence of various pigmentation stimuli, 

including αMSH, forskolin, 3-isobutyl -1-methylxanthine (IBMX);  forskolin activates 

cAMP by interacting with its catalytic subunit (Seamon et al. 1981), whereas IBMX is an 

inhibitor of phosphodiesterase which degrades cAMP (Fuller et al. 1993).  Higher basal 

tyrosinase activity was observed in the B16F10 cells than in the S91 cells.  An increase in 

tyrosinase activity was observed in the presense of the various stimuli in both these cell 

lines, with higher increases observed in the B16F10 cells.  Moreover, 10-6M αMSH 

stimulated tyrosinase more than 10-3M IBMX and 10-6M forskolin in the B16F10 line; 

tyrosinase activity was also greater in the S91 cell line after treatment with 10
-6

M αMSH 

than following 10
-3

M IBMX but was equipotent to 10
-6

M forskolin in these cells (figure 

4.2).  A HaCaT keratinocyte cell line was included as a negative control and, as expected, 

did not show any tyrosinase activity. Because of greater tyrosinase activity, initially 

B16F10 cells were chosen for further antisense investigation. 
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Figure 4.2. Tyrosinase activity in different cell lines. Tyrosinase activity (basal and 

following addition of 10
-5

M forskolin, 10
-3

M IBMX and 10
-6

M αMSH) in S91, B16F10 

and HaCaT cells. B16F10 and HaCaT cells were stimulated for 48 hours, whereas S91 

cells were incubated for 5 days. Datas are the mean of tripicates well from a single 

experiment. 

 

Western blotting with an anti–tyrosinase primary antibody (α-PEP7) at a dilution of 

1:2000 was also used to detect the presence of tyrosinase protein in the B16F10 and S91 

cells. Tyrosinase was easily detected in the B16F10 cells after 2 days culture, but S91 

cells are less pigmented than B16F10 cells and it was difficult to detect a basal level of 

tyrosinase in the S91 cells after 5 days in culture.  Therefore 10
-6

M αMSH was added to 

stimulate the production of tyrosinase in the S91 cells, but despite the presence of a 

tyrosinase band in the αMSH-treated S91 cells, more tyrosinase protein was observed in 

the unstimulated B16F10 cells than in the αMSH-stimulated S91 cells (figure 4.3).  
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Figure 4.3. Detection of tyrosinase protein in melanoma cells. Western blot 

demonstrating the presence of tyrosinase in αMSH treated S91 cells and in B16F10 cells 

following 5 days and 2 days culture respectively. α-PEP-7 antobody at a dilution of 

1:2000 was used to detect the presence of tyrosinase protein and representative image 

from one of the three independent experiments are shown. 

 

Based on the levels of tyrosinase protein / activity, and the ease of inducing tyrosinase 

activity in these lines, it was considered that the B16F10 and S91 cell lines were likely to 

be appropriate for the study of the antisense activity of the PPL-conjugated compounds. 

However, it was thought best to avoid testing the antisense effects in cells with too little 

tyrosinase activity and also in cells in which the tyrosinase was over-stimulated, thus a 

dose response study with a range of concentrations of αMSH was performed on B16F10 

cells in order to select a suitable level of tyrosinase activity for future studies.  An 

increase in tyrosinase activity was observed for concentrations higher than 10-10M αMSH 

(figure 4.4) in each of the three separate experiments.  
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Figure 4.4. Tyrosinase activity in B16F10 cells following increasing doses of αMSH. 

Tyrosinase activity in B16F10 cells treated with a range of doses of αMSH in comparison 
with no treatment.  Note that there is an increase in tyrosinase activity at αMSH 

concentrations of 10-10M and above; the decrease in tyrosinase activity at 10-6M in 

comparison with 10-9M to 10-7M might be due to growth inhibition of B16F10 cells by 

10-6M αMSH (as per the greater inhibition of proliferation of wild type MC1R transfected 

B16G4F cells by 10
-6

M αMSH in Robinson & Healy, 2002). The data shown are the 

mean ± SEM of three experiments performed each in triplicate. 
 

 

 

A dose response melanin assay was also performed in B16F10 cells following stimulation 

with different concentrations (10-12M to 10-8M) of αMSH.  A dose dependent increase in 

melanin pigmentation was observed in each of three separate experiments (figure 4.5).  

Based on the results of the melanin and tyrosinase dose response assays, 10
-10

M αMSH 

was selected to stimulate tyrosinase activity / melanin pigmentation in subsequent 

experiments on B16F10 cells. 
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Figure 4.5. Meanin synthesis in B16F10 cells follwing increasing doses of αMSH.  
Melanin assay showing an increase in pigmentation of B16F10 cells in a dose dependent 

manner (except 10-9M) following treatment with different concentrations (10-8M to 10-

12M) of αMSH. The data shown are the mean ± SEM of three experiments performed 

each in triplicate. 

 

4.3.3 Antisense activity of 15merPNA-PPL targeted against mouse tyrosinase 

The ability of the 15merPNA-SS-PPL to inhibit tyrosinase activity was investigated. 

Briefly, B16F10 cells were cultured in 96-well plates with or without 10
-10

M αMSH, and 

different concentrations (10
-7

 to 10
-5

M) of 15merPNA-SS-PPL. Analysing the group 

overall, αMSH-stimulated tyrosinase activity was significantly inhibited by 15merPNA-

SS-PPL (p≤0.05, One Way ANOVA, figure 4.6), however individual concentration did 

not appear significant compare to αMSH stimulation  but a reduction in tyrosinase 

activity was observed in each of three separate experiments (figure 4.6).  No inhibition of 
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tyrosinase activity was seen with PNA plus αMSH treatment (i.e. PNA which had not 

been conjugated to PPL). A paired t-test was also performed to analyse the data, which 

showed significant (p≤0.003, paired t-test, fig 4.6) reduction in tyrosinase activity by 

15merPNA-SS-PPL when compared to PNA plus αMSH (but not with αMSH alone). 

 

 

 

Figure 4.6. Effect of 15merPNA-SS-PPL on αMSH-induced tyrosinase activity in 

B16F10 cells.  Different doses (10-5M to 10-7M) of In contrast to PNA alone, 15merPNA-

SS-PPL were analysed for the reduction in tyrosinase activity in B16F10 cells. The 

results showed a reduction in αMSH-stimulated tyrosinase activity following treatment 

with 15merPNA-SS-PPL. The data shown are the mean ± SEM of three experiments 

performed each in duplicate. 
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The ability of 15merPNA-SS-PPL to inhibit αMSH-induced melanin synthesis in the 

B16F10 cell line was investigated.  Intracellular melanin was measured after 48 hours 

following the addition of 10-5M 15merPNA-SS-PPL and separately 15merPNA. 

Compared to αMSH alone or PNA plus αMSH treatment, the 15merPNA-SS-PPL 

significantly inhibited the αMSH stimulated melanin production (p≤0.001, One Way 

ANOVA, p≤0.001 and p≤0.009, paired t-test compare to αMSH alone or PNA plus 

αMSH treatment respectively, figure 4.7).    

 

 

Figure 4.7. Effect of 15merPNA-SS-PPL on αMSH-induced melanin synthesis in 

B16F10 cells. 15merPNA-SS-PPL at 10
-5

M significantly inhibited αMSH-induced 

pigmentation of B16F10 melanoma cells whereas 15merPNA in the absence of the PPL 

carrier did not.  Upper panel shows cells pellet from a single representative experiment 

after culture for 48 hours.  The data shown in lower panel are the mean ± SEM of three 

experiments performed each in duplicate. 
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The antisense activity of 15merPNA-SS-PPL was also investigated on S91 cells using the 

melanin assay readout.  10-9M αMSH was used as a stimulus in this case because the S91 

cells are less pigmented than B16F10 cells. Compared to αMSH alone or PNA plus 

aMSH treatment, a decrease in αMSH-induced pigmentation was seen with the 

15merPNA-SS-PPL in each of three separate experiments, although the overall reduction 

from the three experiments was not statistically significant (p>0.05, One Way ANOVA, 

p≤0.09 and p≤0.11, paired t-test compare to αMSH alone or PNA plus αMSH treatment 

respectively, figure 4.8). PNA alone did not have an inhibitory effect on αMSH 

stimulated S91 cells pigmentation.  
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Figure 4.8. Effect of 15merPNA-SS-PPL and 15merPNA on αMSH-stimulated 

pigmentation in S91 cells. 15merPNA-SS-PPL at 10
-5

M inhibited αMSH-induced 

pigmentation from each of three separate experiments, whereas 15merPNA in the 

absence of the PPL carrier did not. Upper panel shows cells pellet from a single 

representative experiment after culture for 96 hours.  The data shown are the mean ± 

SEM of three experiments performed each in duplicate. 

 

A version of the 15merPNA linked to PPL by a maleimide linker (15merPNA-M-PPL) 

was also generated by the chemists.  To investigate the antisense activity of the 

15merPNA-M-PPL compound, an αMSH-stimulated melanin assay was performed using 

the B16F10 cell line.  Compared to αMSH alone or PNA plus aMSH treatment, a 
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reduction in αMSH-stimulated pigmentation was observed in each of three separate 

experiments with 10-5M 15merPNA-M-PPL, but the overall results of the three 

experiments were not statistically significant (p>0.05 or paired t-test, figure 4.9).  

15merPNA alone had no effect on αMSH-stimulated pigmentation (figure 4.9). 

 

 

 

 

 

 

 

 

 

                   
 

 

 

 

 

Figure 4.9. Effect of 15merPNA-M-PPL and 15merPNA on αMSH-stimulated 

pigmentation in B16F10 cells.  Melanin assay results of αMSH-induced melanin 

pigmentation in B16F10 cells with 10
-5

M 15merPNA-M-PPL and 10
-5

M 15merPNA.  

Each of three separate experiments is represented by different coloured symbols and 

mean of three experiments (performed each in duplicate) is shown as black line.  

 

 

4.3.4 Antisense activity of 12merPNA-PPL targeted against mouse tyrosinase 

To examine whether a 12merPNA conjugated to PPL (12merPNA-PPL) could inhibit 

tyrosinase activity/melanin pigmentation, a melanin assay was performed on both 

B16F10 and S91 cells following stimulation with αMSH.  The results showed that 10
-5

M 
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12merPNA-PPL significantly inhibited 10
-10

M αMSH-induced melanin synthesis by 

B16F10 cells as compared to αMSH alone or PNA plus αMSH (p≤0.05, One Way 

ANOVA, p≤0.004, paired t-test compare PNA plus αMSH treatment, figure 4.10).  

 

Figure 4.10. Effect of 12merPNA-PPL and 12merPNA on αMSH-stimulated 

pigmentation in B16F10 cells.   A melanin assay was performed to investigate the 

antisense activity of 12merPNA-PPL on αMSH-stimulated B16F10 cells. As compared to 

αMSH treated cells, αMSH stimulated pigmentation of B16F10 cells was significantly 

inhibited by the 12merPNA-PPL. The data shown are the mean ± SEM of four 

experiments performed each in duplicate. 

 

 

As compared to PNA alone, the αMSH-stimulated S91 cell pigmentation was inhibited 

by 12merPNA-PPL at 3x10
-5

M concentration  (p≤0.05, One Way Anova and p≤0.018 

paired t-test, figure 4.11) however in comparison to αMSH alone the inhibition of αMSH-

stimulated pigmentation were not significant but a reduction in melanin was observed in 

each of three separate experiments.  A reduction in pigmentation was also observed at a 
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10
-5

M concentration of 12merPNA-PPL in each of three separate experiments, but this 

was not statistically significant (figure 4.11).  

 

              

Figure 4.11. Effect of 12merPNA-PPL and 12merPNA on αMSH-stimulated 

pigmentation in S91 cells. Two different concentrations (10
-5

M and 3 x10
-5

M) of 

12merPNA and 12merPNA-PPL were investigated for antisense activity in a melanin 

assay on S91 cells. As compared to 12merPNA alone but not with αMSH, the αMSH-

stimulated S91 cell pigmentation was significantly inhibited by 12merPNA-PPL at 3x10
-

5
M concentration. The data shown are the mean ± SEM of four experiments performed 

each in duplicate. 

 

4.3.5 Cytotoxicity investigation 

The LDH assay was performed on S91 cells to determine cytotoxicity following 

treatment with 10
-5

M and 3 X 10
-5

M of 12merPNA, 15merPNA, 12merPNA-PPL, and 

15merPNA-PPL for 3 hours. The results suggest that PPL conjugated PNA and PNA 

alone were minimally or non toxic (figure 4.12). 
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Figure 4.12. Toxicity investigation. Results of LDH assay which was performed to 

investigate the cytotoxicity of S91 cells following treatment with 12merPNA, 

15merPNA, 12merPNA-PPL and 15merPNA-PPL. S91 cells showed minimal or no 

toxicity at the two different concentrations of the 12merPNA, 15merPNA, 12merPNA-

PPL and 15merPNA-PPL which were tested. The data shown are the mean ± SEM of two 

experiments performed each in triplicate. 

 

 

4.3.6 In vitro cells penetration investigation 

 

Although fluorescein-conjugated 15merPNA-SS-PPL and 15merPNA-M-PPL had been 

synthesised by the chemists, these compounds would not dissolve completely and could 

not be used for cell (and skin) penetration studies. Therefore, cell penetration 

investigations were carried out with fluoresceinated PNA-PPL, in which the PNA was 

directly coupled to PPL instead of using a disulfide or a maleimide linker.  B16F10 cells 

were used to investigate the in vitro penetration with fluorescein-linked 

9mer/12mer/15merPNA-PPL. The confocal microscopy results showed that PPL can 

deliver PNA (irrespective of its length) into B16F10 cells (n=2 in duplicates), but this 
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was at a concentration of 10
-4

M (figure 4.13). Fluorescein-conjugated PNA without PPL 

penetrated poorly into the cells (n=2 in duplicates). 

Fluo-15merPNA-PPL    Fluo-15merPNA 

   

Fluo-12merPNA-PPL    Fluo-12merPNA 

   

Fluo-9merPNA-PPL    Fluo-9merPNA 

   
 

Figure 4.13. Cell penetration of 9mer, 12mer, 15merPNA with or without PPL in 

live B16F10 cells, subsequently fixed in PFA. Confocal microscopy (Z-plane) indicates 

that fluorescein-conjugated PNA-PPL compounds (10-4M for 3 hours) can penetrate into 

B16F10 cells.  TO-PRO-3 counterstaining of nuclei (seen as red) shows that the PPL-

conjugated compounds have entered into most cells.  Fluorescein conjugated PNA did not 

penetrate into the cells. Images were taken at 40x magnification with a scale bar of 75µm. 
 

 

Cell penetration investigations were also performed on live unfixed B16F10 cells with 
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12merPNA-PPL and 15merPNA-PPL. The results demonstrated that the 12merPNA-PPL 

and 15merPNA-PPL penetrated into live cells (n=2 in duplicates) following 3 hours 

incubation at 10-4M (figure 4.14). 

 
 

Figure 4.14. Cell penetration of 9mer, 12mer, 15merPNA with or without PPL in 

live unfixed B16F10 cells. Confocal microscopy demonstrated that fluorescein-

conjugated 12merPNA-PPL (b) and 15merPNA-PPL (d) penetrated into the majority of 

live unfixed B16F10 cells, whereas fluorescein-conjugated 12mer PNA (a) or 15merPNA 

(c) without PPL did not internalise. Trans-illuminated images (for each treatment) 

indicate the presence of the cells in the field of view.  Microscopy was performed after 

the cells were incubated with 10
-4

M of the compounds for 3 hours. Images were taken at 

40x magnification with a scale bar of 75µm. 

 

 

4.3.7 Ex vivo skin penetration investigations 

 

To examine the ability of PPL to carry PNA into the skin, ex vivo skin penetration studies 

in a Franz diffusion chamber were performed.  The results demonstrated that 

fluoresceinated PNA-PPL compounds (10
-3

M for 3 hours) penetrated into the mouse skin 

whereas fluorescein-conjugated PNA did not (figure 4.15).  
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Fluo-12merPNA(PFA)    Fluo-12merPNA-PPL(PFA) 

A. 

 

 

   

 

Fluo-12merPNA(Frozen)    Fluo-12merPNA-PPL(Frozen)  

 

B. 

 

 

 

 
Fluo-15merPNA(PFA)    Fluo-15merPNA-PPL(PFA) 

 

C. 

 

 

 

 

Fluo-15merPNA(Frozen)    Fluo-15merPNA-PPL(Frozen) 

 

D. 

 

 

 

 

 

Figure 4.15. Penetration of 12mer and 15merPNA with or without PPL into mouse 

skin. After treatment skin was either fixed in PFA or frozen prior to sections being cut. 

Results indicated that fluorescein labelled 12merPNA-PPL penetrated into the epidermis 

and dermis of mouse skin (A and C), whereas 15merPNA-PPL penetrated mainly into the 

epidermis (B and D). Fluorescein labelled PNA without PPL did not penetrate 

appreciably into the epidermis or dermis.  

 

 

Fluo-12merPNA-PPL 

Fluo-12merPNA 
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Interestingly, the skin penetration of the Fluo-15merPNA-PPL seemed to be mainly 

confined to the epidermis whereas the Fluo-12merPNA-PPL was observed in both the 

epidermis and dermis.  The overall ex vivo topical penetration events in mouse skin are 

summarised in figure 4.17.  Weak to moderate penetration of PPL conjugated 15merPNA 

was evident in both paraformaldehyde and frozen unfixed mouse skin, however, strong or 

very strong penetration of 15merPNA-PPL was seen only in paraformaldehyde-fixed 

tissues.  In a few cases the pattern of fluorescence suggested that the PPL-conjugated 

compounds may have entered into/by the skin’s  appendages.  The ex vivo skin 

penetration studies were also carried out in human skin. As compared to fluoresceinated-

PNA alone, fluoresceinated-12merPNA-PPL penetrated into human skin (n=2) at a 

concentration of 10
-3

M after 3 hours incubation time.  In contrast to the skin penetration 

of this compound in mouse skin (figure 4.15), the 12merPNA-PPL mainly localised into 

the epidermis (figure 4.16). 

A)      B) 

 

 

 

 

 

 

Figure 4.16. Penetration of 12mer with or without PPL into human skin, 

subsequently fixed in PFA.  PPL-conjugation enhances the penetration of 12merPNA 

(B) into human skin, whereas 12merPNA alone (A) did not penetrate to the same extent. 
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Figure 4.17. Penetration of 15merPNA or 15merPNA-PPL into mouse skin. 

Summary of penetration skin events of fluoreceinated 15merPNA or 15merPNA-PPL on 

both fixed and frozen mouse skin.  

 

4.4.8 Antisense oligonucleotide targeted against the mouse tyrosinase 

During the synthesis of the PNA-PPL compounds, a limited amount of a PPL-linked 

19mer antisense oligonucleotide (ON) was generated by the chemists because it was 

considered worthwhile conjugating the PPL to commercially synthesised ON as a proof 

of concept for being able to attach PPL to antisense molecules generated by other 

companies. The ON was linked to the PPL in two ways, i.e. via a single sulfide linker and 

via a disulfide linker. To investigate the basal and αMSH (10-10M) stimulated antisense 

activity of 19merON-S-PPL / 19merON-SS-PPL, a tyrosinase assay was performed on 

the B16F10 cell line (n=3 in duplicates wells). Although a mild reduction in B16F10 

basal tyrosinase activity was seen at 48 hours incubation with 10
-5

M 19merON-SS-PPL 

(and less reduction with 19merON-S-PPL) in each of three separate experiments, this 
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reduction was not statistically significant (figure 4.18).  Unexpectedly, the ON alone 

seemed to increase “basal” tyrosinase activity. 

                           

 

 

Figure 4.18. Effect of 19merON-S/SS-PPL on basal tyrosinase activity in B16F10 

cells. Both 19merON-S-PPL and 19merON-SS-PLL at 10-5M inhibited the basal 

tyrosinase activity of B16F10 cells in each of three independent experiments. The 

tyrosinase activity in each of three separate experiments are represented by different 

coloured symbols. One preliminary experiment was performed without ON control, 

therefore missing one square in the figure.  

 

In the αMSH-stimulated tyrosinase experiment, the ON alone also seemed to enhance 

tyrosinase activity.  However, as compared to, the 19merON-SS-PPL significantly 
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inhibited the tyrosinase activity following stimulation by 10
-10

M αMSH (p≤0.05, One 

way ANOVA, figure 4.19). The effect on αMSH-induced tyrosinase activity by 10-5M 

19merON-S-PPL was not statistically significant  (figure 4.19).  A melanin assay was not 

performed with the 19merON-SS-PPL and 19merON-S-PPL because of the shortage of 

these compounds. Interestingly, ON significantly enhance the melanin production as 

compare to αMSH alone.  

          

Figure 4.19. Effect of 19merON and 19merON-S/SS-PPL on αMSH-induced 

tyrosinase activity in B16F10 cells. 19merON-SS-PLL at 10
-5

M concentration 

significantly inhibited the αMSH stimulated tyrosinase activity of B16F10 cells  The 

black lines in the figure are the mean value of ratio + SEM of three experiments (shown 

in three different colours) performed each in triplicates. 
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4.4 Discussion 

 
The physical nature of skin and cells makes them impermeable to ONs and PNAs. 

However, Vlassov et al reported that a 15merON in a solution of glycerol and Tween 80 

was able to penetrate into mouse ear skin and also reported on the usefulness of 

electroporation for greater bioavailability of the ON (Vlassov et al. 1993).  A study by 

Dokka et al also showed the importance of the follicular route for the transport of an ON 

(not targeted to any gene) in the presence of chemical enhancers (glyceryl monostearate, 

hydroxylpropyl methylcellulose, isopropyl myristate, paraben and water). (Dokka et al. 

2005).  

One of the aims of the studies in this chapter was to examine whether PPL could 

transport an anti-tyrosinase PNA (and ON) into the cytoplasm of cells, where it would 

bind to the complementary tyrosinase mRNA sequence, thereby inhibiting its translation. 

The in vitro inhibition of pigmentation in S91 and/or B16F10 cells by the 15merPNA-SS-

PPL, 15merPNA-PPL and 12merPNA-PPL suggested that PPL successfully delivered its 

cargo into the cytoplasm. Although in vitro cell penetration studies were not performed 

with the fluoresceinated disulfide- and maleimide-linked PNA-PPL compounds, the 

confocal microscopy results indicated that PNA directly conjugated to PPL was able to 

enter into B16F10 cells. Interestingly, data obtained from the melanin assays imply that 

the different types of linker can affect the antisense activity of the compounds because 

the PNA-PPL conjugate with a disulfide linker seemed to show a better antisense activity 

compared to that with a maleimide linker. This effect of linker type has also been 

reported in a study performed by Bendifallah et al, where a maleimide linker impaired the 

antisense activity of a trasportan-M-18merPNA conjugate as compared to a disulfide or 
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an ester linker (Bendifallah et al. 2006). The altered effect as a result of different linkers 

may be due to the fact that the linker might influence the three-dimensional structure of 

the conjugate, which might affect its activity, or the ability of the cargo to dissociate from 

the carrier once inside the cell/tissue. The results in the present study with the ON also 

suggest that a disulfide linker may be better than a single sulfide linker as a means of 

conjugating PPL to an ON (or PNA). 

In human skin, melanocytes are situated in the basal part of the epidermis.  In order to 

inhibit skin pigmentation, PPL would need to carry the PNA or the ON across the stratum 

corneum into the epidermis so that it can then enter the melanocytes in the basal layer. 

The results in the skin penetration assays indicated that the PPL delivered the 12merPNA 

into both the epidermis and dermis and delivered the 15merPNA mainly into the 

epidermis.  Furthermore, the pattern of staining suggested localization of the 15merPNA 

in all cell types of the epidermis, whereas the 12mer PNA mainly accumulated in the 

dermis, suggesting that the length of the PNA may be a critical factor for its localization 

after its delivery into skin. Further work on the preferential accumulation by PNA-PPL 

compounds of various lengths will be necessary with other PNA sequences, but this 

observation may ultimately be useful for the design of a PNA-PPL conjugate which will 

target a specific cell type within the epidermis or the dermis. For example, to target a 

gene in the keratinocytes, a PNA with longer chain length may be preferred over the 

shorter one.  Related to this, Oldenburg et al have reported that the iontophoretic 

transport of an ON into hairless mouse skin was inversely related to the ON size 

(Oldenburg et al. 1995).  However, the human skin penetration results in this chapter 

showed that the 12merPNA-PPL penetrated mainly into the epidermis, but the numbers 
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of experiments on human skin are not enough to confirm the exact pattern of penetration. 

The presence of 15merPNA-PPL in the mouse keratinocytes is clearly visible by 

fluorescence microscopy and it is likely, based on the pattern of staining, that the 

compound also went into the epidermal melanocytes (which are present in this mouse 

model; E Healy, personal communication);  if necessary, this could be confirmed in 

future work examining for colocalisation with a tyrosinase antibody which is specific to 

the melanocytes.  

Tyrosinase inhibition is the most commonly used approach to achieve skin 

hypopigmentation because of its prime role in the melanin biosynthesis pathway. 

Targeting tyrosinase is a useful approach for the removal of undesirable pigmented 

patches due to the accumulation of melanin in many skin conditions and this approach 

can also be used to lighten skin colour. Hydroquinone is a well known topical 

depigmenting agent, which inhibits tyrosinase through its interaction with copper at the 

active enzymatic site (Arndt & Fitzpatrick 1965; Jimbow et al. 1974).  Potential 

undesirable side effects of hydroquinone (especially above 4% concentrations) include 

hyperpigmentation (ochronosis) and permanent hypomelanosis as a result of melanocyte 

cytotoxicity, thus limiting its use as a depigmenting agent (Findlay & Moores 1980). In 

addition, the human use of hydroquinone (over a certain concentration) now comes under 

legal restrictions and is banned in Europe since December 2000 (Solano et al. 2006).  A 

PPL-based approach to deliver an antisense against tyrosinase mRNA into the skin, might 

be a useful alternative way to lighten skin colour. However, one potential disadvantage of 

targeting tyrosinase and reducing the melanin content in skin includes a possible increase 

in skin cancer susceptibility because of sun protective role that melanin provides 
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(Kobayashi et al. 1998). In addition, tyrosinase seems to have a role in retinal 

development, an observation which is supported by the fact that the re-introduction of a 

functional tyrosinase gene into tyrosinase-negative albino mice corrects these 

abnormalities (Jeffery et al. 1997).  Therefore, although unlikely to be a problem for 

adults, the use of an anti-tyrosinase compound during pregnancy might result in abnormal 

retinal development of the embryo if the antisense compound reached the systemic 

circulation. 

The results indicate that PPL might be a useful way of using other antisenses topically for 

diseases such as psoriasis, melanoma, Merkel cell carcinoma, etc. For example, in a 

mouse model (human psoriatic lesional skin grafted onto nude mice) Wraight et al have 

shown that epidermal hyperproliferation in psoriasis can be reversed by repeated injection 

of antisense oligonuleotide targeted against insulin growth factor-1 receptor (Wraight et 

al 2000). Other potential target genes in psoriasis include ICAM-1, IL-2 and IL-8, which 

play an important role in inflammation (White and Wraight 2004). Furthermore, targeting 

c-myc and bcl-2 genes may have a huge potential to treat melanoma and Merkel cell 

carcinoma (target bcl-2) (Citro et al 1998, Schlagbauer-Wadi et al 2000; White and 

Wraight 2004). White et al have been reported that, aquous solution of oligonucleotiode 

antisense did not penetrate into viable human skin grafted onto nude mice over a 24 hour 

period (White et al 1999).  Therefore, PPL conjugation may have the potential to act as a 

molecular carrier for the delivery of drugs, antisense and therapeutic molecules in the 

skin in vivo.  
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Chapter 5: PPL and other epithelial barriers  

5.1 Introduction 

Systemic delivery of drugs is used for the treatment of a wide variety of diseases which 

affect the internal organs of the body, however, it would be beneficial if drugs could be 

targeted in their distribution within the body so that they only go to the site of interest.  

While this is unlikely to be possible for the foreseeable future, there are some organs 

within the body where drug delivery approaches have been used to try to get most of the 

drug into the diseased organ, for example in the gastrointestinal tract, the respiratory tract 

and the eye.  Thus, to target diseases in the gut such as ulcerative colitis, Crohn’s disease 

and irritable bowel syndrome, drug delivery through the oral route is considered 

convenient but the modification/degradation of drugs by gastric juices and absorption 

resulting in restricted delivery of low molecular weight compounds to the distal ileum 

and colon are the major drawbacks of this route (Pillay & Fassihi 1999). In addition, 

physiological changes associated with intestinal disease conditions, such as alteration of 

luminal pH, modification of intestinal epithelium, decrease in enzymatic activity, increase 

of non-specific proteolysis, motility and fluid content may affect the efficacy of drugs at 

the target site (Yang et al. 2002; Siccardi et al. 2005). Various techniques such as a 

prodrug approach and nano-particulate, multiparticulate, microsphere and mucoadhesive 

delivery systems have been developed to enhance the delivery and efficacy of drugs 

targeted to the gut (Chourasia & Jain 2003).  In the prodrug approach, a 

pharmacologically inactive molecule is converted into an active molecule following 

enzymatic modification upon reaching the appropriate biological environment and/or the 

diseased site (Friend & Chang 1985).   For instance, the drug is covalently conjugated 
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with a carrier using either an azo bond or cyclodextrin / glycoside / glucornate / dextran / 

poly(aspartic acid) or polymer conjugate, which on internalisation is reduced/cleaved by 

the common inhabitant microflora of the intestine, thus releasing the active free drug 

(Chourasia & Jain 2003). Thus, sulphasalazine (which is used for inflammatory bowel 

disorders) chemically consists of sulfapyridine and salicylate linked by an azo bond, 

which following oral administration reaches the colon where it is cleaved by the colonic 

microflora to liberate sulphapyridine and an active 5’-aminosalicylic acid (Azad Khan & 

Truelove 1980).  The coating of a drug molecule with various polymers has also been 

successively used to deliver intact molecules into the intestine. The pH of the human gut 

increases progressively from the stomach to the distal ileum (Nugent et al. 2001), 

therefore the coating of a tablet or capsule with a pH sensitive polymer provides delayed 

release of the active drug . Methacrylic acid copolymers are the most commonly used pH 

sensitive polymers and have been shown to deliver insulin, prednisolone and 

cyclosporine in the colon (Lowman et al. 1999; Carelli et al. 2000; Dai et al. 2004).  

Drug molecules can also be embedded in a biodegradable polymer matrix, such as 

polysaccharide matrices (amylose, chitosan, chondriotin sulphate, dextran and pectin) 

which are resistant to degradation by gastric enzymes and low pH but are easily degraded 

by the bacterial polysaccharidases in the colon, thus allowing the release of the core 

molecules (Harboe et al. 1989; Rubinstein et al. 1992; Milojevic et al. 1996; Tozaki et al. 

1997).  For optimum therapeutic effects at a specific site of the intestine, the drug must be 

available at high concentration locally, so bioadhesion techniques in which various 

polymers (such as polycarbophils, polyurethanes and polyethylene oxide-polypropylene 

oxide copolymers) allow adhesion to a specific site in the intestine, therefore extending 
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the time for the release of the drugs (Tamburic & Craig 1996). In addition, nanoparticle 

technology has recently emerged as new method for the delivery of drugs or therapeutic 

agents to a variety of systems, including the gut.  Essentially, nanoparticles are a 

derivative of the microparticulate system, in which natural (gelatine, starch, ethyl 

cellulose) or synthetic (poly lactic acid, poly hydoxybutrate) microparticles containing 

dispersed drug particles in crystalline or solution form have been used successfully to 

deliver treatments by various systemic routes (Dandagi et al. 2006).  The nanoparticles 

can be either encapsulated with drugs or layered by polymeric covering, and have shown 

to deliver therapeutic agents to the gut (McClean et al. 1998; Hariharan et al. 2006).  

The eye is another organ where it would seem relatively easy to direct the administration 

of a drug to that site.  Many forms of eye-drops exist to treat diseases such as glaucoma, 

and recent advances in the understanding of molecular biology based therapies (including 

monoclonal antibodies, gene knockdown/gene therapy and growth factors) open up the 

possibility to treat a variety of ocular disorders. However, the delivery of these agents are 

hampered by the outer epithelial barrier (cornea and sclera) of the eye. Intravitreal 

injection, viral based delivery, chemical and physical methods have been tested for the 

delivery of genes into laboratory animals.  For example, Takahashi et al have shown in a 

mouse model that the subretinal injection of a bovine immunodeficiency lentivirus vector 

coding for endostatin (an endogenous inhibitor of tumour angiogenesis and chorodial 

neovascularisation) significantly reduced retinal vascular permeability and suggested that 

similar injections for endostatin gene transfer might be useful for patients with diabetic 

retinopathy (Takahashi et al. 2003).  At the present time, intravitreal injection is now 

commonly used in the clinic to deliver anti-VEGF therapy into the eye to treat 
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proliferative diabetic retinopathy and age related macular degeneration in humans but this 

required repeated injections on a monthly basis (Ferrara et al. 2006).  Other viral vectors 

such as adenovirus, adeno-associated virus and herpes simplex virus have also been 

explored for the delivery of genes into the eye tissue of various animals (Liu et al. 1999; 

Liu et al. 2005). However, the risks of viral based gene delivery such as insertional 

mutagenesis, cytotoxicity and limited duration of transgene expression means that more 

investigations will be necessary before this type of eye-therapy becomes routine in 

humans.  Non-viral gene delivery methods (electroporation, naked DNA injection, 

liposomes) are less efficient in gene expression but offer great promise in terms of easy 

production, low toxicity and immunogenicity (Bul-Hassan et al. 2000, Stechschulte et al 

2001, Jiang et al 2007).  

Delivery of drugs into the lungs via inhalation offer many advantages over the oral-

ingestion (Edwards et al. 1998). Aerosolized delivery of therapeutic compounds into the 

lungs greatly inhances the treatment of many respiratory disorders, particularly asthma 

and chronic obstructive pulmonary disease (Acerbi et al 2007). The devices frequently 

used to deliver medications into lung are inhalar, spacer and nebulizer (O'Callaghan & 

Barry 2000). Metered-dose inhalers (which use chemical propellants to expel medication) 

and dry powder inhalers (which rely on rapid inhalation instead of a chemical propellant) 

are two of the most commonly used inhalers for drug delivery.  Additional devices, such 

as spacers (which avoid the chemical propellant depositing most of the dose onto the 

nasopharynx) and nebulisers (in which medication is given through a face mask in the 

form of a mist) are also helpful in assisting delivery of the medication directly to the lung 

(O'Callaghan & Barry 2000).  
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Thus, although a number of mechanisms or potential mechanisms exist for the delivery of 

therapeutic agents into the gut, eye and lungs, there is the possibility to deliver novel 

therapies (e.g. antisense molecules) into these organs using a combination of 

conventional delivery methods and a cell penetrable carrier approach.  Based on the work 

in the previous chapters (chapters 3 and 4), where PPL was able to transport a peptide and 

an antisense compound into cells and skin, it was hypothesised that PPL might also be 

able to transport antisense molecules and other therapeutic agents into the intestine, the 

eye and/or the respiratory tract. 

 

5.2 Materials and methods 

5.2.1 Ileum and colon delivery – The ileum and colon were carefully removed from 

healthy euthanased mice, and cut into small tubes (approximately 3 cm in length).  The 

test compound, diluted in culture medium, was added into the middle part of the ileal or 

colonic tube (as per section 2.12 in Chapter 2, Materials and Methods) and the tube was 

then tied at that end with a suture and incubated for the required length of time.  Each 

experiment was set up in duplicate and following the incubation with the test compound, 

frozen sections and/or paraformaldehyde-fixed paraffin-embedded sections were used for 

fluorescence microscopy to assess penetration. 

 

5.2.2 Eye delivery - Both eyes were carefully removed from the orbit from euthanased 

mice and then immediately transfered into the wells of a 96 well-plate containing 5µl of 

compound. Following treatment, eyes were washed in PBS and either snap frozen in 

liquid nitrogen or fix in PFA for further analysis (as per Materials and Methods, section 

2.12). 
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5.2.3 Lung delivery – The trachea was carefully excised from healthy euthanased mice 

and ligated at one end with a surgical suture.  The investigational compound was added 

into the tracheal tube from the other open end and the tube sealed shut with another 

suture at that end.  After incubation for the required time, paraformaldehyde or frozen 

sections were used to assess penetration (for detail protocol, see material and method 

section 2.12). 

5.2.4 Haematoxylin and Eosin (H&E) stain –  H & E staining was performed on ileum, 

colon and eyes for the histology of the tissues, in which PFA fixed tissues were used for 

H&E staining according to the method described in Materials and Methods, section 2.16. 

 

5.3 Results 

5.3.1 Delivery of PNA 

Haematoxylin and eosin (H&E) staining of the ileum, colon, eyes and trachea were 

carried out to allow comparison of fluorescence staining in the penetration experiments 

with the histology of the tissue because the structural features were useful to define the 

extent of penetration of PNA-PPL and αMSH-PPL into these organs.  PFA fixed tissue 

was selected for H&E because it produces a better morphology under microscopy.  As 

expected, the H&E sections of the ileum and colon showed four major layers: the 

mucosa, the submucosa, the muscularis layer and the adventitia (also known as serosa) 

arranged from the lumen to the outside; histologically the mucosa is further subdivided 

into the epithelial lining, lamina propria and muscularis mucosae.  The colon has a wider 

lumen than the ileum and whereas the mucosa in the ileum contains villi and crypts, the 



 

 137 

mucosa of the colon consists of tubular glands (also called crypts) which are lined by 

absorptive cells and mucus-secreting goblet cells (figure 5.1). The muscularis externa is 

the prominent structure of the colon which enhances the expulsion of mucus and the 

movement of intestinal contents (peristalsis).  H&E of the eye showed is composed of 

three layers: the outer corneal layer, the corneal stroma layer and the iris layer (figure 

5.1). 
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Figure 5.1. H&E staining of mouse organs. Transverse sections of the mouse ileum (A) 

colon (B) and eye (C), demonstrating the major structural layers. 
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The ability of PPL to deliver PNA into the ileum and the colon was investigated in an in 

vitro system in which 10-3M of the fluoresceinated 15merPNA, with or without PPL, was 

applied to the lumen of these tubes.  The results showed that the PPL conjugated 

fluoresceinated PNA penetrated into most of the cells types in the ileum, whereas 

fluorescein-PNA alone did not penetrate to the same extent (figure 5.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Delivery of PNA into ileum.  Fluorescent microscopy results showed that 

PPL conjugation enhanced the delivery of 15merPNA (10
-3

M)into the ileum (lowerpanel, 

right), whereas the 15merPNA alone at similar concentration did not penetrate into the 

ileum to the same extent (upperpanel, right). H&E staining in left panels represent 

adjacent tissue sections to show morphology in more detail. The numbers in the image 

correspond to mucosa (1), submucosa (2), muscularis (3) and serosa (4). 
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15merPNA into the colon at similar concentration and time points, whereas penetration of 

PNA alone was minimal (figure 5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Delivery of PNA into colon.  Fluorescent microscopy results showed that 

PPL conjugation enhanced the delivery of 15merPNA (at 10
-3

M) into the colon 

(lowerpanel, right), whereas the penetration of 15merPNA alone at similar concentration 

was poor (upperpanel, right). Trans-illuminated image of corresponding section shown in 

left panels. The numbers in the images correspond to mucosa (1), submucosa (2), 

muscularis (3) and serosa (4). 

 

PPL was also investigated for the delivery of the 12mer and 15merPNAs into the eye. 

The eyes were carefully excised from the orbit and placed (with the optic nerve up and 

therefore outside of solution) into the wells of a 96 well plate containing 5µl of 

fluoresceinated form of 10
-3

M PNA or PNA-PPL; this meant that approximately one 

tenth of the surface area of the eye was immersed in the compound.  The eyes that had 
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received 12merPNA-PPL and 15merPNA-PPL were brightly fluorescent with some of 

the retinal cells exhibiting fluorescence, indicating that the compound had penetrated to 

this level, whereas little or no fluorescence was observed with Fluo-PNA alone (figure 

5.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Delivery of PNA into mouse eye.  Fluoresceinated 12merPNA-PPL (upper panel, right) and 

15merPNA-PPL (middle panel, right) penetrated into mouse eyes following 3 hours treatment at 10
-3

M 

concentration, whereas fluorescein-PNA alone (upper and middle panel, left) did not penetrate to the same 

extent. Lower panel shows higher magnification of Fluo-15merPNA-PPL (right) indicating that the 

compound had penetrated deep into the sclera; for comparison a H&E image from the same eye is shown in 

the lower left panel. The numbers in the image correspond to lens (1), cornea (2), retina (3), vitrous 

chamber (4), iris (5), sclera (6), lens  fibre (7) and ciliary body (8) layers. 
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The penetration of 12merPNA-PPL was also investigated in a rat eye, which is bigger 

than a mouse eye. Similar to what had been observed with the mouse eyes, 10-3M Fluo-

12merPNA-PPL had penetrated into the rat eye at 3 hours, whereas the Fluo-12merPNA 

showed no visible penetration (figure 5.5). 

A)      B)    C) 

 

 

 

 

 

Figure 5.5. Delivery of PNA into rat eye.  Photographs of rat eyes treated with 10-3M 

fluoresceinated-12merPNA (A) and 10-3M fluoresceinated-12merPNA-PPL (B and C 

from same eye) for 3 hours showed penetration into different layers. The numerics in the 

image correspond to cornea (1), lens (2) retina (3) and sclerea (4). 

 

 

Following the successful delivery of PNA-PPL into the ileum, colon and eye, the delivery 

of PNA by PPL was also investigated in the trachea of mice.  Successful penetration of 

Fluo-15merPNA-PPL was evident in the trachea of mice at 10
-3

M concentration 

following 3 hours incubation, whereas Fluo-15merPNA penetrated poorly (figure 5.6).  
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Figure 5.6. Delivery of PNA into mouse trachea. Fluorescein conjugated PPL enhanced 

the delivery of 15merPNA into the trachea at 10
-3

M concentration (B), whereas the 

penetration of fluoresceinated15merPNA alone at similar concentration was poor (A). 

Lower panel shows higher magnification of Fluo-15merPNA-PPL image (D) and 

corresponding transilluminating image (C). The numbers in the image correspond to 

tracheal epithelium (1), hyaline cartilage (2), and smooth muscle (3) layers. 

 

 

The overall results of the penetration experiments with Fluo-15merPNA, Fluo-

15merPNA-PPL, Fluo-12merPNA and Fluo-12merPNA-PPL in the different mouse 

organs are summarised in table 5.1. 
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Table 5.1. Total penetration events. Summary of the number of times where 

fluorescein-15merPNA-PPL and fluorescein-15merPNA penetrated into various organs 

of the mouse.  

 

 

*Both paraformaldehyde-fixed and frozen section results were included in this table.  

“Yes” indicates that the compound had penetrated into most structures in the organ, 

whereas “no” represents little or no penetration. 

 

5.3.2 Delivery of αMSH 

PPL-mediated delivery of αMSH into the different organs of mice was also investigated 

ex vivo. Similar to the PNA delivery investigations, the tissues were exposed to a 10
-3

M 

concentration of the αMSH-PPL[99]-Fluo and Fluo-αMSH compounds for 3 hours.  PPL 

mediated penetration of αMSH was detected in the ileum and colon, whereas the Fluo-

αMSH penetrated less well into these organs (figure 5.7).  

 

 

 Fluo-15merPNA-PPL Fluo-15merPNA 

 *yes *no yes no 

Ileum 
8 of 8 

(*7 frozen) 
0 of 8 

1 of 6 

(Weakly stained) 

5 of 6 

(4 frozen) 

Colon 
5  of 5( 2 frozen) 

(1 weakly stained) 
0 of 5 

2 of 5 

(Weakly stained) 

3 of 5 

(3 frozen) 

Eye 
7 of 7 

(5 frozen) 
0 of 7 

1 of 4 

(Weakly stained) 

3 of 4 

(1 frozen) 

Trachea 
2 of 2 

(2 frozen) 
0 of 2 0 of 2 2 of 2 

 

 

Fluo-12merPNA-PPL 

 

Fluo-12merPNA 

 yes no yes no 

Ileum 
3 of 3 

(all fixed) 
0 of 3 0 of 3 

3 of 3 

(all fixed) 

Eye 
2 of 2 

(all fixed) 
0 of 3 0 of 2 

2 of 2 

(all fixed) 
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Figure 5.7. Delivery of αMSH into mouse ileum and colon.  Fluorescein conjugated 

PPL- enhanced the delivery of αMSH into the ileum (B, right) and colon (D, right) at 10
-

3
M after 3 hours treatment, whereas fluoresceinated αMSH alone was poorly penetrated 

into the ileum (A, right) and the colon (C, right).  H&E staining of corresponding images 

shown in left.  The numbers in the images correspond to mucosa (1), submucosa (2), 

muscularis (3) and serosa (4). 
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The same experimental protocol as was used in the investigations on the delivery of PNA 

into the eye was used to examine the transport of αMSH into the eye.  Interestingly, both 

10-3M αMSH and 10-3M αMSH-PPL[99]-Fluo seemed to penetrate into all layers of the 

mouse eyes, however, the fluorescence intensity of PPL-conjugated αMSH was greater 

than that of αMSH alone (figure 5.8).  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 5.8. Delivery of αMSH into mouse eye. The fluorescein microscopy results 

shows the penetration of Fluo-αMSH and αMSH-PPL[99]-Fluo into mouse eyes 

following 3 hours treatment with the compounds at a concentration of 10
-3

M. The 

numbers in the image correspond to the sclera (1) ciliary body (2) posterior chamber (3) 

and lens fibres (4); right panels 5X magnification and left panels 20X magnification. 

 

 

The overall penetration results of fluoresceinated-αMSH or fluoresceinated-αMSH-

PPL[99] into the different organs are shown in table 5.2.  Penetration of fluoresceinated-

1 
2 

4 

1 
2 4 

2 

1 

4 

4 
2 

1 

3 

3 

3 

3 



 

 147 

αMSH was seen in the ileum and colon in occasional cases; however, it penetrated into 

the eye in every instance. The PPL-mediated penetration of αMSH was evident in each of 

these organs, although it failed to penetrate the ileum in some cases.  

Table 5.2 Total penetration events of fluoresceinated-αMSH or fluoresceinated-

αMSH-PPL[99].  Summary of ex vivo penetration events following treatment with 

fluoresceinated-αMSH or fluoresceinated-αMSH-PPL[99] into various organs of the 

mouse. Tissue sections (frozen) were analysed and the results are presented in this table; 

yes indicates that the compound penetrated into the organ, whereas no means little or no 

penetration. 

 

 

 

5.4 Discussion  

The delivery of molecules or therapeutic agents into the intestingal wall and the eye is 

restricted to compounds with a molecular weight of less then 600 daltons (Artursson et al. 

1993; Prausnitz & Noonan 1998; Bos & Meinardi 2000).  To date, the delivery of a PNA 

via the lumen of the intestine and to the eye using a cell-penetrable peptide approach has 

not being investigated.  However, plasmid DNA and siRNA has been delivered to eye 

using cell-penetrable peptide approach (Johnson et al 2008). Using the Tat protein as a 

carrier, Fawell et al delivered a β-galactosidase into various tissues of mice in vivo 

following an intravenous injection (Fawell et al. 1994).  Later Schwarze et al showed that 

intraperitoneal injection of a Tat-β-galactosidase-conjugate into mice leads to a strong 

detection of β-galactosidase enzymatic activity in the liver, the kidney, the lung, the brain 

 αMSH-PPL[99]-Fluo Fluo-αMSH 

 yes no yes no 

Ileum 

 

4 of 6 

 

2 of 6 

 

2 of 6 

(1 Weakly stained) 

 

4 of 6 

 

Colon 4 of 4 0 of 4 2 of 4 2 of 4 

Eye 4 of 4 0 of 4 3 of 3 

(2 Weakly stained) 

0 of 3 
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and the heart muscle (Schwarze et al. 1999).  The first in vivo intracellular delivery of an 

PNA was performed by Tyler et al, who gave multiple microinjections of PNAs targeted 

against opoid and neurotensin receptors into rat periaqueductral grey matter, which led to 

a loss of normal behaviour responses to morphine and neurotensin (Tyler et al. 1998).  

Later, the same group showed delivery of PNA into the brain and the small intestine 

following intraperitoneal injection of 12merPNA (Tyler et al. 1999).  Pooga et al showed 

that multiple intrathecal injections of PNA, conjugated to a CPP (penetratin or 

transportan) targeted against the rat galanin receptor regulated the levels of this receptor 

and modified the pain transmission signal (Pooga et al. 1998).  

In the current chapter, the ability of PPL to deliver PNA and αMSH across the intestine 

and trachea and into the eye was investigated in an ex vivo system.  For the gut 

penetration investigations the ileum and the colon were preferred over other parts because 

the terminal ileum and the colon are the major sites for inflammatory disorders such as 

Crohns disease and ulcerative colitis (Farmer et al. 2000). In the present study, mouse 

(and occasionally rat) tissues were used for investigating the PPL-mediated transport of 

PNA and αMSH, because these animal models have been used frequently for 

drug/therapeutic agent delivery studies (Fawell et al. 1994; Morishita et al. 2007).  For 

example, Morishita et al recently performed an in situ absorption experiment for insulin 

delivery by polyarginine into rat intestine, in which the ileum was exposed and 

cannulated at both end following a small incision in the abdomen (Morishita et al. 2007). 

The polyarginine and insulin mixed solution (un-conjugated) was then administered 

directly into the ileal loop and the absorption of insulin was monitored in the blood at 

several time points.  Intestinal drug delivery has also been assessed in vitro using a 
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chamber method, in which excised rat tissue was mounted in a donor chamber and the 

test sample collected from an acceptor chamber for penetration analysis (Foger et al. 

2006).  However, the surface area of mouse intestinal tissue was not large enough to 

examine delivery using a Franz diffusion chamber as was used in the skin penetration 

studies in chapters 3 and 4, therefore the gut penetration investigations were carried out 

using a protocol where tissues were excised and ligated at both ends after placing the test 

compound inside.  The surface area was similarly an issue for the investigations on the 

eye and trachea, hence the approach that was taken in this chapter.  The penetration of 

PPL-PNA and/or PPL-αMSH into the gut, eye and trachea was evident at 10
-3

M, which is 

similar to the concentration (2.6 x 10-3M) used by Morishita et al (2007) for polyarginine 

mediated delivery of insulin.  In the present study, the delivery into each organ was 

confirmed visibly by fluorescence under microscopy and compared to a non-PPL-linked 

fluoresceinated-compound.  It is unlikely that the fluorescein dissociated from the 

compound before penetration and thus it is likely that the positive fluorescence represents 

delivery of the entire compound, however, future work using in situ hybridisation with 

the complementary sequence could be done to confirm the presence of the PNA 

compound in cells of these organs. Although the low gastric pH might degrade PPL-

linked compounds following oral delivery, this could be prevented by coating the PPL-

PNA (or other PPL-linked) compounds with a pH sensitive polymer which facilitates 

release of the compound at a specific site in the intestine.  

The ability to deliver αMSH into the ileum, colon, eye and lung could have benefits for a 

variety of diseases.  Work has shown that αMSH can inhibit inflammation in the 

intestines and lungs in mouse models of colitis and allergic lung inflammation (Rajora et 
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al. 1997; Raap et al. 2003), therefore a PPL-αMSH approach might be useful here.  In 

addition, the benefits of using PPL to transport PNAs into cells within the gut, lungs and 

eyes could have huge potential.  For example, PPL could deliver PNAs to switch off the 

function of various genes in each of these organs.  The TNF-α gene could be an 

interesting target in inflammatory bowel diseases such as ulcerative colitis and Crohn’s 

disease (Wirtz & Neurath 2003). Other targets in the gut to modulate inflammatory 

conditions include Nod2 and the IL-12 receptor whereas the SKP2 (overexpressed in 

small cell lung cancer) and gob-5 (responsible for mucous hypersecretion) genes could be 

targets in the lung (Nakanishi et al. 2001; Yokoi et al. 2002; Wirtz & Neurath 2003).  An 

obvious target in the eye is VEGF, because at the present time patients with diabetic 

retinopathy require monthly injections of an anti-VEGF monoclonal antibody to treat this 

condition (Caldwell et al. 2003).  
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Chapter 6.0 - Discussion 

Many cutaneous therapeutic compounds such as steroids, retinoids and tacrolimus are 

applied topically, on account of their ability to penetrate the stratum corneum, to treat 

various skin conditions.  By contrast, a large number of other drugs (methotrexate, 

azathioprine, dapsone, hydroxycarbamide and proteins such as biologics) for skin disease 

must be given by the systemic route due to poor permeability through the skin barrier 

(McCullough et al. 1976; Helton et al. 2000).  In addition, antisense/oligonucleotide 

(ON) therapies may have the potential to treat many skin disorders but they need to get 

into cells and their topical use is limited by the stratum corneum barrier (White et al. 

2002). Various delivery technologies have been attempted, however, it is still difficult to 

get many drugs and therapeutic molecules into skin by a topical approach. Over the last 

decade, cell-penetrable peptide (CPP) technology has emerged as a new tool for the 

intracellular delivery of larger molecules such as oligonucleotides, peptides and proteins 

into cells (listed in table 1.2). In order to deliver compounds into epithelial tissues (and 

intracellularly as required), one hurdle is that the CPPs must cross the relevant epithelial 

barriers, otherwise they will need to be delivered by a systemic route.  To date, the vast 

majority of CPP-based approaches to deliver compounds into cells have used tat, 

penetratin, polyarginine and polylysine (see table 1.2), however, it is difficult to know 

from the limited literature whether these carrier molecules are going to be useful in the 

treatment of skin diseases and whether these carrier molecules will be able to transport all 

kinds of drugs or molecules across this and other epithelial barriers.   

It is for these reasons that a novel cell-penetrable peptide, polypseudolysine (PPL), was 

designed and tested in this thesis for its ability to deliver a short peptide, αMSH, and a 
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peptide nucleic acid (PNA) into skin and into other organs such as the gut, eye and 

trachea. Polylysine has been used for efficient intracellular delivery of various drugs, for 

example, polylysine can improve the transport of methotrexate into cells (Ryser & Shen 

1980) and can allow superoxide dismutase to penetrate into skin (Park et al. 2002). 

Similarly, Lemaitre et al reported on the antiviral activity of a poly-L-lysine conjugated 

oligodeoxyribonucleotide targeted against the N-protein of the vesicular stomatitis virus; 

this antiviral activity indicated successful cellular internalisation (Lemaitre et al. 1987).  

To enhance the cellular delivery of polylysine-oligonucleotide conjugates, the compound 

can be linked to a ligand involved in endocytosis, such as by linking it to the hepatocyte 

specific receptor asialoglycoprotein (Bunnell et al. 1992). The carrier molecule PPL used 

in this thesis was designed as a derivative of polylysine, because (with personnel 

communication with Prof. Mark Bradley) it is comparatively easy to synthesise and also 

has a net positive charge, which seems important in order to be a successful CPP, because 

the positive charge allows the CPP to form ionic bonds (electrostatic interaction) with the 

negatively charged groups of cell membrane phospholipids (Smith 2005).  Histidine also 

carries a positive charge but it is partly positive  at physiological pH (7.0) because of low 

affinity of its side chain to H+ ion (Smith 2005).  The side chains of both lysine and 

arginine carry a net positive charge at physiological pH (Smith 2005), however, because 

of the presence of a guanidium group, the synthesis of polyarginine is comparatively 

more difficult than polylysine as being told by chemist.  In addition, the cellular 

penetration of lysine and related peptides seem independent of the stereochemistry of the 

compound and also seem to resistant from proteolytic degradation (Peretto et al. 2003).  

After consideration of various potential molecules/agents as cargo, αMSH and peptide 
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nucleic acid targeted against tyrosinase gene were selected as cargo to link with PPL. In 

addition to its pigmentary role, αMSH is reported to have anti inflammatory effects in 

various animal models (colitis and allergic lung inflammation) and also shown to inhibit 

antigen induced lymphocytes proliferation (Rajora et al. 1997; Raap et al. 2003; Cooper 

et al. 2005), therefore localised delivery to specific sites such as the skin, trachea and gut 

might have therapeutic potential. The PNA targeted against tyrosinase was chosen as 

another cargo because PNAs are resistant to nuclease degradation (Knudsen & Nielsen 

1996) and it was considered that an anti-tyrosinase PNA that would inhibit pigmentation 

might serve as a suitable prototype to test the ability of PPL to deliver antisense agents 

topically.   

Prior to this thesis, a single cell penetration study of PPL had been conducted on two 

different cell lines (HEK-293 and B16F10), in which an energy dependent endocytotic 

mode of entry was suggested (Peretto et al. 2003).  In that study, there was no “drug” or 

“therapeutic agent” employed as a cargo, however, it did show that a 6 carbon 

(aminohexinoic acid) spacer could be used to link a fluorescein group to the PPL for a 

efficient coupling and transport into these cells.  In the present study, the same linker 

(aminohexanoic acid) and separately lysine were used to link αMSH and PNA was either 

directly linked to PPL or through a maleimide or a single sulfide or a disulfide linkers.  

As per the published literature and the results in chapter 4, the type of linker may 

influence the translocation efficiency of the compound, and thereafter the efficacy of the 

antisense molecules (Bendifallah et al. 2006). Direct conjugation and coupling through a 

maleimide linker may prevent separation of the cargo from the carrier and result in 

retention of the carrier-cargo complex in negatively charged cellular components whereas 
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a covalently bound disulfide linker is reduced within the cell membrane by glutathione 

and the cargo is released from the carrier, however, in one study both maleimide-linked 

and disulfide-linked ONs showed similar antisense actvity (Moulton et al. 2004). In 

another study, a maleimide-linked PNA appeared to have less antisense activity 

compared to a disulfide linked PNA (Bendifallah et al. 2006). In the functional studies 

with PNA-PPL in this thesis, a significant inhibition of pigmentation was observed with a 

disulfide linked 15merPNA-SS-PPL. Although the antisense activity of 15merPNA-M-

PPL was investigated in separate experiments, there was less inhibition of αMSH 

stimulated pigmentation than that seen with the disulfide linker. The 19merON-SS-PPL 

also appeared to have greater antisense effects than the 19merON-S-PPL.  A number of 

studies have also suggested that the antisense activity of ON-CPP conjugates primarily 

depends on the length of the antisense component and the position of the target sequence 

within the mRNA (Bonham et al. 1995; Flanagan et al. 1996).  In the studies on 

pigmentation in this thesis, a higher concentration of 12merPNA-PPL than 15merPNA-

SS-PPL was required to inhibit melanin synthesis, which may be due to the shorter chain 

length antisense being less effective or because of direct conjugation of the PNA to the 

PPL in the 12mer compound, or possibly a combination of both.   

Following the functional studies with αMSH-PPL and separately with PNA-PPL, the cell 

and tissue penetration efficiencies of PPL were carried out in in vitro and ex vivo systems. 

In a similar way, CPPs based cellular delivery of proteins and peptides with Tat, 

penetratin and polyarginine has previously been investigated using in vitro models.  In 

those studies, Tat successfully delivered β-galactosidase, horseradish peroxidase and 

ovalbumin into cells (Fawell et al. 1994; Moy et al. 1996).  Likewise, penetratin has been 
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shown to deliver many peptides, such as Stat6BP, BH3 fusion peptide and Grb10-SH2 

domain, into cells (Holinger et al. 1999; Stolzenberger et al. 2001). Similarly 

polyarginine has delivered ovalbumin and the p53 protein into cells in culture (Michiue et 

al. 2005; Mitsui et al. 2006).  In this thesis, both Fluo-PPL, Fluo-αMSH-PPL[98] and 

αMSH-PPL[99]-Fluo have shown a similar cell penetration efficiency in a range of cell 

lines.  However, the cell penetration of PPL-conjugated PNAs was evident at a higher 

concentration than that seen with the αMSH-PPL compounds, which may be due to the 

larger molecular weight of the PNA molecule or the presence of different linkers or a 

combination of both.  In the cell penetration studies, diffuse and punctuate cytoplasmic 

fluorescence was observed with the fluoresceinated PPL conjugated compounds. Punctate 

staining may suggest an endocytotic mode of entry of these peptides, however diffuse 

staining in some cell types may indicate a non-endocytotic mechanism of internalisation 

or release into the cytoplasm following an endocytotic entry.  Furthermore, the anti-

pigmentation results with the 15merPNA-SS-PPL suggest that the PNA got into the cells, 

and taken in conjunction with the fluorescence results, suggests that PNA bound to the 

complementary tyrosinase mRNA sequence in the cytoplasm to inhibit pigmentation. To 

identify the mechanism of translocation of the PPL-associated compounds into the cells, 

additional work such as colocalisation studies with endosome markers, and separately in 

the presence of endocytosis inhibitors, might be helpful (but this may not be the same 

way that the PPL compounds enter through the stratum corneum).  

Cell-penetrable peptides have also been investigated as molecular carriers for the delivery 

of protein and peptides into tissues.  Rothbard et al firstly showed that the transdermal 

delivery of ciclosporin can be achieved by this approach (Rothbard et al. 2000). Later the 
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skin penetration potential of Tat, penetratin and polylysine, as well as polyarginine, were 

investigated in which penetratin-INF-γ, tat-superoxide dismutase, polylysine-superoxide 

dismutase and hemagglutinin epitope-polyarginine constructs penetrated into skin (not 

human) (Rothbard et al. 2000; Park et al. 2002; Robbins et al. 2002; Lim et al. 2003; Lee 

et al. 2005; Lopes et al. 2005). Moreover, skin delivery of antisense agents in the form of 

cream or patch would be a attractive approach to target many genes such as TNF-α for 

inflammatory disorders, Rho-C and Bcl-2 to target melanoma (Jansen et al. 2000; Carr et 

al. 2003). In this thesis, PPL has been investigated for the delivery of the peptide αMSH 

and antisense PNA into skin and various other organs.  The skin penetration results 

showed that PPL-conjugated compounds penetrated in approximately 60% of analysed 

samples. Image analysis would be one approach to quantifying the accuracy of the extent 

of penetration. These results were based on a single application of the PPL-onjugated 

compounds where PBS was used as a solvent, and the penetration might be improved if 

the PPL-conjugated compounds were applied twice or thrice or applied in combination 

with a chemical penetration enhancer.  There is a lack of published data on the efficiency 

of a diffusion chamber system for ex vivo skin penetration studies.  In addition, as per as 

my knowledge none of the reports on CPP-based skin penetration in the published 

literature included information on the total number of times that the carrier-cargo 

conjugates entered/did not enter into the skin. The delivery of larger molecules into 

organs such as the eye and into the distal bowel, and into the cells of these organs and of 

the airways, is not a simple task. Polyarginine have been shown to be able to transport 

fluorescein isothiocyanate-dextran and pyridoxamine into the cornea, conjuctiva and 

conjuctiva/sclera of rabbit eyes (Nemoto et al. 2006), however, in another study, 
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polyarginine has been shown to promote apoptosis and necrosis of cultured airway 

epithelial cells (Shahana et al. 2002).  It has also been reported that polylysine can 

damage tracheal epithelium (Yu et al. 1994). This indicates that an extensive toxicity 

analysis of these compounds (and of all CPPs relevant to future use in humans) will be 

essential before they can be used as carriers for the treatment of diseases. Although in the 

present study, the results suggest that PPL is capable of transporting αMSH and PNA into 

skin, gut, eyes and trachea, additional work will be required to test the stability and half-

life of PPL in these environments as well as the in vivo efficacy.   

Indeed, one limitation of this present study is the lack of in vivo investigations. However, 

it is necessary to generate enough initial in vitro/ex vivo results to comply with the 3Rs of 

replacement, reduction and refinement in order to avoid administering a very toxic 

compound to animals and to ensure that only the bare minimum number of experiments 

that need to be carried out on animals are performed. At the present time, based on the 

results in this thesis, there is probably enough background data to allow submission of an 

application to the Home Office to conduct some in vivo efficacy and toxicity 

experiments. For example, a topical anti-tyrosinase antisense investigation with PNA-SS-

PPL applied in vivo to the skin of a pigmented mouse model would provide data on the 

ability of this compound to depigment skin and on toxicity from topical application. 

Subsequent studies could use a pig model (because of its thicker epidermis and stratum 

corneum barrier) or pigmented human skin grafted onto SCID/nude mice. Other in vivo 

studies could be performed on the eye and gut, for example it is interesting to investigate 

the delivery of therapeutic agents into mouse and primate eyes by instillating PPL-

peptide/PNA compound. For gut delivery, PPL-peptide/PNA conjugated can be 
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incorporated into a biodegradable polymer matrix or pH sensitive polymers (methacrylic 

acid copolymers) to release compound to specific target site. In summary, the results in 

this thesis suggest that PPL can transport αMSH and PNA into cells, skin, eye and gut, 

and that the PPL-linked compounds retain their biological activity.  Thus, PPL may have 

the potential to act as a molecular carrier for the delivery of drugs and therapeutic 

molecules into skin and other epithelial organs in humans in vivo. 
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A.1.0 APPENDIX 

A.1.1 Structure of the compounds 

A.1.1 αMSH 

 

A.1.2 Fluo-αMSH 
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A.1.3 NDP-αMSH  

Ac-Ser-Tyr-Ser-Nle-Glu-His-D-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2  

 

A.1.4 MTII 

 

Ac-Nle-c[Asp-His-d-Phe-Arg-Trp-Lys]-NH2 
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A.1.5 SHU   

Ac-Nle-c[Asp-His-DNal(2′)-Arg-Trp-Lys]-NH2 

 

A.1.6 αMSH-PPL[98] 

 

 

 

 

 

 

 

 

 



 

 161 

A.1.7 Fluo-αMSH-PPL[98] 
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A.1.8 αMSH-PPL[99] 
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A.1.9 αMSH-PPL[99]-Fluo 

 

 

A.1.10 19merON-SS-PPL   A.1.11 19merON-S-PPL 
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A.1.12 PNA     A.1.13 Fluo-PNA 

 

A.1.14 PNA-PPL 

 

 

 

 

 

 

 

A.1.15 Fluo-PNA-PPL 
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A.1.16 DNA Bases 

Thymine  Cytosine  Adenine  Guanine 

 

A.1.17 15merPNA-SS-PPL    A.1.18 PNA-S-PPL 

 

 

A.1.19 Fluo-15merPNA-SS-PPL   A.1.20 Fluo-PNA-S-PPL 
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A.1.2 Cell culture reagents 

A.1.2.1 Complete Dulbecco’s Modified Eagle Medium (DMEM): 

To 500mls of DMEM (Cat. No. 21969-035, Gibco-Invitrogen, Paisley, UK), containing: 

Sodium Pyruvate, Pyroxidine and without L-Glutamine add: 

   50ml (10%) EU approved heat inactivated FBS (Gibco-Invitrogen, Paisley, UK) 

   2mM L-Glutamine (Gibco-Invitrogen, Paisley, UK) 

 

A.1.2.2 Cell Dissociation Solution (Sigma, Poole, UK) 

1x Non enzymatic sterile filtered Cell Dissociation Solution, prepared in Hank’s buffered 

salt solution (HBSS) without calcium and magnesium. 

 

A.1.2.3 Geneticin solution (in water) 

Contain 50mg/mls active geniticin (Sigma, Poole, UK) 

 

A.1.2.4 Cell storage medium 

  EU approved Heat inactivated FBS (Gibco-Invitrogen, Paisley, UK) 

  10% DMSO 

 

1.3 Flow cytometry 

A.1.3.1 FACS Buffer 

  0.1% Sodium azide (Sigma, Poole, UK) 

  1% BSA (Sigma, Poole, UK) 

  Prepared in 500mls PBS. 
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1.4 Ligand Binding 

A.1.4.1 Ligand Binding Buffer 

To 500mls Minimal Essential Medium (Gibco-Invitrogen, Paisley, UK) with Earle’s salt, 

with 25mM HEPES (pH 7.0), and without L-Glutamine add: 

  0.2% BSA (Sigma, Poole, UK)  

  1mM 1,10-Phenanthrolin (Sigma, Poole, UK) 

 0.5 mg/litre Leupeptin (Sigma, Poole, UK) 

 200mg/litre Bacitracin (Sigma, Poole, UK) 

 

A.1.5 Cell lysis buffer for western blotting  

100µl (1%) Triton x-100 and  

One proteinase inhibitor cocktail tablet in 10mls dH2O 

 

A.1.6 SDS-PAGE gel running buffer 

 2.12g Tris 

 10.25g glycine 

 7mls 10% SDS in 690 mls dH2O 

 

A.1.7 SDS-PAGE separating buffer 

2.0 M Tris-HCl in dH2O  pH 8.9 

 

A.1.8 PAGE -separating gels (10%) 

 2.5 mls 40% acrylamide (Sigma-Aldrich, Dorset, UK)  
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2.0 mls separating buffer  

100 µl 10% (w/v) SDS   

4.38 mls dH2O  

18.75 µl TEMED (Sigma-Aldrich, Dorset, UK)  

1ml  (50mg/10mls)  ammonium persulphate (Sigma-Aldrich, Dorset, UK)  

  

A.1.9 Stacking gel buffer  

0.5 M Tris-HCl in dH2O pH 6.7 

 

A.1.10 Stacking gels  

500ul 40% acrylamide (Sigma-Aldrich, Dorset, UK) 

 0.5 mls stacking gel buffer  

 10% (w/v) SDS  

 3.46 mls dH2O  

12.5ul  TEMED (Sigma-Aldrich, Dorset, UK) 

 500ul of  50mg/10mls (w/v) ammonium persulphate (Sigma-Aldrich, Dorset, UK)  

  

A.1.11 Loading buffer  

2mls stacking buffer 

 20% (v/v) glycerol 

 25% (w/v) 10% SDS 

 0.2mls of 0.1% bromophenol blue 

 10%(v/v) β-mercaptoethanol 
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A.1.12 TTBS 

0.02M Tris 

 0.5M NaCl pH 7.5 containing 

 0.05% Tween 20 (Amersham Bioscience Ltd) in dH2O 

A.1.13 Bacteria growth medium and solution 

Proteose-peptone (PP) agar 

PP agar, prepared according to the method of Zak and colleagues (Zak et al., 1984) 

 

Material:     Amount per litre (dH2O) 

Proteose peptone (BD Bioscience)    10g 

Bacto-agar (N.1 Oxoid)     10g 

Starch         1g 

K2HPO4.3H2O (Fisher)     5.24g 

K2H2PO4       1g 

Sodium Chloride (Fisher)     5g 

Supplement A       8mls 

Supplement B        2mls 

All components except supplement A and B were sterlised by autoclaving at 1.05kg cm
-2

 

for 15 min. Supplement A and B were added to the autoclaved solution after cooling to 

50
0
C.  

Supplement A:                                      Amount per 800ml (dH2O) 

Glucose                                              100g 
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L-glutamine                                                 10g 

Para-amino-benzoic acid (Sigma)                     13mg 

Nicotinamide adenine dinucleotide (Sigma)                250mg 

Thiamine hydrochloride (Sigma)                           3mg 

Co-carboxylase (Sigma)                                     100mg 

Cyanocobalamin (Sigma)                              10mg 

Ferric nitrate                                              20mg 

The components of supplement A were dissolved in dH20, filter sterilised, and stored at 

20
0
C. 

 

 

Supplement B:                                      Amount per 200ml 

L-cysteine hydrochloride (Sigma)                           26g 

Adenine (Sigma)                                     1g 

Guanidine hydrochloride (Sigma)                     30mg 

Uracil (Sigma)                                              800mg 

Hypoxanthine (Sigma)                                       320mg 

 

A.1.14 1% Acid alcohol 

Ethanol – 350ml 

dH2O – 150ml 

Concentrated HCl– 5ml 
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A.1.15 Eosin solution 

Eosin – 5g 

Calcium chloride – 5g 

Tap water – 500ml 
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